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FOREWORD 
As with any other industrial activity, a certain level of risk is associated with 

the operation of nuclear power plants and other nuclear facilities. That is, on occa-
sions nuclear power plants or nuclear facilities may operate under conditions which 
were not specifically anticipated during the design and construction of the plant. 

These abnormal conditions and situations may cause the production of abnor-
mal waste, which can differ in character or quantity from waste produced during nor-
mal routine operation of nuclear facilties. Abnormal waste can also occur during 
decontamination programmes, replacement of a reactor component, de-sludging of 
storage ponds, etc. The management of such kinds of waste involves the need to 
evaluate existing waste management systems in order to determine how abnormal 
wastes should best be handled and processed. There are no known publications on 
this subject, and the IAEA believes that the development and exchange of such infor-
mation among its Member States would be useful for specialists working in the waste 
management area. 

The main objective of this report is to review existing waste management prac-
tices which can be applied to abnormal waste and provide assistance in the selection 
Qf appropriate technologies and processes that can be used when abnormal situations 
occur. Naturally, the subject of abnormal waste is complex and this report can only 
be considered as a guide for the management of abnormal waste. 

The initial draft of this report was compiled in March 1986 by consultants 
B. Irving and J. Flaherty (United States of America), M. Garamszeghy, 
L. Krochmalnek and R. Kohout (Canada), and then discussed and revised by experts 
from 10 countries and one international organization (International Union of 
Producers and Distributors of Electrical Energy) at the Technical Committee 
Meeting held in November 1986. The revised draft was then sent to participating 
Member States for comments and on the basis of comments received it was reviewed 
and revised by the IAEA Secretariat and consultants. 

The IAEA wishes to express its gratitude to B. Irving and M. Garamszeghy 
who served as consultants during the preparation of the final version and who have 
greatly contributed to the compilation of the report. The officer of the IAEA respon-
sible for this report was V.M. Efremenkov of the Division of Nuclear Fuel Cycle 
and Waste Management. 



EDITORIAL NOTE 

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use. 

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA. 

The authors are responsible for having obtained the necessary permission for the IAEA 
to reproduce, translate or use material from sources already protected by copyrights. 
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1. INTRODUCTION 
Extensive experience with the management of radioactive wastes arising from 

the normal operation, maintenance and refuelling of nuclear power plants exists 
worldwide [1-14]. This experience is based on several thousands of reactor-years of 
operation. Previous International Atomic Energy Agency (IAEA) publications 
include the Safety Series on the Management of Radioactive Wastes from Nuclear 
Power Plants [1], the Design of Radioactive Waste Management Systems at Nuclear 
Power Plants [2] and Operational Management for Radioactive Effluents and Wastes 
Arising in Nuclear Power Plants [3]. There are also many IAEA technical publica-
tions describing different techniques for treatment, conditioning and disposal of 
waste arising during normal operation of nuclear facilities [4-14]. Occasionally, 
however, nuclear power plant operators may need to deal with waste arisings which 
were not specifically anticipated at the design stage and for which no specific provi-
sion was made in the design of the waste management systems. The waste arisings 
may result from various types of reactor accidents or be the product of planned or 
unplanned major modifications and/or component backfitting projects. This report 
discusses the management of these abnormal wastes. 

1.1. DEFINITIONS 

For the purposes of this report, wastes are defined as 'abnormal wastes' when 
they have the potential of being beyond the normal or approved capability of the 
installed waste management systems. The latter are, of course, usually designed with 
margins to cater for wastes above routine arisings in order to provide flexibility and 
redundancy. In some circumstances, therefore, it is possible that potentially abnor-
mal wastes can be managed with the installed systems and approvals, but this report 
is not primarily concerned with such circumstances. 

