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FOREWORD 

The International Atomic Energy Agency (IAEA) has included the subject 
of decommissioning of nuclear facilities in its programme since 1973 and has 
co-operated in this field with other international organizations, especially the 
OECD/NEA. 

In 1973 a consultants' meeting was convened to examine future needs in 
this field and the role the IAEA could play. The consultants advised that 
international collaboration in decommissioning would be fruitful and that the 
IAEA should include the related activities in its waste management programme. 
In accordance with this advice, the following meetings have been convened and 
documents issued: 

1975 Technical Committee Meeting on Decommissioning of Nuclear Facili-
ties - Technical Document IAEA-179 (1975) 

1977 Technical Committee Meeting on Decommissioning of Nuclear Facili-
ties - Technical Document IAEA-205 (1977) 

1978 Advisory Group on Factors Relevant to the Decommissioning of 
Land-Based Nuclear Reactor Plants - Safety Series No. 52 (1980) 

1978 International Symposium on Decommissioning of Nuclear Facilities -
Proceedings Series STI/PUB/500 (1979) 

1979 Technical Committee Meeting on Decontamination of Operational 
Nuclear Power Plants - Technical Document IAEA-TECDOC-248 
(1981) 

A Technical Committee meeting on "Techniques for Decontamination 
and Decommissioning of Nuclear Facilities and the Management of Waste from 
Decontamination and Decommissioning Activities" was held at the Agency's 
Headquarters in Vienna from 19 to 23 April 1982 with the purpose of pre-
paring a summary review of the status of the subject at the international level 
and of the technical information now available. In the meeting, 26 experts 
from 13 Member States and three organizations discussed and commented on 
the draft report which had been prepared by the IAEA Secretariat and its con-
sultants, J.R. Griffin and R.I. Smith. After the meeting the report was revised 
by the IAEA Secretariat and its consultant, and the final report was approved 
by all participants. 

The report will be useful for persons responsible for planning and/or 
implementing decommissioning actions at retired nuclear facilities. 
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1. INTRODUCTION 

The term 'decommissioning', as used within the nuclear industry, means the 
actions taken at the end of a facility's useful life to retire the facility from service 
in a manner that provides adequate protection for the health and safety of the 
decommissioning workers, the general public, and for the environment. These 
actions can range from merely closing down the facility and a minimal removal 
of radioactive material coupled with continuing maintenance and surveillance, 
to a complete removal of residual radioactivity in excess of levels acceptable for 
unrestricted use of the facility and its site. This latter condition, unrestricted use, 
is the ultimate goal of all decommissioning actions at retired nuclear facilities. 

The purpose of this report is to provide an information base on the considera-
tions important to decommissioning, the methods available for decontamination 
and disassembly of a nuclear facility, the management of the resulting radioactive 
wastes, and the areas of decommissioning methodology where improvements 
might be made. Specific sections are devoted to each of these topics, and 
conclusions are presented concerning the present status of each topic. A summary 
of past decommissioning experience in Member States is presented in the Appendix. 

The report, with its discussions of necessary considerations, available 
operational methods, and waste management practices, together with supporting 
references, provides an appreciation of the activities that comprise decommissioning 
of nuclear facilities. It is anticipated that the information presented in the report 
should prove useful to persons concerned with the development of plans for the 
decommissioning of retired nuclear facilities. 

2. SCOPE 

The information presented in this report is generally applicable to the 
decommissioning of fuel preparation plants, nuclear reactors, fuel reprocessing 
plants, and the great variety of non-fuel-cycle nuclear facilities, but is not 
particularly applicable to uranium mines nor to radioactive waste repositories. 

The report contains discussions and references covering considerations 
important to decommissioning, methods and techniques for decontamination 
and disassembly of nuclear facilities, and management of the resulting radioactive 
wastes. Supplementary information includes suggestion of some areas worthy of 
further development to facilitate decommissioning, and a review of past 
decommissioning experiences. 

The report is intended for use by persons responsible for planning and/or 
implementing decommissioning actions at retired nuclear facilities, and supplements 
earlier IAEA publications related to this subject [1—8]. 
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3. CONSIDERATIONS IMPORTANT TO DECOMMISSIONING 

It is accepted that there are three stages of decommissioning of a nuclear 
facility, each of which encompasses a broad variety of considerations. These 
considerations include the safety and protection of the public through the 
applicable regulatory policies and controls, during the transition from operational 
to decommissioning status, against hazards associated with any residual radioactive 
material and with decommissioning activities. This section includes a discussion 
of the three stages of decommissioning and the principal factors influencing the 
owner's decision on the choice of stage. In addition, an attempt is made to 
indicate the steps necessary to prepare for the decommissioning exercise. 

It must be emphasized that the intention of defining these stages is to provide 
a broad description of a particular state of the plant being decommissioned at a 
specific time. These definitions are not intended to be rigid and can be varied to 
suit each case. 

3.1. The basic stages of decommissioning 

Three basic stages of decommissioning have been defined previously in 
Ref. [2], The term 'stage' as used herein, implies a particular set of conditions at 
the plant and does not necessarily imply a continuing step-wise procedure. The 
three stages as described in Ref. [2] are set out below (with some minor revisions). 

For a plant to be retired from service the nuclear fuel or radioactive materials 
in the process systems as well as radioactive waste produced in normal operation 
should first be removed by routine operations. 

Each of the three possible decommissioning stages of a nuclear plant can be 
defined by the two parameters as follows: 

- The physical state of the plant and its equipment; 
- The surveillance, inspections and tests necessitated by that state. 

Note: As far as legislation is concerned, the decommissioning of a plant may put it in a 

regulatory, legal and administrative situation which is no longer the same as before. 

Assessment of this new situation depends on the situation in the country in which the 

plant is situated but international safety recommendations should be taken into account. 

3.1.1. Stage 1 decommissioning 

3.1.1.1. State of the plant and equipment 

The first contamination barrier is kept as it was during operation but the 
mechanical opening systems are permanently blocked and sealed (valves, plugs, etc.). 

The containment building is kept in a state appropriate to the remaining 
hazard. 
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The atmosphere inside the containment building is subject to appropriate 
control. 

Access to the inside of the containment building is subject to monitoring 
and surveillance procedures. 

3.1.1.2. Surveillance, inspection and testing 

The unit is under surveillance and the equipment necessary for monitoring 
radioactivity both inside the plant and in the area around it is kept in good 
condition and used when necessary and in accordance with national legal require-
ments. 

Inspections are carried out to check that the plant remains in good conditions. 
If necessary, checks are carried out to see that there are no leaks in the first 

contamination barrier and the containment building. 

3.1.2. Stage 2 decommissioning 

3.1.2.1. State of the plant and equipment 

The first contamination barrier is reduced to the minimum size (all parts 
easily to be dismantled are removed). The sealing of that barrier is reinforced by 
physical means and the biological shield is extended if necessary so that it 
completely surrounds the barrier. - ' 

After decontamination to acceptable levels, the containment building and the 
nuclear ventilation system may be modified or removed if they no longer play a 
role in radiological safety and, depending on the extent to which other equipment 
is removed or decontaminated, access to the former containment building, if left 
standing, can be permitted. 

Note: The non-radioactive parts of the plant (buildings or equipment) may be converted 

for new purposes. 

3.1.2.2. Surveillance, inspection and testing 

Surveillance around the barrier can be relaxed but it is desirable for periodic 
spot checks to be continued, as well as surveillance of the environment. 

External"inspection of the sealed parts should be performed. 
Checks for leaks are no longer necessary on any remaining containment 

buildings. 
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3.1.3. Stage 3 decommissioning 

All materials, equipment and parts of the plant, the activity of which 
remains significant despite decontamination procedures, are removed. In all 
remaining parts contamination has been reduced to acceptable levels. 

The plant is decommissioned (released) without restrictions. From the 
point of view of radiological protection, no further surveillance, inspection or 
tests are necessary. 

3.2. Considerations influencing decommissioning choices 

The decision on how to proceed with the decommissioning of a nuclear 
facility is dependent on a number of factors. These are as follows: 

— National nuclear strategy, including waste handling policy 
— Condition of the plant from the safety point of view 
— Owner's interest, including planned use of site 
— Availability of decommissioning technology 
— Post-operational cost 
— Social considerations 
— Availability of funds 
— Optimization of decommissioning plans 

Each factor must be examined for the conditions specific to the facility under 
consideration to arrive at a satisfactory decommissioning plan. Each of the factors 
is briefly discussed in the subsections that follow. 

3.2.1. National nuclear strategy including the waste handling policy 

The choice of the stage of decommissioning, which must be made by those 
responsible for the nuclear installation, must conform to the national nuclear 
strategy. 

In addition, it is also necessary to ensure that the chosen stage leads only to 
the production of radioactive waste that can be treated, conditioned and stored 
within the scope of the national waste handling policy. 

3.2.2. Condition of the plant from the safety point of view 

The condition of a retired nuclear facility influences decisions concerning 
decommissioning from two aspects: the characteristics of the residual radio-
nuclide inventory within the facility, and the integrity of the facility itself. 

The quantities, the physical and chemical forms, and the half-lives and types 
of radiation characteristic of the radionuclides present in a retired nuclear facility 
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can influence decisions on when and how to decommission the facility. With a 
preponderance of activity in long-lived radionuclides, such as uranium and the 
transuranic elements, there is little or no benefit to be derived from deferring any 
of the decommissioning work since the quantities of these radionuclides will 
not diminish significantly during any reasonable safe storage period. It is emphasized 
here that there is a difference between the terms 'safe storage' and 'entombment'. 

Similarly, there are very limited benefits to be obtained by delaying the 
complete decommissioning of facilities where the prevailing contaminants are 
radionuclides having half-lives in the range from 20 to 50 years, since the quantities 
of these radionuclides also will not diminish significantly during any reasonable 
safe storage period. 

There may be potential benefits to be gained by short-term safe storage of 
those facilities that contain only the relatively short-lived radionuclides. Delaying 
the final decontamination and disassembly of these types of facilities may prove 
cost-effective, since the quantities of contaminated material requiring conditioning 
and disposal will be decreased and the radiation doses accumulated by the 
decommissioning workers will be reduced. However, the cumulative cost of 
placing and maintaining a facility in safe storage may exceed the savings associated 
with reduced decontamination and disassembly efforts and reduced radioactive 
waste volume. 

To maintain safety, continued use is required for certain structures and 
systems of the retired facility if stage 1 or 2 is chosen. Mechanical and functional 
integrity of these structures and systems must be ensured throughout the necessary 
duration. Expected durability of the structures, systems, and components that 
form part of the containment for residual radioactive materials is one of the 
fundamental factors to consider in deciding when moving to stage 3. 

3.2.3. Owner's interest, including planned use of the site 

The decommissioning choice may depend on the following considerations: 

— The owner may have a shortage of land for new plant construction and he 
may be forced to re-use a site for a new nuclear plant. In that case, stage 3 
(dismantling) may be chosen. 

— If the plant to be decommissioned is co-located with other operating facilities 
that will continue to be in service, stage 1 may be the preferred choice. The 
necessary security, surveillance and maintenance for the retired facility could 
be provided by the remaining operating facilities at little additional cost. 

— As a factor in his decision to proceed to stage 1 or stage 2 decommissioning, 
the owner may wish to consider the re-use of some of the plant facilities, for 
example the cooling water equipment, the infrastructure, and some of the 
plant process systems, for purposes other than those for which they were 
originally intended or as part of a new or modified plant. 
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— If all decommissioning stages are available to him, the owner may wish to 
optimize his expenditures, depending on the current economic situation 
(e.g. rate of interest and other investments), in his choice between the three 
options. 

3.2.4. Availability of decommissioning technology 

Basic technology for the accomplishment of decommissioning is reasonably 
well known. However, during the planning stages for dismantling, there may be 
problems caused, for example, by poor accessibility or by a specific operation 
considered for decommissioning. In such cases it may be necessary to develop 
special tools or means for remote operation or handling. 

The development work has often to be followed by testing of the new 
equipment, training of personnel etc. These efforts can be time consuming and 
thus it may be necessary to remain at stage 1 or stage 2 for a considerable period 
of time. 

3.2.5. Post-operational cost 

There is often a period between the scheduled cessation of normal plant 
operation and the start of that decommissioning phase which includes the 
shutdown of the plant process systems. During this period, because of the 
presence of the normal radioactive inventories (e.g. fuel in a reactor core), the 
regulatory authorities may require the presence of the full operational staff and 
the continuation of most of the normal operating procedures. The timing 
adopted in the decommissioning scenario should take into account the cost of this 
quasi-normal operation without the revenue of the normal plant product. 

3.2.6. Social considerations 

There is at present a growing public awareness of the effect of nuclear and 
nuclear-related facilities on the health and welfare of the population as a whole. 
Depending on the local and national influence this awareness may have a significant 
effect on the national nuclear policy and thus on the choice of the timing of the 
decommissioning exercise and upon the stage to which decommissioning is carried 
out. 

3.2.7. Availability of funding 

The funds required to carry out a decommissioning exercise can be split into 
two categories, i.e. those funds needed for the immediate post-operating phase 
and those funds required for the dismantling phase. The first category may include 

6 



the cost of planning for decommissioning and the cost of development of special 
tools. The second category will include the work of dismantling, demolition and 
transport etc. 

If the two stages are separated by a long'period of time, the forecasting of 
funding requirements! may be very uncertain because of the unknown costs of 
regulatory, social and1 industrial influences. There is also the very severe problem 
of having to retrain staff and to recover documentation and to interpret design 
intentions. 

If a facility is held in a state of safe storage, or stage 1, there is a continuous 
requirement for operational salaries and for equipment and services to maintain 
the plant in a safe state. The expenditures for these may become excessive with 
the lapse of time. 

Whatever choices and decisions are made, it is the responsibility of the owner 
of the plant to make a financial provision sufficient to cover the costs of all stages 
of decommissioning up to and including the final stage 3. 

3.2.8. Optimization of decommissioning plans 

The broad objective of optimization in decommissioning is to devise a 
decommissioning plan that will carry out the decommissioning and waste manage-
ment operations in a manner that meets the requirements of the regulatory 
authority with regard to protection of operational and public safety and will 
accomplish the work with the least possible cost commensurate with satisfying 
the regulatory requirements. The optimization evaluation should include 
estimation of the costs and the operational and public radiation exposures likely 
to result from the planned decommissioning operations, and consideration of 
the possible changes in radiation exposure and in decommissioning cost that 
might be expected to result if alternative decommissioning methods were employed. 
Application of the ALARA (as low as reasonably achievable) principle as postulated 
in Ref. [9] should be considered. 

The cost evaluation should include the following elements: 

- Operational staff salaries accumulated from a stated date 
- Cost of contractors staff — including dismantling and decontamination 
- Cost of radioactive wastes treatment and conditioning 
- Cost of transport and packaging 
- Cost of disposal and storage assigned to equipment and materials after the 

stated date 
Cost of special equipment and development 

- Expenditure for planning and licensing 
- Expenditure for insurance and taxes. 

7 



There are additional components, but these should be stated, for example, 

— Plant residual capital cost 
— Revenue from the sale of surplus equipment and materials. 

3.3. Preparation for decommissioning 

The generic steps necessary to prepare for decommissioning include: 

— Establishment of the new general conditions necessary to maintain the facility 
in a safe condition 

— An overall assessment of the planned decommissioning activities 
— Establishment of the physical and chemical characteristics and inventories of 

activated materials and contaminants and their locations 
— Maintainance of comprehensive survey of radiation dose rates 
— Completion of the specific design and development efforts to support the 

planned decommissioning activities 
— Preparation, submittal, and receipt of approval for the documentation 

required by the regulatory authorities 
— Training of the staff and procurement of the materials and equipment 

necessary for decommissioning 
— Preparations to accomplish safe shutdown of all the plant process systems 
— Removal of the inventoried radioactive material from the premises, including 

a preliminary cleanout of the process systems. 

With these steps completed, decommissioning can proceed. 

3.4. Protection against radiological hazards 

Protection of the plant staff, the general public and the environment from 
any hazards associated with the inventory of residual radioactive material in a 
facility being decommissioned is a very important part of the decommissioning 
process. The quantities of radioactive material present, the mobility, toxicity, 
and types of radionuclides all influence the selection of an appropriate 
decommissioning procedure for a given nuclear facility. 

The regulations established by the national and/or regional regulatory 
authorities governing permissible exposure of workers and the public to radiation, 
and governing residual levels of radioactive materials permissible for unrestricted 
use of material and property, are generally based on the recommendations 
of the International Commission on Radiological Protection (ICRP) [9], and on 
the IAEA Basic Safety Standards [10-12] . The application of these recommenda-
tions is the responsibility of the national or regional regulatory authorities. 
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3.5. Management of decommissioning wastes 

The radioactive wastes resulting from decommissioning operations are 
classified by their physical characteristics into gaseous, liquid and solid, for 
purposes of defining appropriate methods of treatment and conditioning. The 
wastes are treated and conditioned to render them into a safe condition. The 
volume of material should be reduced when feasible and immobilized for disposal 
at radioactive waste disposal facilities. The aim is to ensure that the release of 
radioactive materials into the biosphere is within established limits. The processed 
wastes are subsequently categorized according to the nature of the radioactive 
material contained, for purposes of determining the types of disposal facility into 
which the wastes must be placed. (For more detailed information see Ref. [13].) 

3.6. Facilitation of decommissioning 

It is the basic responsibility of the designer to design the plant such that the 
exposure of workers to radiation during operation and during decommissioning 
and the cost/benefit ratio for operations and decommissioning are minimized. 

4. DECONTAMINATION METHODS 

The term decontamination as used in the nuclear field means the removal of 
radioactive contaminants from a facility (equipment, components, surfaces) so as 
to reduce the residual levels of radioactive materials within the facility. The various 
methods for accomplishing decontamination of nuclear facilities via chemical and 
electrochemical dissolution, mechanical cleaning/physical removal, and for removal 
of radioactive materials from soils are discussed in this section. 

4.1. Chemical and electrochemical decontamination 

Chemical and electrochemical decontamination methods are useful for 
removing from metallic surfaces films that contain radioactive material. Chemical 
methods are usually applied to fluid handling systems. In certain cases electro-
chemical decontamination methods are applied. Each of these methods is discussed 
in a succeeding subsection. 

4.1.1. Chemical decontamination 

Removal of radioactive contaminants by chemical dissolution involves con-
tacting the contaminant with a chemical reagent for a time sufficient for the 
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contaminant to be dissolved into the reagent solution. The solution containing 
the dissolved radioactive contaminants is subsequently removed from the facility 
and processed to separate the contaminants from the solution, with the contami-
nants conditioned as described in section 6.1 for eventual disposal at a radioactive 
waste disposal site. The type of reagent employed depends upon the nature of the 
contaminant to be removed, the material from which the contaminant is being 
removed, the planned future use of the system, and the ability of the waste treat-
ment system to process the decontamination solutions, and will generally vary with 
the type of plant. It may be appropriate to apply a series of reagents in sequence, 
separated by water flushes, for specific contaminants. Detailed information on 
various reagents and their applications is found in Refs [14—18], 

4.1.2. Electrochemical decontamination 

Removal of surface contaminants from metallic surfaces using electrochemi-
cal processes such as electropolishing or electropickling has been demonstrated to 
be a very effective decontamination technique. The piece to be cleaned is immersed 
in an electrolyte and is used as the anode in an electrolytic cell. Within certain 
ranges of applied voltage and current density, a progressive dissolution of the 
metallic surface occurs, thereby removing the radioactive contaminants and 
releasing them into the electrolyte. During these processes, hydrogen and oxygen 
gases are evolved at the cathode and anode, respectively, and care must be taken 
to prevent the buildup of an explosive mixture of gases in the atmosphere above 
the electrolytic cell. 

The differences between electropolishing and electropickling depend largely 
upon the reagents employed. Most of the experience in electropolishing to date, 
as reported in Ref. [19], has been obtained while using phosphoric acid as the 
electrolyte. The phosphoric acid system, while producing very smooth surfaces, 
presents some difficulties in removing the contaminants from the electrolyte. 
Use of a basic solution made up of sodium nitrate, sodium borate decahydrate, 
sodium oxalate, and sodium fluoride as the electrolyte, as described in Ref. [20], 
makes it possible to precipitate most of the contaminants from the solution but 
the resulting treated surface is much less smooth than a surface treated in the 
phosphoric acid electrolyte. 

Additional electrochemical techniques have been developed that can be 
applied in situ to the interiors of large tanks, piping, glove-box interiors and other 
metallic surfaces, as described briefly in Ref. [21]. 

4.2. Mechanical decontamination 

Methods for mechanical decontamination are divided into two general 
categories: surface cleaning and concrete surface removal. Each of these approaches 
is discussed in a succeeding subsection. 
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4.2.1. Surface cleaning methods 

Removal of smearable contamination from structural surfaces can be accom-
plished using a variety of techniques. For small amounts of loose contamination 
on floors the use of simple sweeping compounds or vacuuming is often effective. 
For more firmly attached contaminants many ordinary cleaning solutions such as 
household detergents can be applied using brushes and/or mops. A number of 
proprietary decontamination solutions are marketed for similar application. The 
use of cleansing solutions often results in significant volumes of contaminated 
water which may be difficult to condition for disposal. Application of foaming 
aerosol cleansers which are removed by wiping are effective in reducing the waste 
water volume but contribute sizeable quantities of contaminated wiping material 
that must be conditioned for disposal. Organic solvents such as acetone, trichloro-
ethylene, and Freon-113 are effective in degreasing surfaces of contaminated 
equipment. Some of these solvents may be corrosive to metallic materials. Use of 
these solvents produces contaminated organic solutions as well as significant 
volumes of contaminated wiping materials that must-be conditioned for disposal. 

One rapid effective surface cleaning method is the use of high pressure liquid 
jets. These devices range from simple hand-held wands to more complex multiple-
nozzle, remotely manipulated systems, and can be applied to external structural 
surfaces and to the interiors of tanks. The usual working medium is water, delivered 
through a nozzle at pressures ranging from 5 to 300 MPa. The resulting quantities 
of contaminated water must be conditioned for disposal. Application of high-
pressure water jets to (the decontamination of a laboratory contaminated with 
238Pu is described in Ref. [22]. Decontamination of a fuel examination hot cell 
is described in Ref. [23], 

Another method sometimes useful for decontaminating surfaces is the appli-
cation of strippable.plastic membranes such as polyethylene, caseins, or polyvinyl 
chloride. These coatings can be used to prevent contamination of a surface when 
applied prior to contamination, or can be used to remove surface contaminants 
when applied after contamination is present. Several coats are usually necessary 
to provide sufficient strength to permit stripping from a surface. Application of 
strippable coatings as a decontamination technique is described in Ref. [24], 

Removal of surface contamination by blasting the surface with wet or dry 
high velocity particles, sand or ceramic, is reported in Ref. [25]. This process is 
fairly rapid but produces large quantities of contaminated abrasive that must be 
conditioned for disposal. A variation of this technique employing frozen C02 

particles as the abrasive medium is mentioned in Ref. [26]. The abrasion rates 
for the C02 particles are given as slow, but this technique does not produce any 
contaminated abrasive for disposal. Additional surface cleaning using an erosion 
cavitation process is investigated as reported in Ref. [27]. 

11 



Vibratory finishing utilizes the scouring action of vibrating abrasive media to 
remove gross surface contamination from a wide variety of materials ranging from 
metals to plastics to rubber. The articles to be cleaned are placed in a tub containing 
the abrasive particles and the total system is mechanically vibrated while in contact 
with a cleaning fluid. Applications of this technique have been reported in Ref. [21]. 
This technique has been particularly useful for reducing levels of transuranic con-
tamination on items such as glove-box gloves, plastic or glass glove-box windows 
etc., so that these items can be disposed of as ordinary low-level wastes. It is also 
a useful method for removing paint, tape, and oxide films from pieces of contami-
nated metal prior to electropolishing. 

An ultrasonic cleaning unit consists of a high frequency generator driving a 
transducer which is in good mechanical contact with a working fluid contained in 
a tank. High frequency (20—40 kHz) waves are produced in the fluid which 
impinge on the object to be cleaned when the object is immersed in the fluid. The 
alternating high and low pressure waves produce severe turbulence at the surface 
being cleaned which physically dislodges surface contaminants. This technique is 
more effective when the working fluid is also a solvent for the materials being 
removed. Some applications of ultrasonic cleaning to equipment decontamination 
are reported in Ref. [28]. 