Abnormal wastes, in solid, liquid or gaseous form, may have one or more of 
the following characteristics: 
(a) The volume exceeds the capacity of the installed management system; 
(b) The specific and/or total activity exceeds the normal safe capability of the 

system; 
(c) The radionuclide composition, chemical composition or physical form are 

beyond the system capabilities; 
(d) The physical location of the waste is incompatible with the installed waste 

management system; 
(e) For reasons other than the above the nature of the waste is incompatible with 

its safe management in the installed system. 
1 



In practice, the occurrence of abnormal wastes will, by definition, be rare. 
Some nuclear power plants may never have abnormal wastes to manage but it is 
nevertheless prudent to consider how such wastes could be managed if they arose. 
The circumstances leading to the generation of abnormal wastes may include acci-
dents and planned or unplanned major maintenance, repair or replacement of plant 
items. Because of the wide range of causes, the nature of the wastes cannot be 
predicted in precise terms. Without specifying the detailed circumstances leading to 
abnormal wastes, they are, in this report, considered in a qualitative way as are the 
technical solutions to their safe management. 

1.2. PURPOSE AND SCOPE 

This report is intended to give guidance to nuclear power plant operators on 
the technical means available to enable abnormal wastes, should they arise, to be 
managed safely. Apart from the brief descriptions of existing treatment methods it 
is intended to provide advice to the reader for the selection of appropriate solutions 
to abnormal waste management problems. More detailed information on many of the 
techniques has been described in previous publications and this report complements 
these by discussing the applicability of the techniques to abnormal wastes. 

In addition to providing information on waste management techniques, impor-
tant subjects such as pre-planning and provisions for abnormal waste management, 
decision making on the management of abnormal wastes and adequate waste charac-
terization are also discussed. 

Although much of the information may also be relevant to the management of 
wastes arising during nuclear power plant decommissioning, such wastes are not spe-
cifically discussed. It is obvious that, in the management of abnormal radioactive 
wastes, as with normal wastes, the operator must ensure that the safety and radiologi-
cal protection requirements applicable to the particular power plant are met. This 
report does not deal specifically with such safety matters since they are adequately 
covered in Refs [15-21]. 

Further information about experience with abnormal wastes and their manage-
ment in selected power plants is given in Annex I. In addition, Annex II provides 
examples of decision making processes in the management of abnormal wastes. 

2. PRE-PLANNING 
2.1. INTRODUCTION 

Pre-planning requirements in the area of handling and treatment of abnormal 
wastes are based on the assumption that conditions may occur in the lifetime of the 

2 



nuclear station that would generate wastes different in physical and chemical form, 
volume and activity from those normally expected. The extent of pre-planning should 
be based on realistic estimates of the nature of the originating events, their likeli-
hood, associated radiological impact, resources required, economic impact, environ-
mental impact, appropriate regulatory requirements, waste packaging limitations, 
storage or disposal constraints, performance and capability of in-plant liquid and 
gaseous treatment systems and availability of off-site assistance either via nearby 
nuclear facilities or contractor services. Also required within the pre-planning cycle 
is development of a clear distinction between abnormal wastes arising from an acci-
dent or unplanned major modification and those arisings from planned major modifi-
cations or backfittings. The former must be dealt with urgently in order to avoid 
radiological risks to the population and workers while the latter does not require the 
same degree of urgency. The former also require a prompt answer from the plant 
systems and from human resources, while the latter can be rationalized and 
processed in a timely manner with the support of proper pre-planning. An example 
of a logic diagram for a pre-planning and decision making process is shown in Fig. 1. 

2.2. DESIGN CONSIDERATIONS PRE-PLANNING 

The potential occurrence of abnormal waste arisings at a nuclear power plant 
from unusual events, backfitting activities or unforeseen major modifications war-
rants consideration from the design aspect. A prudent analysis of the capabilities and 
limitations of installed plant systems could yield useful information on possible 
modifications that would enable the plant operator to more effectively handle abnor-
mal wastes. These design considerations could be made in the planning phase for 
construction of a facility or during the operational life of the plant. However, due 
attention must be paid to the cost-benefit and safety implications of any possible 
design changes considered. 

Typical design considerations include: 
(a) Conceptual design of systems and components that have effectively been 

deployed to treat abnormal wastes elsewhere. Such systems and components 
can be either installed on the site or effective arrangements for obtaining the 
equipment from off-site sources can be made. 

(b) Evaluation of installation of piping connections to permit access for alternate 
treatment methods, including access to major components for decontamination 
purposes. A similar evaluation should be made to assess the flushing capabil-
ities of installed piping systems, components and tankage, particularly those 
directly connected to the primary reactor coolant system or its auxiliary sys-
tems. Such pre-planning is of benefit to eliminate solid deposits emanating 
from such sources as failed fuel debris, spoils or slag from major sectioning 
operations. 