4.2.2. Surface remo val methods 

When the radioactive contaminants cannot be removed from a surface such 
as concrete because they have penetrated into the pores it is necessary to remove 
the surface layers containing the contamination. Removal of these surface layers 
can be accomplished in a variety of ways as described in Ref. [26], One of the 
more useful removal methods is the concrete spaller discussed in Ref. [26] which 
removes layers of concrete about 50 mm thick in relatively large fragments while 
producing a minimum of dust. This device is most useful on walls and ceilings. 
For removal of surface layers from concrete floors, a variety of tools such as 
jackhammers and shipping hammers, scarifiers, diamond sawing and grinding can 
be used. The impact devices tend to produce significant quantities of dust and 
fragments which must be controlled using properly filtered vacuum collection 
systems to prevent recontamination of the cleaned concrete areas. The diamond 
sawing and grinding devices should be used without the water normally employed 
for dust control and cooling, to prevent recontaminating the cleaned surface. 
Collection of dust and removal of the finely divided concrete fragments is best 
accomplished using vacuum collection systems. Another concrete surface removal 
method is flame-scarfing, investigated as reported in Ref. [27]. 

Where relatively thick (75—150 mm) layers of concrete must be removed, 
controlled blasting may be employed. Special care must be taken to control dust 
and to prevent damage from flying fragments through the use of water mist sprays 
and blasting mats. 
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4.3. Soil decontamination 

Decontamination of contaminated soils has usually been accomplished by 
removing the affected isurface layers of soil and conditioning the removed material 
for disposal. However, for situations where large areas of soil surface are involved, 
the costs can become very large. As a result, development work has been reported 
in Ref. [29], where a polyurethane foam was placed on the contaminated surface, 
allowed to set and then removed as a solid, carrying with it about 85% of the radio-
active materials originally present. Later development work reported in Ref. [30] 
has applied wet screening, and attrition scrubbing at high and low pH-values to the 
removal of plutonium and americium from contaminated soil. As much as 99.9% 
of the original radioactive material was removed via the wash solution but recycling 
of the soil through the process four or five times was required to achieve that 
degree of decontamination. 

5. DISASSEMBLY TECHNIQUES 

A major part of the effort associated with the decommissioning of a nuclear 
facility is the disassembly and removal of equipment and materials that are 
contaminated with radioactive materials on their surfaces or are radioactive 
throughout their volumes as a result of neutron activation. For contamination 
control it is important to make provision for collection of the products from 
the disassembly process, to avoid dispersal of contaminated materials throughout 
the work area. 

The principal techniques available for use in disassembly, which include 
metal cutting, concrete removal, component dismantling, and remotely-controlled 
operation, are discussed in the succeeding subsections of this section. 

5.1. Metal cutting methods 

It is frequently desirable to cut the piping (and sometimes the equipment) 
into pieces sized appropriately to facilitate either decontamination in a 
centralized decontamination facility or packaging in a container for disposal as 
radioactive waste. Similarly, the neutron-activated components in a reactor 
such as the fuel core support assembly, the reactor vessel, pressure tubes, 
control mechanisms and other in-core hardware will usually require cutting into 
pieces sized appropriately for packaging. These cutting operations can be 
performed either under water or in air, using remotely-operated or directly-
operated devices, depending upon the location of the material to be cut, the 
levels of radioactivity present, and the nature of the material to be cut. 
Several devices and/or methods for cutting metallic material are discussed in 
the following subsections. 
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5.1.1. Plasma-arc torch 

Plasma-arc cutting employs a very high temperature, high velocity, ionized 
gas arc between the torch nozzle and the material being cut. The intense heat 
of the arc melts the metal locally and the melted metal is removed by the jet-like 
action of the gas stream, producing a high quality saw-like cut in the metal. 
Inert gases are usually used when cutting stainless steel and other non-ferrous 
metals or aluminium where melting is the sole cutting action. For materials 
such as mild steel or cast iron, addition of oxygen to the gas stream will increase 
the cutting speed. Plasma-arc torch systems are commercially available, are 
usable either in air or under water and are readily adaptable for use with 
remotely-operated manipulators or automated handling mechanisms, as are 
required for cutting of intensely radioactive materials. Plasma-arc torches have 
been used successfully for cutting stainless steel and mild steel in air up to 
thicknesses of 150 mm and 180 mm, respectively, and up to about one half 
these thicknesses under 5 to 6 metres of water. More detailed information on 
plasma-arc torches, including operating characteristics and cutting speeds, is 
given in Refs [15, 31]. 

For continuous cutting of stainless steel clad reactor vessels from the clad 
side, a combination of the plasma-arc torch and the oxyacetylene torch is 
under development, as described in Ref. [27]. 

5.1.2. Arc saw . . . 

The arc saw is a recently developed device for cutting metals which operates 
by establishing a low-voltage, high current electric arc between a rotating 
circular blade and the material being cut, thus melting a saw-like kerf in the . 
material. Changes in work piece position that would bind the blade of a 
mechanical saw merely reduces the linear cutting speed, while producing a 
wider saw kerf which accommodates the movement of the material being cut. 
The arc saw is especially useful for sectioning complex equipment such as heat 
exchangers containing bundles of small diameter tubes, and is also considered 
as a possible tool for cutting reactor vessels and internals. The linear cutting 
speed of an arc saw is inversely proportional to the thickness of the material 
being cut. The arc saw can be operated under water as well as in air and is 
adaptable to automated and remotely or semi-remotely-controlled operation. 
Additional information on the arc saw is contained in Refs [15,31]. 

5.1.3. Linear shaped charges 

The use of shaped explosive charges for sectioning of metallic equipment 
and surfaces has been developed extensively during the past 15 to 25 years. 
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The shaped charge generally consists of a ' V'-shaped tubular housing of copper, 
aluminium or lead, filled with an explosive commonly called RDX. The charge 
assembly is placed in contact with the surface to be cut, with the 'V' inverted. 
Upon ignition, the detonation wave collapses the inverted 'V', creating a jet 
of extremely hot metal particles travelling at very high velocity which cuts 
through the adjacent metal surface essentially instantly. Shaped charges can 
be utilized in locations where lack of clearance prevents use of more conventional 
cutting equipment. The somewhat ragged edges of the cuts and the impingement 
and retention of some of the tubular housing material on the edges of the cuts 
can make further decontamination of the cut pieces difficult. 

Applications of shaped charges to disassembly work at retired nuclear 
reactors are discussed in Refs [32, 33]. Further information on shaped 
charges can be found in Refs [34—36]. 

5.1.4. Conventional cutting methods 

Many of the cutting operations associated with decommissioning a nuclear 
facility can be performed using conventional methods such as oxyacetylene 
torches, mechanical saws, hydraulic shears, and nibblers. A demonstration of 
the ability of an oxyacetylene torch to cut through a simulated reactor vessel 
wall section (approximately 228 mm in thickness with a 6 mm stainless steel 
lining laminated on one side) from the unclad side has been reported in Ref.[37]. 

Many types of power-operated saws for cutting piping are available 
commercially. Mechanical nibblers for use in cutting relatively light gauge metal 
sheeting, such as ventilation ducting, are also commercially available. 

Application of these conventional tools to disassembly work in nuclear 
facilities is controlled by the amount of clearance the tools require and by the 
radiation dose rates present at the work locations. These tools are also 
adaptable for remotely- or semi-remotely-controlled operation. 

5.2. Concrete removal 

In nuclear reactors the strongly reinforced concrete present in the shield 
structure surrounding the reactor becomes radioactive in depth due to neutron 
activation. It is also possible that radioactive contaminants may penetrate 
deeply into the pores or into deep cracks in the concrete surfaces throughout the 
facility and cannot be removed using the surface removal techniques discussed 
in section 4.2.2. Rempval of these large segments of concrete can be 
accomplished using such methods as blasting, drilling and rock-splitting, flame 
or thermal lance cutting, diamond sawing or coring, and high pressure water jet 
cutting. These methods are discussed in the succeeding subsections. 
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5.2.1. Blasting 

The use of blasting to remove large segments of concrete from structures 
is a well-developed technique that has been applied in the demolition of 
structures for many years. Holes of an appropriate size and depth are drilled 
into the concrete, charged with the proper amount of explosives, and are 
backfilled with sand or grout, if necessary. Blasting mats are usually placed 
over the surface being blasted to prevent damage or injury from flying 
fragments and for contamination control. Application of a fine water mist 
just before, during, and for a brief period after the blasting will help to control 
dust created by the blast. Blasting was used during the decommissioning of 
the Elk River Reactor to remove the neutron-activated concrete from the 
biological shield that surrounded the reactor pressure vessel [38]. 

5.2.2. Drilling and rock splitting 

Splitting of large solid masses of concrete (or rock) is a proven technique 
used extensively in conventional mining operations. A deep hole is drilled into . 
the mass, into which is inserted a close-fitting expanding device or an expanding 
cement, thereby exerting pressure against the sides of the hole and causing local 
fracturing of the mass. 

The advantage of the rock-splitting technique is that little shock is trans-
mitted to the structure. The principal disadvantage of the method is that 
application is limited to structures or portions of structures that contain little 
or no reinforcing steel since the lateral fracturing is inhibited by the presence 
of reinforcing materials. 

5.2.3. Flame or thermic lance cutting 

The flame cutting and thermic lance cutting methods employ materials 
which, when ignited and force-fed with oxygen, burn with a very intense flame. 
The temperature of the flame at the working end of the burning bar or the 
thermic lance is sufficiently high to cut through concrete and any contained 
reinforcing steel as well. Rather massive concrete structures can be segmented 
into pieces suitable to be packaged for disposal using these cutting methods. 
The cutting devices are adaptable to remote or semi-remote operation and cut 
quite rapidly, with little vibration or shock. The principal disadvantage is the 
very large quantities of smoke and potentially toxic gases produced during the 
burning. 
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5.2.4. Diamond sawing and coring 

Equipment is commercially available for sawing and coring concrete, using 
tools whose surfaces are imbedded with industrial diamonds. The diamond 
saws are best used where a cut can be made completely through the piece 
being cut, such as walls or floors that are less than 1 m in thickness. Coring can 
provide in one operation large pieces well suited for packaging. The use of 
cooling water on the tools can spread contamination when working in 
radioactive areas. 

5.2.5. High pressure water jet cutting 

Concrete can be cut using the eroding action of a very high pressure water 
jet. The jet would probably not be effective against reinforcing steel and the 
production of large quantities of contaminated water during the cutting operation 
is a potential disadvantage. 

5.3. Dismantlement of large components 

While many of the contaminated components present in a retired nuclear 
facility are sufficiently small that they can be removed from their locations 
and packaged for disposal in conventional containers, some of the components 
in large nuclear power stations (e.g. heat exchangers, tanks, pumps etc.) are so 
large as to require special treatment. The alternatives for treatment of these 
large items are: to segment into pieces transportable on normal transportation 
equipment or to transport intact on special transport equipment. These 
alternatives are discussed in the succeeding subsections. 

5.3.1. Segmentation 

The component is physically separated from the rest of the system in 
which it functioned, and is cut, using the known cutting techniques, into segments 
sized to be transportable by the local transportation system. In general, the 
segments of the component are sealed by the addition of covers installed over 
any openings in the outer skin of the component, and the exterior surfaces of 
the component are decontaminated to levels that permit transport through 
areas occupied by the public, as defined by the local regulating authority. If 
the exterior surfaces cannot be satisfactorily decontaminated, the component 
is packaged in a container. Further treatment such as internal grouting may 
be required if disposal by sea dumping is planned, or if the radioactive 
contaminants are especially mobile and relatively long-lived. 
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Activated components are segmented into pieces sized to fit within 
available shielded shipping containers. For items such as the internal core 
support structure and the pressure vessel at a nuclear reactor, remotely or 
semi-remotely operated cutting and packaging equipment will be required. 
Where appropriate, the cutting and packaging should be accomplished with the 
activated material immersed in a pool of water, to reduce the airborne dispersion 
of radioactive material during the cutting operations and to reduce the radiation 
dose to workers during both the cutting and the packaging operations. 

5.3.2. In tact remo val 

Some components or systems may best be removed intact. This approach 
can usefully be applied to relatively compact systems, such as a skid-mounted 
evaporator system, where the contamination is well confined within the piping 
and equipment and the radiation dose resulting from disassembly of the system 
may be prohibitive. Components suitable for intact removal include small and 
medium-sized heat exchangers, large pumps, and medium-sized tanks. The 
tanks may also be used as the shipping and disposal container for assorted 
contaminated material that is in pieces sufficiently small to permit placement 
into the interior of the tank before the openings are welded closed. Again, 
further treatment such as internal grouting may be required. 