3 
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FIG. 1. Logic diagram for a pre-planning and decision making process. 
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(c) Ensuring capability of the station ventilation systems' ability to deal with air-
borne effluent resulting from large scale sectioning operations including smoke 
and toxic vapours. 

(d) Provision of realistic sampling facilities in both permanently installed and 
alternative process and treatment systems. 

(e) Provision of adequate on-line monitoring for radioactive effluents. 
(f) Assessment of storage capacity for retention of wastes both in their primary 

(untreated) as well as secondary (treated) forms; in the planning for post-
accident conditions, the retention capability of the containment building should 
be considered. 

(g) Provision against spread of contamination (e.g. installation of surface coatings, 
curbs, sumps, floor drains and ventilation paths and establishment of personnel 
training and work practices). 

(h) Provision of suitable radiation protection facilities (e.g. shielding provision, 
measurement of airborne activity, control of activity spread, accessibility, 
etc.). 

(i) Accessibility of remotely controlled and/or mobile treatment systems and 
robotics including mobile shielding required for access to and work in high 
level radiation areas. 

(j) Accessibility of decontamination and laundry cleaning facilities to deal with 
activity levels and isotopic characteristics not experienced during normal 
operation. 

2.3. OPERATIONAL PRE-PLANNING 

Typical operational pre-planning activities are given below. Figure 1 is a 
graphical representation of some of the following considerations formatted in a deci-
sion making scheme: 
(a) Evaluate on-site sampling and analysis capabilities. Assess the limitations of 

these systems. Should off-site analysis be required, the appropriate facilities 
should be able to be made available in a timely manner. 

(b) On-site training and experience of personnel should be assessed. If the situation 
is beyond the normal plant staff abilities, off-site expertise can be of assistance. 
A list of off-site organizational capabilities and experience can be prepared in 
advance. 

(c) Excess waste storage capacity of the plant should be known. Plans for alterna-
tive storage space can be made. Arrangements for off-site transportation and 
storage, if necessary, can be evaluated. 

(d) The station's effluent and process monitoring capabilities and limitations 
should be known. Arrangements to obtain necessary monitoring equipment 
should be available. 

6 



(e) Decontamination capabilities of the station should be assessed. If additional 
resources are required for a special situation, information on alternative tech-
niques and equipment should be available. An evaluation of the impact of the 
chosen decontamination methods on equipment and waste process streams can 
be considered in advance. 

(f) Inaccessibility of vital plant equipment could lead to a hazardous situation. 
Alternative accessibility plans and capabilities can be prepared. 

(g) Specialized tooling may be required. A list of suppliers and equipment can be 
assembled. 

(h) Documentation of alternative methods should be available for review if the 
installed plant systems are not able to handle all phases of abnormal waste 
treatment. A list of suppliers and equipment can be compiled. 

(i) Redefinition or modification of regulatory requirements for a given special 
situation may be necessary. Consideration should be given towards establish-
ment of a temporary organization to interact with the responsible authorities 
on specific topics. 

2.4. REGULATORY ASPECTS OF PLANNING 

All planning should be made within the framework of the national regulations, 
the specific operational limits and conditions for the plant in question, as well as any 
other applicable requirement of the regulatory body or bodies. 

However, since the arising of abnormal wastes and their management may 
require modifications of, or temporary exemption from, the above requirements in 
the interests of the general protection of site personnel and the public, procedures 
and communication channels should be established in advance between the operating 
organization and the regulatory body, in order to facilitate the flow of information 
and the consequent issue of regulatory actions. 

2.5. EMERGENCY ORGANIZATION 

The operating organization, as well as the public authorities, should establish 
a suitable organization to cope with plant, site and off-site emergencies. Guidance 
on this subject may be found in Refs [22, 23]. 

It is recommended that the operating organization makes arrangements so that 
adequate expertise is available to plant management in view of the complex implica-
tions of both short term and long term actions in the field of abnormal waste 
management. 

7 



3. ABNORMAL WASTE MANAGEMENT DECISION 
MAKING AND PLANNING 

3.1. INTRODUCTION 

During and after an event which gives rise to abnormal wastes, the operating 
organization is faced with many decisions with innumerable possible actions. Some 
suggestions as to how these choices may be rationalized, and important considera-
tions that help define the priorities and structure the course of action to be followed, 
are presented in this section. 

If the waste has arisen from an unusual event which has also given rise to an 
on-site or off-site emergency, then compliance with the overall emergency plan will 
be necessary. Further guidance is given in Refs [22, 23], General guidance on nor-
mal operational waste management is also relevant [see Ref. 3]. 

3.2. GENERAL CONSIDERATIONS 

The following can help to provide a framework for the planning actions that 
are required: 
(a) The problems can be minimized if the total sequence of steps from segregation 

through to off-site transport and disposal are all considered in as much detail 
as the situation permits. The detailed techniques for each of these steps are dis-
cussed in subsequent sections. 

(b) The established national and international safety and radiological protection 
standards for site personnel and the general public will have to be met and "as 
low as reasonably achievable" (ALARA) principles satisfied. Guidance in this 
area may be found in Refs [24-28]. 

(c) The need for monitoring and sampling [29] will be of importance in: 
(i) Analysing the situation; especially in determining volumes and activity 

content of liquid and gaseous wastes as this is a prime consideration for 
treatment selection, and in identifying waste distribution. 

(ii) Characterizing the abnormal wastes. 
(iii) Controlling effluents in order either to meet authorizations or for timely 

detection, reporting and evaluation of releases exceeding established 
limits. 

(iv) Estimating the volumes, nature and distribution of wastes. 
(d) The timing of actions may be critical in optimizing the use of resources and 

minimizing the radiological impact by taking advantage of the natural decay 
of short lived isotopes. 

8 



3.3. ABNORMAL WASTE MANAGEMENT ACTIONS AND DECISIONS 

The actions and decisions that are required to be made are presented in Fig. 2. 
To assist this process, certain actions are advisable at an early stage, possibly during 
the event itself. A suggested checklist of such actions is given in Table I. 

Following stabilization and recovery from the abnormal event, decontamina-
tion and waste characterization decisions on treatment and handling are required. 
Figure 2 illustrates that for each group of waste, viz. liquid, gaseous, wet solid and 
dry solid, a separate decision process is required. The technical considerations 
involved in these activities are discussed in Sections 6-8. 

In addition, typical decision charts for solid and liquid wastes can be found in 
Annex II. Decision charts for gaseous waste are not presented in Annex II because 
only two options are generally available: either controlled venting through appropri-
ate filtration systems or utilization of the reactor containment building for the interim 
storage of gaseous waste purged from other structures or systems. 

These evaluations should be based on the result of the estimate of the wastes 
produced, their distribution, chemical composition, physical form and activity con-
tent as well as on the special facilities available at the plant for waste treatment, and 
on the availability of additional mobile systems. Other constraints on the treatment 
methods may be the applicable requirements and limits established by the regulatory 
body. The reduction of generation of secondary wastes is an important further 
consideration. 

As already noted, the ALARA principle should be applied when selecting the 
methods. It is to be noted that the work which results in the highest personnel 
exposures may occur during the decontamination of the plant or when the airborne 
and liquid wastes are transferred to storage tanks or treated. 

The selected methods will generally require approval by the regulatory body. 
A further suggested checklist of planning actions at this stage is presented in 

Table II. 

3.4. POST-TREATMENT 

When all the wastes have been treated and the building, equipment, etc., have 
been decontaminated as much as reasonably achievable, and the plant is to be 
restarted, then suitable preparations will need to be made. These will cover both 
operational and administrative aspects. 

After an abnormal event involving significant releases of radioactivity, it is 
likely that the normal acceptance criteria for residual contamination cannot always 
be met with reasonable decontamination efforts. In such cases, alternative measures 
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FIG. 2. Diagram of post-event analyses and action decisions. 
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TABLE I. CHECKLIST OF ACTIONS HAVING FIRST PRIORITY 

Contact experts and consultants, as required, in the operating organization or from external 
organizations. 

Compare the situation with pre-event studies. 

Analyse the consequences of actions taken during the event with respect to waste generation, 
available waste management options, up to and including disposal. 

Ensure adequate monitoring and sampling is in place to track and identify the distribution and 
volumes of waste produced — use installed normal and emergency monitors and procure port-
able instruments as required. 