5.4. Remotely-controlled operation 

Many disassembly operations take place in the presence of radiation fields 
and/or contamination, thus necessitating the use of devices that can position 
and operate the required disassembly tools without exposing the operating 
personnel to these sources of radiation exposure. The principal components of 
these devices will frequently have to be capable of functioning under water as 
well. These devices may require lighting and viewing equipment to aid the 
operators in seeing and controlling the work. 

Remotely-controlled devices are often designed specifically for the 
particular plant and conditions in which they are to be used. However, they 
should have the following general characteristics: 

- be capable of handling the disassembly tools needed to accomplish the 
planned tasks 

— be capable of carefully controlled guidance of these tools 
- be capable of handling the material segments as they are cut from the 

assembly and 
— be capable of being maintained and repaired, either remotely or by removal. 
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It is desirable also to be able to readily decontaminate the devices to 
facilitate maintenance, repair, and transport. It may also be necessary for 
control of contamination to provide seals between the devices and the contain-
ment structure at the points of access into the radioactive area and to provide-
the means for removal of wastes from within that area. 

There is only limited experience to date with the development and 
utilization of devices of this type, but much effort is expected to be devoted 
to this area in the future. 

6. WASTE MANAGEMENT 

Waste management in connection with decommissioning concerns the 
treatment, conditioning, handling, storage, transport and disposal of the primary 
and consequential waste streams. The waste arisings from decommissioning 
operations fall into general descriptions which are defined principally by the 
methods employed to prepare the wastes for disposal. Liquid waste encom-
passes contaminated liquids, usually dilute acidic or alkaline solutions, and , 
materials bearing significant quantities of liquids such as sludges, ion-exchange 
media, and concentrates from evaporators and membrane separators. Dry solid 
waste encompasses those wastes that do not contain any unbonded liquids, 
and includes both combustibles and non-combustibles. There may also be 
some gaseous effluents coming from decommissioning, such as tritium and 
other aerosols. 

The salient consideration in all the waste management processes is that 
the applicable safety and radiological protection regulations shall be complied 
with. The secondary objectives are to minimize the volume of material 
requiring disposal, to minimize the mobility of the radionuclides contained in 
the wastes, and to segregate the wastes by the type of radioactivity contained 
(alpha-bearifig, non-alpha-bearing, low-, intermediate-, or high-activity-level). 
The purpose of minimizing waste volume and mobility and segregating wastes 
is to achieve an optimum combination of safety and economic disposal. 

The likely sources and the types of treatment and conditioning appropriate 
for liquid, solid, and gaseous radioactive wastes resulting from decommissioning 
are discussed in the succeeding subsections. Also discussed are the factors 
involved in the selection of appropriate packaging, the methods of transport 
available, the factors involved in the selection of the proper disposal facility 
for the various waste types, and the possible re-use of decontaminated materials. 

6.1. Treatment and conditioning of liquid wastes 

Liquid wastes that consist of large volumes of dilute solutions containing 
dissolved and/or finely divided contaminated material are usually treated to 
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extract the contaminated material from the carrier solution, thus reducing the 
volume of material requiring further conditioning and disposal at a radioactive 
disposal facility. The usual techniques for decontamination of liquid wastes 
are ion-exchange, filtration, membrane separation, and chemical treatment 
and evaporation, as discussed in detail in Ref. [39]. These techniques are used 
singly or in series combination, depending upon the characteristics of the 
solution being treated. The purified liquids resulting from these processes are 
usually decontaminated sufficiently that discharge to the environment is 
possible after monitoring to ensure compliance with regulations. 

Certain liquids used in some decontamination processes such as phosphoric 
acid used in electropolishing and organic solvents used in surface cleaning may 
require unique treatment because of their specific chemistry. 

The concentrated radioactive residues contained in the ion-exchange 
media, filters, or concentrator bottom liquids require conditioning to immo-
bilize those residues. The immobilization required is accomplished by mixing 
the radioactive residues with a matrix material and subsequently solidifying 
the mixture within a suitable container. Matrix materials that have been and 
are being used include cement, bitumen, a variety of polymers (such as poly-
styrene, polyesters, epoxies, and urea-formaldehyde), glasses and ceramics. 
Detailed discussions of the use of these materials for waste solidification are 
given in Refs [40,41]. 

The choice of treatment and conditioning processes for a particular 
project will depend upon the following factors: 

— Radiological and general safety considerations as they affect the operating 
staff and the public, including application of the ALARA principles to the 
discharge of effluents to the environment 

— Technical requirements of the liquor streams 
— Waste transport and disposal alternatives and 
— Economic considerations. 

The availability of appropriate liquid waste treatment and conditioning 
processes at the facility may also be an important consideration in the selec-
tion of decontamination techniques for use on a specific project. 

6.2. Treatment and conditioning of solid wastes 

Solid wastes arising from decommissioning operations consist principally 
of contaminated and activated structural materials and system components, 
including concrete, reinforcement and structural steels, graphite, stainless and 
carbon steels, and a miscellaneous assortment of other metals, rubber and 
plastics, and paper and other fibrous materials. 
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The principal objectives in the treatment and conditioning of solid wastes 
are: to minimize the waste volume in ways compatible with minimizing the 
mobility of* the radioactive materials contained and the radiation dose asso-
ciated with waste processing and handling; to segregate the waste into groups 
according to the types of radioactive contaminants present to facilitate emplace-
ment in the appropriate disposal facility; to process and package the wastes 
in containers suitable for transport from the site and for disposal in the 
appropriate disposal facility; and to accomplish these actions in an economical 
manner, as discussed in detail in Ref. [42], 

Treatment and conditioning of materials that are not combustible or 
compactable is generally limited to segmentation to facilitate packaging in 
standard types of disposal containers and to grouting within the containers 
when appropriate. 

Treatment of combustible and compactable materials is usually accom-
plished using mechanical compaction and/or incineration. Compaction may 
be performed as the first step, followed by incineration, or it may be the only 
step, with the materials compacted within the shipping container. Numerous 
compacting devices are commercially available for compressing compactable 
wastes within steel drums or similar containers. Incineration of combustible 
wastes results in a concentrated waste form which requires further condi-
tioning by immobilization in solidifying matrices, similar to those used with 
liquid waste concentrates. 

Because of the radiological detriment aspects and, therefore, the higher cost 
of disposal of alpha-bearing waste (perhaps ten times more costly than beta-
gamma waste), for certain waste sources there may be an incentive to segregate 
waste streams during the processing and packaging phase. 

6.3. Treatment and conditioning of gaseous and aerosol wastes 

Small quantities of tritiated water vapour are the most likely gaseous 
radioactive wastes to result from decommissioning operations. If necessary, 
removal of the tritiated water vapour from the ventilation air may be accom-
plished using selected adsorber material that is contacted by the air streams. 
The process achievability is given in Ref. [43]. 

Aerosols containing finely divided radioactive materials are likely to result 
from the various cutting methods used during decommissioning. Similarly, 
some of the cutting methods will produce large volumes of potentially toxic 
smoke and fumes. In all cases the use of contamination control envelopes 
coupled with appropriate filters in the ventilation streams should be adequate 
to collect and retain the particulate material. 

Treatment of the resulting solid wastes (adsorbers and filters) is 
accomplished as described in the previous subsection. 
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6.4. Packaging of wastes 

The appropriate type of packaging for radioactive wastes is determined by 
such factors as the methods of treatment and conditioning applied, the types 
and levels of radioactive material present in the wastes, the types of transport 
and the disposal option available. The choice will also be influenced by 
economic considerations. 

Container design will be influenced by the following factors: 

- Characteristics of the waste, e.g. sizes, physical and chemical properties, 
amount of radioactive material present, and properties of the matrix 
material (if any); 

- Transportation aspects, e.g. transportation system, size and weight constraints, 
and regulatory requirements; and 

- Characteristics of the interim storage system (if any) and the disposal 
systems (e.g. sea dumping, shallow ground disposal, disposal into deep 
continental geological formations), geological and hydrogeological factors, 
potential radiological detriments, safety, and regulatory requirements. 

There is clearly an incentive to carry out a minimum of cutting operations, 
which implies using the largest possible container dimensions. There will be 
opposing constraints due to the maximum weight and size of loads that can be 
handled in a repository or carried on rail or road vehicles. 

The container design should be optimized as part of a total system con-
sisting of container, transport, handling, interim storage (if required) and 
disposal. The most favoured materials for the container are mild steel and 
concrete, although other materials such as aluminium, ceramics, wood, and 
plastics may be acceptable. 

The use of concrete for waste containers is a relatively inexpensive way 
of containing the waste material and can, at the same time, provide shielding. 
For example, the walls of a container can be thickened as needed to meet 
shielding needs. 

A United Kingdom assessment of the use. of rectangular containers conr 
structed of concrete, sheathed in mild steel, and weighing 50 t is given in Ref.-[44]. 

The use of small drums (0.2 m 3 ) is common for the disposal of waste in 
many parts of the world. However, larger drum sizes (0.5 m 3 ) are attractive 
on logistic grounds. 

It may be necessary to monitor the alpha and beta-gamma content of each 
container because of the effect the contents can have on the subsequent opera-
tions of transport and disposal. Systems for monitoring alpha and beta-gamma 
levels and for processing the data should, therefore, form a part of the plant 
monitoring capability. 
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Wastes containing highly mobile and/or long-lived radioactive species are 
usually immobilized within their shipping containers to reduce the possibility 
for release of the radioactive materials to the biosphere. 

Containers for waste designated for emplacement in a deep geological 
repository are prepared in accordance with the requirements of the repository. 
These requirements may include a specific container design and size. 

Containers used for disposal at sea must be prepared in accordance with 
internationally approved guidelines. The waste can either be placed within the 
container in a matrix capable of resisting the anticipated hydraulic pressures, 
or the container can be designed with pressure-equalizing devices. The filled 
container must have a density of greater than 1,2 g/cm3 to ensure sinking. 

Materials that are highly radioactive from neutron activation can most 
economically be packaged by cutting the materials into relatively small pieces 
and surrounding those pieces with thick segments of other less radioactive 
materials, thus providing additional shielding against the radiation from the 
highly activated pieces. • 

Additional discussion of the packaging of radioactive wastes for disposal 
is contained in Ref. [40]. In all cases the packaging must satisfy the require-
ments set forth by the responsible regulatory agency. 

6.5. Transport of wastes 

Transport of the conditioned and packaged wastes from the packaging . 
facility to the disposal site is performed using conventional means via highways, 
railways or waterways. The mode of transport utilized is influenced by the 
type of transport access and handling equipment available at the packaging 
site and at the selected disposal site, and by the physical size of the packaged 
unit. Very large components can be transported intact most effectively by 
barge or ship. 

For large-scale decommissioning projects, e.g. a nuclear power reactor, 
the logistic problems of moving many thousands of cubic metres of waste are 
likely to be significant and the total impact on existing systems should be 
assessed. 

The sizes and weights permitted in shipments are governed by regulations 
issued by the appropriate national and local regulatory agencies. Protection of 
the public from harmful radiation is governed by the appropriate national 
regulations, which are based upon international recommendations [45,46]. 

6.6. The disposal of wastes 

The selection of the appropriate method for disposal of radioactive wastes 
is governed by applicable national (and international) regulations, by the 
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availability of appropriate disposal facilities, and by the need to achieve an 
optimum cost/benefit ratio for accomplishing the disposal. The type and 
specific activity of the radioactive material present in the waste is one of the 
most important factors in selection of the disposal method. 

The principal methods for disposal are shallow ground disposal, sea 
dumping, and emplacement in rock cavities or in deep geological formations. 
Shallow ground disposal, where utilized, is generally employed for wastes 
containing relatively short-lived radioactive materials, and is usually the least 
expensive of the methods. Sea dumping is also used for disposal of low-level, 
relatively short-lived radioactive wastes, and is probably somewhat more 
expensive than shallow ground disposal. Rock cavities and/or deep geological 
formations are generally used for high-level wastes containing the long-lived 
alpha-emitting materials such as the transuranic elements, and are the most 
expensive of the disposal methods. 

The relationships between the various types of radioactive waste and the 
type of disposal facility preferred for each waste type are discussed in detail 
in Ref. [47]. Similar, somewhat abbreviated discussions of these relationships 
are given in the succeeding subsections. 

6.6.1. Shallow.ground disposal 

This disposal option should be considered suitable for low- and intermediate-
level waste that may be in the form of active material adhering to surfaces 
(contaminated materials) or materials having induced activity or a combination 
of both. By definition this waste will contain negligible quantities of alpha-
emitting material (the exact level will be defined by local regulations). 

In some countries containerized waste of this type, in common with much 
intermediate-level waste from other nuclear power plant sources, can be emplaced 
in shallow ground repositories, which are constructed at shallow depth (a few 
metres) and are designed to limit movement of nuclides to the biosphere such 
that the radiation detriment to the population is within acceptable limits. 

The disposal operation and repository design have to take account of 
radiation hazards due to gamma activity to workers when containers are trans-
ferred from transportation means to the repository. Remote handling and 
backfilling techniques must, therefore, form part of the overall system design. 

6.6.2. Disposal into rock cavities and deep geological formations 

Because of the long half-lives of the transuranic elements (Pu, Am etc.), 
the repository is required to either provide isolation of the radioactive nuclides 
for many thousands of years or utilize the natural features of geological forma-
tions to retard nuclide movement to the biosphere. The resulting radiological 
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detriment to the population must be of acceptable level. Repository designs 
are being considered which combine both approaches, i.e. to provide a limited 
period of isolation (a few thousand years) followed by nuclide movement 
delay, as described in Refs [48,49]. It is likely that disposal at considerable 
depth will be required to achieve a release rate with an acceptable long-term 
detriment to population. 

6.6.3. Disposal into the sea 

Sea dumping of low-level radioactive waste has been practised by numerous 
countries since 1946. The Convention on the Prevention of Marine Pollution 
by the dumping of waste and other matter was adopted in 1972 and entered 
into force in 1975. At present, there are four European countries engaging in 
sea disposal operations under the Convention at a dump site in the Northeastern 
Atlantic Ocean and at depths greater than 4000 m. The wastes that are currently 
going to sea disposal come from reactor operations and other sources such as 
nuclear research laboratories, hospitals and industry. At present, these dumping 
countries have the responsibility of organizing and conducting the disposal 
operation in accordance with internationally accepted guidelines provided to 
the Convention by the IAEA and under surveillance provided by a regional-type 
agreement, OECD's Multilateral Consultation and Surveillance Mechanism for 
Sea Dumping of Radioactive Wastes, established in 1977. The limitations on 
the quantities and types of radioactive waste suitable for dumping are specified 
in units of Ci/t and are stated in the IAEA's Definition and Recommendations 
to the Convention [50]. If large volumes of wastes from decommissioning 
are to be dumped into the sea, specially designed ships and port facilities may 
be desirable to benefit from economies of scale. 

6.6.4. Disposal of large single components 

The previous discussion has assumed that the plant will be disassembled 
into small pieces. There may, however, be some large plant components, 
e.g. heat exchangers or pumps, which could be disposed of as one piece to 
land burial or sea, thus avoiding cutting and packaging costs. External surfaces 
would require decontamination, with openings sealed and, in the case of sea 
dumping, with pressure balancing devices or internal grouting used to prevent 
collapse due to hydrostatic pressure. 

6.6.5. Disposal of large volumes of low-level wastes 

Most decommissioning projects will produce a large volume of waste which 
may be only slightly contaminated. This material may have a level of conta-
mination such as to make disposal at a non-radioactive disposal site unacceptable; 
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in some countries shallow ground disposal may be an acceptable disposal option, 
with sea dumping as a higher cost second choice. If the contamination level 
is low enough not to require any administrative control, the material can be 
considered as de minimis waste and can be disposed of, for example, into 
sanitary landfills [51]. Clearly, there is a large incentive to carry out decom-
missioning operations in a manner that avoids the spread of contamination to 
otherwise uncontaminated portions of the plant and so minimizes the volume 
of waste requiring special disposal. There will be a need to monitor and record 
levels of activity on marginally activated or contaminated waste streams, so 
that operational decisions concerning appropriate sites for their disposal can 
be made. 

6.7. Re-use of decontaminated materials 

Nuclear facilities usually contain considerable quantities of expensive 
material that have been contaminated but not activated. Much of this material 
has significant value if it can be sufficiently decontaminated to permit its 
return to the commercial stream. Of particular importance are the large 
quantities of contaminated (but not activated) stainless steel. Techniques 
such as electropolishing have the potential for decontaminating these materials 
to essentially background levels. Remelting of these materials in dedicated 
plants, under full health physics protection and surveillance is another alter-
native. The material could then be fabricated for use in new nuclear plants. 
This latter option is likely to increase normal fabrication cost by several factors. 
The former is more likely to be the most economic choice. 

The choice of re-use or disposal will depend upon realistic cost/benefit 
and radiation detriment analysis and the requirements of national regulations. 
Information on the possible impacts of such recycling and the levels of residual 
radioactive material that might be acceptable on the recycled material is given 
in Ref. [52], 

7. DECOMMISSIONING METHODOLOGY IMPROVEMENTS 

There has been a wide variety of experiences in the decommissioning of 
nuclear facilities throughout the Member States encompassing all stages, and 
these experiences are listed in the Appendix. These experiences have been 
concentrated on research or experimental facilities that have operated for 
relatively short periods of time. Experience with large facilities having high 
levels of activity from radionuclide buildup over longer periods of time is 
limited. To carry over existing techniques to the decommissioning of large 
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present-day facilities, some improvements in methodology need to be demon-
strated to ensure that these tasks can be performed at an acceptable monetary 
cost and worker/population radiation exposure. 

While the basic technology necessary for accomplishing decommissioning 
is reasonably well developed, there are several areas worthy of further study. 
These include: the development of a methodology for systems analysis that 
would permit comparative evaluation of the various possible ways to proceed 
with decommissioning; the improvement of technology to cope with the 
decommissioning of large, highly radioactive plants; and consideration of 
facility and system design with decommissioning in mind. Discussions of these 
areas and suggested subjects for further research and/or development work 
supportive of decommissioning are presented in the succeeding subsections. 

7.1. Methodology development for systems analysis 

The undertaking of a decommissioning programme will require a detailed 
analysis of the activities necessary to accomplish the programme. Those 
factors that must be included in the programme are interpretation of national 
policy and regulatory regimes, followed by planning for and accomplishment 
of the actual decontamination and disassembly of the components, plus the 
management of the resulting wastes through treatment, conditioning and final 
disposal. The decommissioning operation should be carried out using the safe 
work practices established over many years in the nuclear industry. 

A detailed plan for decommissioning should be prepared before the initia-
tion of the decommissioning operations. This plan should provide sufficient 
information that the appropriate regulatory agencies can give their approval 
and that the organizations involved in the decommissioning can plan their 
operations. This plan should consider all of the decommissioning activities, 
i.e. decontamination, dismantling, disposal, and the techniques to be used, as 
well as the safety aspects. A radiation protection programme should be included. 
The factors which may be included in a decommissioning plan are detailed in 
Ref. [7], 

A pre-performance analysis of the decommissioning of a nuclear facility 
to determine the optimum way in which to proceed is usually conducted by 
performing an analysis of the complete disassembly and removal of all materials. 
Intermediate cases are then examined by evaluating other possible variations. 
To assure that all analyses are computed on the same bases it would be beneficial 
to develop a large computer-accessed data base and a processing programme for 
performing the cost and radiation dose analyses. The cost bases would have to 
be adjusted to reflect labour, material, and services costs in a given country. 
Any unusually restrictive regulations that would have cost impacts, peculiar to 
a given locality could be programmed in. The data base should have the unit 
cost data segregated according to type of facility, where appropriate. 
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In support of a management plan, additional research has been identified. 
For example, there is a need for improved measurements of the composition 
and localization of radionuclides, especially those having long lives; this is 
especially important in those facilities and sites which have been in operation 
for a long time. Extrapolation of data obtainable at present over the design life 
of large present-day nuclear power plants is needed. The characterization of 
decommissioning wastes must also be performed so as to ensure the availability 
of the appropriate disposal option when needed. An improved documentation 
system oriented towards decommissioning is called for that would contain 
as-built drawings, facility modifications, and historic information on operation 
parameters and operational incidents. In addition, the long-term degradation 
of building structures and equipment and safety systems has to be understood 
in order that decisions to implement delayed dismantling can be made with 
confidence. 

Development of a rational set of limits on allowable levels of residual 
radioactive materials in facilities and on materials, equipment, and site that are 
to be released for unrestricted use would influence decommissioning procedures. 
This would be based on levels of activity measurable with field instrumentation. 
At present, there seems to be little agreement as to what these limits should be 
and how to monitor them. 

7.2. Improvements in technology 

Techniques for disassembly, decontamination and waste treatment will be 
continuously developed and improved in the course of normal operations such 
as maintenance and refurbishing. Areas directed especially towards decom-
missioning that should be further developed are as follows: 

— Measurement techniques and equipment for field use in the localization 
and identification of those radionuclides relevant to decommissioning need 
development. In particular, methods and equipment for the measurement 
of mixtures of alpha, beta, and gamma emitters or of materials having very 
low residual activity levels need to be considered. 

— Remote handling and control for operations in hostile environments such as 
in-place examination, inspection, decontamination, and cutting and removal 
of components, needs further refinements. The remote handling equipment 
can be expected to function with tools of various sizes and weights with 
specified precision and may have to be especially adapted to the needs of 
decommissioning. The equipment will have to be introduced through 
contamination containment boundaries without the spread of contamination, 
as discussed in section 5.4. 
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— In-place cutting methods should be examined with regard to their effects 
on the surroundings. In particular, the spread of contaminated particles, 
shock waves, and heat effects may introduce unforeseen problems. 
New techniques such as laser cutting could be adapted to decommissioning 
requirements. 

— Development is needed on decontamination systems suitable for remote 
operation on plant items. Some possible examples are soluble-particle-
loaded jets, electropolishing, and ultrasonics. Operational characteristics, 
maintenance, and disposal of resulting wastes are important aspects. 

— Further development of methods for treatment and conditioning of wastes 
from decommissioning would be beneficial. These methods can include 
special coatings for unpackaged wastes such as large sections of steel or 
concrete, and methods for volume reduction such as melting, incineration 
or compaction. Development of mobile waste treatment and conditioning 
units for secondary waste may also be useful. 

— Further development and testing of containers for disposal of decommis-
sioning waste on-site, off-site and to sea would be beneficial. This work 
could include container design and sealing arrangements, and decontamina-
tion of external surfaces as required for transport and handling. 

7.3. Design considerations in facilitation of decommissioning 

Nuclear facilities are carefully designed to meet operational and safety 
requirements. The time and cost reductions realizable in the construction 
and licensing of identical plants make it difficult to introduce modifications 
of design. Nevertheless, the decommissioner's point of view should be con-
sidered at an early stage and the designer of a new plant should be informed on 
specific topics important to decommissioning. 

Design features that facilitate decontamination and maintenance of the 
plant during its operating life are also generally effective during decommissioning. 
The ideas outlined in the succeeding subsections derive their justification 
principally from their potential to improve maintainability, but they are 
expected to facilitate decommissioning as well. Additional information on 
facilitation of decommissioning has been assembled in Refs [ 17,31,53, 54], 

7. 3.1. Choice of materials 

In order to reduce activation of corrosion products leading to exposure of 
the workers during maintenance operations and to avoid formation of long-
lived radionuclides the selection of materials is of importance. 
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Improvements could be made by developing cobalt-free alloys for moving 
parts and by specifying low-cobalt content for structural steels in the primary 
loop. 

Research is needed on the possible consequences of the presence of trace 
elements in the concrete of the biological shield in order to predict whether 
or not a significant amount of very long-lived isotopes will be produced by 
neutron activation. 

7.3.2. Influencing operating conditions 

For a given plant, operation at optimal conditions, e.g. by choosing specific 
water chemistries and continuous filtration, can reduce deposits in the coolant 
loops, thereby reducing radiation fields that result from the deposited materials. 

7.3.3. Access to equipment 

A frequent problem encountered during maintenance operations at nuclear 
facilities is difficulty of access to the components requiring repair. Con-
sequently, appropriate access should be provided for repair and refurbishing. 
Careful attention at the design stage to providing the necessary clearances and 
installations for lifting and other remotely or semi-remotely operated dis-
assembly devices will pay large dividends during the life of the facility. 

7.3.4. Facilitation of decontamination and disassembly 

All nuclear fuel cycle facilities contain systems for handling radioactive 
materials in solution. In these systems, locations with little or no circulation 
(dead legs) should be eliminated where possible. Fabrication using butt welds 
rather than socket welds will reduce crevices for collection of radioactive 
particulates. Another example could be free-standing process cell liners, rather 
than liners in direct contact with the concrete structure, to facilitate leak 
detection. 

Protective coatings are more and more employed to avoid penetration of 
contamination in concrete walls. A disadvantage of these coatings is that they 
are subject to damage due to ageing, radiation damage, and wear, and that they 
must periodically be renewed to maintain their integrity. Improvements in 
quality and procedure of application and removal are likely to facilitate 
decontamination and decommissioning. 

Most of the basic devices needed for disassembly and decontamination are 
already available or could be adapted from existing nuclear and non-nuclear 
equipment. The main thrust of new designs should be in the areas of remotely-
controlled handling equipment, contamination control, and equipment for field 
measurement of low levels of radioactive contamination. 
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7.3.5. Liquid waste treatment and packaging 

The liquid waste treatment facility of the plants could be designed to 
include the possibility of treatment of typical waste arising from decommissioning. 

Packaging and shipping regulations vary widely from nation to nation and 
within nations. It would be beneficial to have,a standard set of regulations 
(or, at least, recommendations) which could be adapted, if necessary, to meet 
a local need. 

8. CONCLUSIONS 

The current state of.knowledge about decommissioning of nuclear facilities 
as related to the factors influencing decisions, the available technology and the 
areas for future study are reviewed in this report. The following conclusions can 
be drawn: 

— The determination of how to proceed with decommissioning, whether to 
progress via stages 1 and/or 2, or to proceed directly to stage 3, is influenced 
by a number of factors. These include: national nuclear strategy, including 
waste handling policy; condition of plant from the safety point of view; 
owner's interest, including planned use of site; availability of decommissioning 
technology; post-operational cost; social considerations; availability of funds; 
and cost/benefit optimization. 

— The levels established for permissible exposure of workers and the public to 
radiation, and for residual levels of radioactive materials permissible for unre-
stricted use of material and property, are based generally on the recommenda-
tions of the International Commission on Radiological Protection (ICRP), and 
on the IAEA Basic Safety Standards. The application of these recommenda-
tions is the responsibility of the national regulatory authorities. 

— A pre-performance analysis of decommissioning for a nuclear facility to 
determine the optimum way in which to proceed is usually conducted by 
performing an analysis of the complete disassembly and removal of all materials. 
Intermediate cases are then examined by evaluating other possible variations. 
Because of the interaction between the activities of decommissioning, i.e. 
decontamination, disassembly, and various steps of waste management, 
optimization of cost/benefit ratio should be carried out over the entire system 
of decommissioning, while meeting the regulatory requirements of the nation 
or the region concerned. Application of the ALARA principle should be 
considered in the optimization. 

— The available technology for decontamination and disassembly, and treatment 
and conditioning of waste has been demonstrated to be generally adequate 
for decommissioning nuclear facilities. Some further engineering research 
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and development may be required to deal with specific problems, but these 
development efforts will usually be extensions and/or adaptations of the 
existing technology base. 

— The development of concepts for land disposal of waste are well advanced in 
a number of countries and there do not appear to be insurmountable problems 
of technology or safety. However, experience of actual disposal, particularly 
in the alpha-bearing waste areas, is at the moment limited. Sea disposal is 
an available option, but its use will require continued international agreement 
on the types and quantities of radioactivity that can be dumped. 

— While the basic technology necessary for accomplishing decommissioning is 
reasonably well developed, there are several areas worthy of further study. 
These include: the development of a methodology for systems analysis that 
would permit comparative evaluation of the various possible ways to proceed 
with decommissioning; the improvement of technology to cope with the 
decommissioning of large, highly radioactive plants; and consideration of 
facility and system design with decommissioning in mind. Engineering 
development on these areas is proceeding at many locations. More rapid 
interchange of information would help to reduce duplication of effort. 
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TABLE A.I. REVIEW OF DECOMMISSIONED FACILITIES (REACTORS) (cont.) 

Country Station name and Operator Reactor Power Year of Current stages 
location (Contractor) type ou tpu t 

(MW(e)) 
Initial 
commercial 
operat ion 

Final 
shutdown 

Decommissioning [Planned act ion] 

CSSR Nuclear Power Plant Slovak Energy Stage 1 
A— 1 Corporation HWGCR 110 1972 1979 Out of action 
Jaslovske Bohunice (SKODA) Preparing decommissioning 

France El 2 
Saclay 

CEA HW 2, 8* 1952** 1965 Stage 2, 1968 

El 3 
Saclay 

CEA HW 18* 1957 1979 [Stage 2, 1984] 

G1 
Marcoule CEA GCR 46* 1956 1968 Stage 2, 1981 

G2 
Marcoule 

CEA GCR 260* 1958 1980 
1995 
planned 

[Stage 3] 

G3 
Marcoule 

CEA GCR 260* 1959 
1983 
planned 

1998 
planned 

[Stage 3] 

ZOE 
Fontenay-aux-Roses 

CEA HW 0 1948** 1975 Stage 2, 1977 

Nereide 
Fontenay-aux-Roses 

CEA LW 0 1959** 1982 
1986 
planned 

[Stage 3] 

Tri ton 
Fontenay-aux-Roses 

CEA LW 0 1959** 1982 
1986 
planned 

[Stage 3] 



Peggy 
Cadarache 

Pegase 
Cadarache 

Cesar 
Cadarache 
Minerve 
Fontenay-aux-Roses 

Chinon-1 
Avoine-Chinon 

CEA 

CEA 

CEA 

CEA 

EDF 

LW 

LW 

GCR 

LW 

GCR 

Germany, 
Fed. Rep. 

FR2 
Leopoldshafen 

KWL 
Lingen 

NS Otto Hahn 

HDR 

Grosswelzheim 

KKN 

Niederaichbach 

KRB-A Grundremmingen 

KfK 
(various) 

KWL 
(AEG) 

GKSS 

KfK 
(AEG) 

KKN 
(Siemens) 

KRB 
(IGEOSA-AEG) 

HWR 

BWR 

PWR 

BWR 

HWGCR 

BWR 

0 1 9 6 1 " 1975 

35* 1962** 1975 

0 1964** 1974 

1* 1959** 1976 

300* 1963 1973 

44* 1960 1981 

256 1968 1977 

38* 1968 1979 

23 1970 1971 

100 1972** 1974 

250 1966 1977 

1977 Stage 3 

Stage 3 
1978 and part of building 

used as storage 

1978 Stage 3 

1977 Stage 3 

Stage 1 
Planned use as a 
museum 

Out of action 
[removal of 
nuclear part] 

Stage 1 
Out of action 

1981 Stage 3 

Research 

Stage 2 
[Stage 3] 

Stage 1 
Out of action 



TABLE A.I. REVIEW OF DECOMMISSIONED FACILITIES (REACTORS) (cont.) 

Country Station name and Operator Reactor 
location (Contractor) type 

Power Year of Current stages 
output Initial Final Decommissioning [Planned action] 
(MW(e)) commercial shutdown 

operation 

Italy 
Avogadro 
Saluggia (TO) 

Ispra 1 
Ispra (VA) 

Rana 

CSNCasaccia, Rome 

Ritmo 

CSNCasaccia, Rome 

Rospo 

CSNCasaccia, Rome 

RB-1 

Montecuccolino (BO) 

RB-2 

Montecuccolino (BO) 

Garigliano (CE) 

Sorin 

OCR Euratom 

CNEN 

CNEN 

CNEN 

CNEN 

Agip Nucleare 

ENEL 

Pool 
h 2 o 

Tank 
d 2 o 

Pool 
H j O 

Pool 
h 2 o 

Tank 
Organic, 
modified 
H j O 

U enriched 
graphite 

Graphite 
HjO 

BWR 

10* 

160 

1959** 

1958** 

1965** 

1965** 

1963** 

1960** 

1960** 

1964 

1972 

1974 

1981 

1978 

1975 

1981 

1981 

1978 

1975 Spent fuel storage 

Stage 1, 1975 

Out of action 
[Stage 3] 

Out of action 
[Stage 3] 

Out of action 
[Stage 3] 

Out of action 
[Stage 3] 
Out of action 
[Stage 3] 

Out of action 



Japan 

AHCF 
(Aqueous Homogeneous JAERI 
Critical Facility), 
Tokai, Ibaraki 

OCF 
(Ozenji Critical 
Facility), 
Ozenji, Kanagawa 

SCF 
(Sumitomo 
Critical Facility), 
Tokai, Ibaraki 

MCF 
(Mitsubishi 
Critical Facility), 
Omiya, Saitama 

JRR-1 
(Japan Research 
Reactor), 
Tokai, Ibaraki 

HTR 
(Hitachi Training 
Reactor), 
Ozenji, Kanagawa 

JPDR 
(Japan Power 
Demonstration 
Reactor), 
Tokai, Ibaraki 

(NAIG) 

Hitachi 
(Hitachi) 

SAEI 
(Sumitomo) 

MAPI 
(MAPI) 

JAERI 
(AI) 

TAIC 
(Hitachi) 

JAERI 
(GE, Hitachi, 
Toshiba) 

Heavy 
water 
critical 
facility 

Light 
water 
critical 
facility 

Light 
water 
critical 
facility 

Light 
water 
critical 
facility 

Boiling 
water 
type 
research 
reactor 

Pool 
type 
research 
reactor 

BWR 
Power 
demon-
stration 
reactor 

VO 

0 1961** 1967 

0 1962** 1973 

0 1966** 1970 

0 1969** 1973 

0 1957** 1969 

0 1961** 1975 

12.5 1963 1976 
(90*) 

1969 Stage 3 

Stage 2, 1974 
[Stage 3] 

1971 Stage 3 

1974 Stage 3 

Stage 2, 1969 

Stage 2, 1975 

1989 Out of action 
planned [Stage 3] 



TABLE A.I. REVIEW OF DECOMMISSIONED FACILITIES (REACTORS) (cont.) 

Country Station name and Operator Reactor 
location (Contractor) type 

Power Year of Current stages 
ou tpu t Initial Final Decommissioning [Planned act ion] 
(MW(e)) commercial shutdown 

operat ion 

Switzerland 

United 
Kingdom 

DIORIT 
"EIR Wiirenlingen" 

LUCENS 
"Lucens" 

DMTR, Dounreay 

DFR, Dounreay 

WAGR, Sellafield 

DRAGON, Winfrith 

BEPO, Harwell 

E I R 
Federal Institute 
of Reactor 
Research 

SA I'Energie 
de 
l'Ouest-Suisse 

UKAEA 

UKAEA 

UKAEA 

UKAEA 

UKAEA 

Heavy 
water 
reactor 

co
2
-

coo led 

D O j -
moderated 
pressure 
tube 
reactor 

HW 

Fast 

Advanced 
GCR 

HTGCR 

Air 
cooled 
GCR 

30* 
0 

1960* 

0 

14 

34 

0 

1968* 

1959** 

1960** 

1962** 

1964** 

1948** 

1977 

1969 

1969 

1977 

1981 

1976 

1968 

in work 

1 9 6 9 - 1 9 7 3 

1996 
planned 

Beginning of decommissioning 
[Stage 3] 

Stage 2 
[Stage 3] 

Stage 1 

[Stage 2, 1985/1990] 

Stage 3 

Stage 1 

Stage 2, 1970 
Unloaded - reactor shield 
sealed with spray o n concrete. 
Area cleaned for alternative 
use 



HRE-1 (Homogeneous 
USA Reactor Experiment), 

Oak Ridge, TN 

HRE-2 (Homogeneous 
Reactor Experiment), 
Oak Ridge, TN 
ARE (Aircraft 
Reactor Experiment), 
Oak Ridge, TN 
PM-2A (Portable 
Medium Power Plant), 
Greenland 

Hanford 

Production Reactors, 
Richland, WA 

CVTR (Carolina 
Virginia Tube Reactor) 
Parr, SC 

Hallam Nuclear Power 
Facility 
Hallam, NB 

Piqua Nuclear 
Power Facility 
Piqua, OH 

Fluid-
Fuel 

Fluid-
Fuel 

Fluid-
Fuel 

PWR 

Graphite 
moderated, 
water 
cooled 

Pressure 
tube 
heavy 
water 65* 
cooled 
and 
moderated 

Graphite 
moderated, j j g * 
sodium 
cooled 

Organic 
cooled 4 5 . 
and 
moderated 

1* 

< 1* 

1* 

1 0 * 

1952** 1954 

1957** 

1954 

1960 1963 

1944 1965 

1955 1970 

1962 1967 

1963 1964 

1954 Stage 3; dismantled 

Stage 3; dismantled 

1955 Stage 3; dismantled 

1964 Stage 3; dismantled 

Stage 1 
1965-1971 

Stage 1, 1968; 
safe storage 

Stage 2, 1969; 
entombed 

1963 1966 
Stage 2, 1969; 
entombed 



TABLE A.I. REVIEW OF DECOMMISSIONED FACILITIES (REACTORS) (cont.) 

Country Station name and Operator Reactor 
location (Contractor) type 

Power Year of Current stages 
output Initial Final Decommissioning [Planned action] 
(MW(e)) commercial shutdown 

operation 

BONUS (Boiling 
Nuclear Superheater 
Power Station), 
Ricon, PR 

Walter Reed 
Research Reactor, 
Washington, D.C. 

Pathfinder 
Sioux Falls, 
SD 

B&W 
Lynchburg, VA 

EBR-1 (Experimental 
Fast Breeder Reactor), 
Scottsville, ID 

Saxton Nuclear 
Experimental Facility, 
Saxton, PA 

NS Savannah 
Charleston, SC 

BWR with 
nuclear 
super-
heating 

Al Model 
L-S4 
homo-
geneous 
fuel 

BWR with 
nuclear 
super-
heating 

Pool 

Liquid 
metal 

cooled 

PWR 

PWR 

50* 

50* 

190* 

23* 

80 

1964 

1962* 

1964 

1964 

1951* 

1962 

1962 

1967 

1971 

1967 

1971 

1963 

1972 

1970 

1971 

1973 

Stage 2, 1972; 
entombed 

Stage 3; dismantled 

Stage 1, 1972; 
safe storage with steam 
plant conversion 

Stage 1, 1973; 
partially dismantled 

Stage 3; deactivated, 
decontaminated, converted 
for public access 

Stage I, 1973; 
safe storage 

Stage 1; 
safe storage 



SEFOR (Southwest 
Experimental Fast 
Oxide Reactor), 
Strickier, AR 

Elk River 
Reactor, 
Elk River, MN 

ASTR (Aerospace Test 
Reactor), US Air 
Force, NARF 
Fort Worth, TX 

GTR (Ground Test 
Reactor), US Air 
Force, NARF 
Fort Worth, TX 

RTA (Reactivity Test 
Assembly), US Air 
Force, NARF 
Fort Worth, TX 

Sodium 
cooled, 20* 
fast 

BWR with 
fossil 
super-
heating 

58* 

10* 

10* 

ENRICO FERMI - 1 DETED 
Lagoona Beach, MI (UEC) 

FBR 57 

PM-3A (Portable 
Medium Power Plant), PWR 9* 
Antarctica 

HTR (Hanford Test 
Reactor), 
Richland, WA 

IRL (Industrial 
Reactor Laboratories, 
Inc. Research Reactor), 
Plainsboro, NJ 

Graphite 
Zero 

moder-
power 

ated * 

1969 1972 

1964 1968 1974 

1951 1971 1974 

1972 1974 

1968 1974 

1963** 1973 

1975 

1943** 1977 

1958* 1975 1977 

Stage 1, 1973; 
safe storage 

Stage 3; 
dismantled with steam 
plant conversion 

Stage 3; 
dismantled 

Stage 3; 
dismantled 

Stage 3; 
dismantled 

Stage 1, 1975; 
safe storage with steam 
plant conversion 

Stage 3; 
dismantled 

Stage 3; 
dismantled 

Stage 3; 
partially dismantled 



0\ TABLE A.I. REVlfeW OF DECOMMISSIONED FACILITIES (REACTORS) (cont.) 

Country Station name and Operator Reactor 
location (Contractor) type 

Power Year of Current stages 
output Initial Final Decommissioning [Planned action] 
(MW(e)) commercial shutdown 

operation 

GE EVESR 
Alameda Co., CA 

NASA Plumbrook, 
Sandusky, OH 

Peach Bottom — 1 
York Country, PA 

VBWR (Vallecitos 
Boiling Water Reactor), 
Alameda Co., CA 

Westinghouse Test 
Reactor, 
Waltz Mills, PA 

SRE (Sodium Reactor 
Experiment), 
Santa Susana, CA 

Indian Point — 1 
Buchanan, NY 

Shipping Port 
Shipping Port, PA 

PEC 
(GA) 

CON ED 
(B&W) 
Consolidated 
Edison Co. 

BWR with 
nuclear 
super-
heating 

Light 
water 

HTGR 

BWR 

17* 

100* 

40 

50* 

PWR 

1963* 

1963 

1967 

1967 

1973 

1974 

Tank 60* 1959** 1962 

Graphite 

moderated 30* 1957** 1964 
sodium 

1982 

PWR 257 1962 

72 1957 

1974 

1982 

1984 
I 

1988 
planned 

Stage 1; 
safe storage 

Stage 1; 
safe storage 

Stage 1; 
safe storage 

Stage 1; 
safe storage with steam 
plant conversion 

Stage 1; 
safe storage 

Stage 1, 1967; mothballed 
Stage 3; dismantling 
started 1976 

Stage 1, 1980; 
SAFSTOR 
[Stage .3] 

[Stage 3] 



TABLE A.II. REVIEW OF DECOMMISSIONED FACILITIES (CHEMICAL FACILITIES) 

Country Station name and Operator Type of facility 
location 

Year of Current stages 
Initial Final Decommissioning [Planned action] 
commercial shutdown 
operation 

France 

India 

Le Bouchet 
Le Bouchet 

Attila 
Fontenay-aux-Roses 

Gulliver 
Marcoule 

Elan II B 
La Hague 

Elan IIA 
Saclay 

A T I 
La Hague 

Batiment 18 
Fontenay-aux-Roses 

Gueugnon 
Gueugnon 

PP Trombay 

CEA 

CEA 

CEA 

CEA 

CEA 

United Dounreay NPD, 
Kingdom Thurso 

CEA/COGEMA 

CEA 

CEA/COGEMA 

DAE/BARC 

UKAEA 

Ore treatment 

In gaseous phase 
reprocessing pilot 
plant 

Fission products 
vitrification 
test facility 
137Cs and 90Sr 
sources fabrication 

Elan IIB pilot 

FBR fuel reprocessing 
plant 

Metallurgy Pu 
facility 

Ore treatment 
plant 

Reprocessing plant 

FBR fuel reprocessing 
plant 

1966 

1965 

1970 

1968 

1969 

1975 

1967 

1973 

1970 

1979 

1981 

1980 

1965 

1960 1971 

1982 

1983 
planned 

1984 
planned 

1985 
planned 

1983 
planned 

1986 
planned 

1983 
planned 

1981 

1977 

1975 

Stage 3 

[Stage 3] 

[Stage 3] 

[Stage 3] 

[Stage 3] 

[Stage 3] 

[Stage 3] 

Stage 3 

Partially decommissioned 
to Stage 3 

Nominally Stage 3 to enable 
new plant to be built 



TABLE A.II. REVIEW OF DECOMMISSIONED FACILITIES (CHEMICAL FACILITIES) (cont.) 

Country Station name and Operator Type of facility 
location 

Year of Current stages 
Initial Final Decommissioning [Planned action] 
commercial shutdown 
operation 

USA Pleasanton, CA 

Crescent, OK 

Erwin, TN 

New Haven, CT 

Plutonium 
Fabrication Facility, 
Argonne 

Exxon Nuclear 
Fuels Plant 
Richland, WA 

Pawling, NY 

Cimarron, OK 

Special Metallurgical 
Building, 
Miamisburg, OH 

Nuclear Fuel 
Services, Inc., 
Erwin, TN 

Fuels Laboratory 
Cheswick, PA 

General Electric LWR fuel fabrication 

Kerr-McGee LWR fuel fabrication 

Nuclear Fuel Services LWR fuel fabrication 

United Nuclear 

Argonne National 
Laboratory (DOE) 

Exxon Nuclear 
Company 

General Atomic 
Company 
Kerr McGee 
Nuclear Corp. 

Monsanto Research 
Corp. 

Getty-Skelly 
Oil Companies 

Westinghouse 
Electric Corp. 

Fuel assemblies 

Pu fuels, Pu fuel R & D , 
cold Pu scrap 

Pu fuels,Pu fuel R&D, 
cold Pu scrap 

Pu fuel R&D 

Pu fuels, 
Pu fuel R&D 

Pu-238 fabrication 

Pu fuels, 
cold Pu scrap 

Pu fuels for FBR 

1959 

1971 

1974 
1978 
I 

1982 

1966 1981 

Stage 3 

Stage 1 

Stage 1 

Stage 1 

Stage 3 

Stage 1 

Stage 3 

Stage 1 

Stage 1 
(Passive safe storage) 

(Preparations for 
safe storage) 

Stage 1, 1982 
[Stage 3] 
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G L O S S A R Y O F S O M E B A S I C T E R M S 

absorbed dose rate: The increment of absorbed dose in a particular medium 
during a given time interval. 

accessible environment: Those portions of the environment directly in contact 
with or readily available for use by human beings. Includes the Earth's 
atmosphere, the land surface, aquifers, surface waters, and the oceans. 
(See human environment.) 

activity: The activity, A, of an amount of radioactive nuclide in a particular 
energy state at a given time is the quotient of dN by dt, where dN is the 
expectation value of the number of spontaneous nuclear transformations 
from that energy state in the time interval dt [ICRU Report 33]: 

dN 

The special name for the SI unit of activity is becquerel (Bq): 1 Bq = 1 s 1. 
The special unit of activity, curie (Ci), may be used temporarily: 
1 Ci= 3.7 X lO10 Bq (exactly). 

ALARA: "As low as reasonably achievable, economic and social factors being 
taken into account." A basic principle of radiation protection taken from 
the Recommendations of the ICRP, ICRP Publication No. 26 (p. 3). 

alpha-bearing waste: Waste containing one or more alpha-emitting radionuclides, 
usually actinides, in quantities above acceptable limits. The limits are 
established by the national regulatory body. 

barrier (natural or engineered): A feature which delays or prevents radionuclide 
migration from the waste and/or repository into its surroundings. An 
engineered barrier is a feature made by or altered by man; it may be part 
of the waste package and/or part of the repository. (See multibarrier.) 

biological shield: Physical barriers to reduce radiation exposure to living organisms. 

biosphere: That portion of the Earth's environment inhabited by any living 
organisms. It comprises parts of the atmosphere, the hydrosphere (ocean, 
seas, inland waters and subterranean waters) and the lithosphere. The 
biosphere includes the human habitat or environment in the widest sense of 
these terms. (See accessible environment and human environment.) 
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cask (or flask): A massive transport container providing shielding for radioactive 
materials and holding one or more canisters. 

chemical decontamination: Decontamination accomplished by the use of 
chemical solutions to remove surface films containing radioactive materials. 

conditioning of waste: Those operations that transform waste into a form suitable 
for transport and/or storage and/or disposal. The operations may include 
converting the waste to another form, enclosing the waste in containers, and 
providing additional packaging. 

container: See cask. 

containment: The retention of radioactive material in such a way that it is 
effectively prevented from becoming dispersed into the environment or only 
released at an acceptable rate. 

contamination, radioactive: A radioactive substance in a material or place where 
it is undesirable. 

cost/benefit analysis, differential: A sequential analysis of the incremental 
changes in costs and benefits arising from alternative actions. As used in 
these Standards, it represents the approach for optimizing radiation protection 
expenditure and defining "as low as reasonably achievable" [ICRP Publica-
tion 26] for the limitation of radiation exposure. 

decommissioning: The work required for the planned permanent retirement of a 
nuclear facility from active service. Different regulations will apply thereafter. 
(In some Member States a facility is not regarded as decommissioned until it 
is suitable for unrestricted use.) (See stage of decommissioning.) 

decommissioning insurance: A mechanism for assuring the funding of 
decommissioning which could provide funds for all decommissioning 
expenses, including those for premature closure of the facility, or, alter-
natively, funds to cover only costs of premature decommissioning in the 
event that other mechanisms provided by the insureds were insufficient. 

DECON: To immediately remove all radioactive materials down to levels which 
are considered acceptable to permit the property to be released for 
unrestricted use. (See stage of decommissioning.) 

decontamination: Removal or reduction of radioactive contamination. 
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decontamination factor: The ratio of initial content of contaminating radioactive 
material to the final content as a consequence of a decontamination process. 
(The term may refer to a specified radionuclide or to gross radioactivity.) 

deferred decontamination: Those actions required after the safe storage period 
of SAFSTOR to idisassemble and remove sufficient radioactive or contaminated 
materials from the facility and site, to permit release of the property for 
unrestricted use. 

de minimis: An expression derived from the Latin expression "de minimis non 
jurat lex", i.e. the law is not concerned with trivialities. 

A de-minimis level is one which is so low as to be trivial. There is no unique 
number which may be attributed to the expression; the value depends on a 
wide range of scientific factors and upon the legislative framework of the 
appropriate Member States. 

dismantlement or disassembly: Those actions required to disassemble and/or 
remove radioactive or contaminated materials from the facility and site. 

disposal: The emplacement of waste materials in a repository, or at a given 
location, without the intention of retrieval. Disposal also covers direct 
discharge of both gaseous and liquid effluents into the environment. (See 
storage.) 

dose: A term denoting the quantity of radiation energy absorbed by a medium. 
Although the terms 'dose' or 'radiation dose' are often used in a general 
sense, they should usually be qualified, for example as absorbed dose (D), 
dose equivalent (H), effective dose equivalent (HE), effective dose-equivalent 
commitment (HE,C)» committed effective dose equivalent (HE,50); OR 
collective effective dose equivalent (SE), etc. 

entombment decommissioning or ENTOMB: Placement of radioactive wastes and 
structural materials within an entombment structure (often comprising a 
portion of the existing production structure) for permanent disposal. Only 
those materials with hazardous lifetimes, as determined by radiological 
assessments, less than or equal to the expected lifetime of the entombment 
structure are intended to be so placed. Other radioactive materials are 
removed from the site for disposal. (See stage of decommissioning.) 
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exposure: As used in these Standards, any exposure of persons to ionizing 
radiation. A distinction is made between: 

(a) external exposure, being exposure to sources outside the body; 
(b) internal exposure, being exposure to sources inside the body; 
(c) total exposure, being the sum of the external and internal exposures. 

facilitation: As used in the context of decommissioning, consideration to be given 
to facility design and normal operational procedures with the primary 
purpose of reducing occupational and public radiation dose during the 
decommissioning process. 

facility: The physical complex of buildings and equipment within a site. 

filtration: The process of separating solids from liquids or gases moving through 
the interstices of a solid medium. 

final inventory cleanout: An extensive inventory cleanout and special nuclear 
material audit conducted upon termination of normal facility operations. 
Since these cleanout operations are also conducted periodically during 
normal operation for audit and contamination control purposes, this proce-
dure is not considered part of decommissioning and its cost is not included 
as a decommissioning cost. 

fuel reprocessing plant (FRP): Plant where spent fuel elements are dissolved, 
waste materials removed, and reusable materials are segregated. 

fund or funding: See decommissioning insurance. 

half-life, biological: The time required for the amount of a particular substance 
in a biological system to be reduced to one half of its value by biological 
processes when the rate of removal is approximately exponential. 

half-life, effective: The time required for the amount of a particular radionuclide 
in a system to be reduced to half its value as a consequence of radioactive 
decay and all other processes. 

half-life, radioactive: For a single radioactive decay process, the time required for 
the activity to decrease to half its value, by that process. (After a period 
equal to ten half-lives, the activity has decreased to about 0.1% of its original 
value.) 
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hazard: A natural or man-made cause of a potential deleterious effect, as 
differentiated from an expected deleterious effect. (To avoid confusion 
and reduce the number of terms in usage, use of the terms 'risk' or 'detriment', 
as appropriate, is recommended in place of 'hazard' or 'harm' when potential 
effects are being considered.) 

high-level waste: 
. (i) The highly radioactive liquid, containing mainly fission products, as 

well as some actinides, which is separated during chemical reprocessing 
of irradiated fuel (aqueous waste from the first solvent extraction cycle 
and those waste streams combined with it). 

(ii) Spent reactor fuel, if it is declared a waste. 
(iii) Any other waste with a radioactivity level comparable to (i) or (ii). 
(Note that these definitions are not related to "high-level radioactive waste 
unsuitable for dumping in the ocean", as used in the London Dumping 
Convention. See IAEA/INFCIRC/205/Add. 1 /Rev. 1.) 

hot spot: Areas of radioactive contamination higher than average. 

human environment: Those portions of the Earth that are inhabited by humans 
or are readily accessible to them. (See accessible environment.) 

incineration: The process of burning a combustible material to reduce its volume 
and yield an ash residue. 

inspection: Quality cbntrol actions which, by means of examination, observation 
or measurement, determine whether materials, parts, components, systems, 
structures as well as processes and procedures, conform to predetermined 
quality requirements. 

institutional control reliance: The degree to which reliance can be placed on the 
ability of man-made institutions to both safely confine the radioactivity in 
and prevent the intrusion into a nuclear facility while it is in safe storage or 
while it is entombed. 

insurance for decommissioning: See decommissioning insurance. 

interim storage (storage): A storage operation for which 

(a) monitoring and human control are provided and 
(b) subsequent action involving treatment, transportation, and final disposi-

tion is expected. 
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intermediate-level waste (or medium-level waste): Waste of a lower activity level 
and heat output than high-level waste, but which still requires shielding 
during handling and transportation. The term is used generally to refer to 
all wastes not defined as either high-level or low-level. (See alpha-bearing 
waste and long-lived waste for other possible limitations.) 

ion exchange: A usually reversible exchange of one ion with another, either in a 
liquid, or on a solid surface, or within a crystalline lattice. 

long-lived nuclide: For waste management purposes, a radioactive isotope with a 
half-life greater than about 30 years. 

long-lived waste: Waste that will not decay to an acceptable activity level in a 
period of time during which administrative controls can be expected to last. 
(See short-lived waste.) 

low-level waste: Waste which, because of its low radionuclide content, does not 
require shielding during normal handling and transportation. (See alpha-
bearing waste and long-lived waste for other possible limitations.) 

monitoring: Taking measurements or observations for recognizing the status, 
or significant changes in conditions or performance, of a facility or area. 

multibarrier: A system using two or more independent barriers to isolate the 
waste from the human environment. These can include the waste form, 
the container (canister), other engineered barriers and the emplacement 
medium and its environment. (See barrier.) 

non-fuel cycle facilities: Facilities handled by product, source, special nuclear material, 
or accelerated particles, but not involved in the production of power. 

non-high-level waste: Intermediate- or low-level waste. 

normal operating conditions: Operation (including startup, shutdown, and 
maintenance) of systems within the normal range of applicable parameters of 
an operating facility. 

nuclear fuel: Fissionable and/or fertile material for use as fuel in a nuclear reactor. 

nuclear.installation (or nuclear facility): Any installation in which radioactive or 
fissile materials are produced, processed or handled on such a scale that 
considerations of nuclear safety are necessary. 
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owner: Any person, government or other entity that holds title to or owns the 
land upon which a mine, plant or other facility is located. 

passive SAFSTOR: A partial cleanup and decontamination effort initially, 
followed by a period of safe storage and completed by deferred decontamina-
tion. During the period of safe storage, all systems are deactivated, the 
structures are secured by strong physical barriers and continuous remote 
monitoring, and the plant is limited to nuclear use only, while the site may 
have non-nuclear uses. (See stage of decommissioning.) 

i 
physical decontamination or mechanical decontamination: Decontamination 

accomplished by the use of mechanical cleaning means or by the removal 
of the surface itself. 

plant: The physical complex of buildings and equipment, including the site. 

premature closure: The permanent shutdown of a nuclear facility prior to the end 
of its planned operating lifetime. 

radioactive material: A material of which one or more constituents exhibit 
radioactivity. 

radioactive waste: Any material that contains or is contaminated with radio-
nuclides at concentrations or radioactivity levels greater than the 'exempt 
quantities' established by the competent authorities and for which no use 
is foreseen. 

radioactivity: The property of certain nuclides of spontaneously emitting particles 
or gamma radiation, or of emitting X-radiation following orbital electron 
capture, or of undergoing spontaneous fission. 

reactor internals: Internal reactor components. These frequently require periodic 
renewal and subsequent disposal. 

regulatory authority or regulatory body: An authority or system of authorities 
designated by the Government of a Member State as having the legal 
authority for conducting the licensing process, for issuing of licences and 
thereby for regulating the siting, design, construction, commissioning, 
operation, shutdown, decommissioning and subsequent control of nuclear 
facilities (e.g. waste repositories) or specific aspects thereof. This authority 
could be a body (existing or to be established) in the field of nuclear-related 
health and safety or mining safety or environmental protection, vested with 
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such legal authority, or it could be the Government or a department of the 
Government, or it could be an international agency. 

repository: An underground facility in which waste may be emplaced for 
disposal. 

safe storage: A period of time starting after the initial decommissioning activities 
of preparation for safe storage cease and in which surveillance and maintenance 
of the facility takes place. The duration of time can vary from a few years to 
on the order of 100 years. (See stage of decommissioning.) 

SAFSTOR: Those activities required to place (preparation for safe storage) and 
maintain (safe storage) a radioactive facility in such condition that the risk 
to safety is within acceptable bounds and that the facility can be safely stored 
and subsequently decontaminated to levels which permit release of the 
facility for unrestricted use (deferred decontamination). (See stage of 
decommissioning.) 

shallow-ground disposal (e.g. shallow-ground burial): Disposal of radioactive 
waste, with or without engineered barriers, above or below the ground surface, 
where the final protective covering is of the order of a few metres thick. 
Some Member States consider 'shallow-ground disposal' to be a mode of 
storage rather than a mode of disposal. 

short-lived waste: Waste which will decay to a level which is considered to be 
insignificant from a radiological viewpoint, in a time period during which 
administrative controls can be expected to last. Such waste can be deter-
mined by radiological assessment of the storage or disposal system chosen. 
(See long-lived waste.) 

stage of decommissioning: The term 'stage', in IAEA usage, implies a state or 
condition of a facility after decommissioning activities: 
Stage 1 - storage with surveillance; 
Stage 2 — restricted site release; 
Stage 3 - unrestricted site release. , 

storage (or interim storage): The emplacement of waste in a facility with the 
intent that it will be retrieved at a later time. 

surface contamination: Contamination that is the result of the deposition and 
attachment of foreign materials to a surface. 
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surveillance: 
(i) Includes all planned activities performed to ensure that the conditions 

at a nuclear installation remain within the prescribed limits; it should 
detect in a timely manner any unsafe condition and the degradation 
of structures, systems and components which could at a later time 
result in an unsafe condition. These activities can be classified as: 

(a) monitoring of individual parameters and system status; 
(b) checks and calibrations of instrumentation; 
(c) testing and inspection of structures, systems and components; 
(d) evaluation of the results of items (a) and (c). 

(ii) As used with IAEA Safeguards, the collection of information through 
devices and/or inspector observation in order to detect undeclared 
movements of nuclear material, tampering with containment, falsifica-
tion of information related to locations and quantities of nuclear 
material, and tampering with IAEA safeguards devices. 

testing: Determination or verification of the capability of a component or 
assembly of components to meet specified requirements by subjecting the 
component or assembly to a set of physical, chemical, environmental or 
operational conditions. 

transuranic (TRU) waste: Waste containing quantities of nuclides having atomic 
numbers above 92 above agreed limits. The limits are established by national 
regulatory bodies. (See alpha-bearing waste.) 

treatment of waste: Operations intended to benefit safety or economy by 
changing the characteristics of the waste. Three basic treatment concepts 
are: 

(a) volume reduction; 
(b) removal of radionuclides from the waste; 
(c) change of composition. (See conditioning.) 

waste arisings: Radioactive wastes generated by any stage in the nuclear fuel 
cycle. 

waste disposal: See disposal. 

waste management: All activities, administrative and operational, that are 
involved in the handling, treatment, conditioning, transportation, storage 
and disposal of waste. 
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