Assess airborne activity with regard to the controls that will be needed on gaseous releases 
and, should depressurization be necessary, consider: 

• Available pathways 
• Release rates 
• Regulatory restraints 

Assess cross-contamination potential and determine controls. 

must be taken by the operating organization in order to meet the requirements estab-
lished by the regulatory body. Such alternative measures will generally require 
approval by the regulatory body. Examples of these alternative measures are: 
(a) Provide fixation of such remaining contamination that otherwise could give 

rise to airborne contamination or in other ways give uncontrolled spread of 
radioactive material. 

(b) Install new radiation shielding in places where otherwise unacceptably high 
radiation levels would be present. 

(c) Issue complementary procedures, both technical and administrative, regarding 
areas with remaining contamination. This can include restrictions on access to 
the area and additional protective measures when working in the area. 
In addition, a suitable quality assurance programme should be implemented as 

well as test programmes. These are discussed in principle in Refs [30-36] but are 
furthermore outside the scope of this report. 

12 



TABLE II. CHECKLIST OF ACTIONS WITHIN THE WASTE 
MANAGEMENT PLAN 

Assess the volumes of treated and conditioned waste which will result from the different treat-
ment methods. 

Assess the transport and intermediate storage capacity both on the site and off the site. 

Evaluate the disposal options. 

Detailed planning of the work should include equipment and components, needs for site 
modifications, requirements of personnel and of very special expertise, assessment of 
individual and collective doses, time requirements for the job and financial considerations for 
various options. 

Assess additional components and equipment, both from on-site and off-site sources. 

Consider potential construction and modification work at the plant. 

Consider the need for extensive laboratory and field tests prior to full-scale implementation 
of the selected methods. 

Assess the adequate training needs of personnel using mock-up tests where appropriate. 

Consider the establishment of a special organization for the implementation of the proposed 
methods, together with an adequate quality assurance programme. 

Assess the impact of the actual activities on the population, together with the opportunity of 
a suitable information programme. 

4. CHARACTERIZATION OF THE WASTES 
4.1. INTRODUCTION 

The characterization of wastes arising from normal nuclear power plant opera-
tions is important for the selection of appropriate methods for their effective treat-
ment and conditioning. This characterization is generally based on physical form, 
chemical and physical properties and radioactivity composition and level [37]. 

13 



TABLE ID. ABNORMAL WASTE TYPES WITH EXAMPLES OF POSTULATED OR ACTUAL CAUSES 

General characteristics 
of wastes Gaseous wastes Liquid wastes Solid wastes 

High volume or Leak from the primary Unplanned initiation Decommissioning wastes 
quantity system of a gas cooled 

reactor into a 
containment building 

of containment dousing 
systems 
Severe core damage accident 

High specific Severe core damage accident Severe core damage accident Severe core damage accident 
total activity Fuel accident in a Fuel accident in storage Replacement of fuel 

gas cooled reactor pond channels in a CANDU 
reactor 

Physical form Combustion products Unplanned use of Unplanned PWR steam 
incompatible from a fire inside concentrated chemical generator replacement 

containment decontamination 
solutions 

Unplanned spent fuel 
storage rack replacement 

Chemical form Not applicable Specially formulated Not applicable 
incompatible chemical decontamination 

solutions 

Location 
incompatible 

Airborne tritium due to 
spill of tritiated water 
in an uncontrolled area 

Flooding of underground 
vaults by river water 

Contaminated soil over 
large area due to leak 
from active storage tank 



For similar reasons, abnormal wastes must also be characterized as fully as 
possible according to the same principles. Those expected during planned events, 
such as non-routine maintenance or refurbishment programmes can, and should, be 
effectively characterized in the project planning stage. 

Abnormal wastes produced as a result of unplanned events and incidents should 
be characterized as fully as possible after the event to permit the proper selection of 
an appropriate waste treatment method. 

4.2. EXAMPLES OF ABNORMAL WASTES 

In theory it is possible to reasonably predict the characteristics of abnormal 
wastes from all incidents and non-routine maintenance activities, including the 
volumes and activities. In practice, however, such an approach would be extremely 
difficult and time consuming in most cases. 

A qualitative approach to the planning of management techniques for these 
wastes is possible and useful, bearing in mind that there will always be a need to 
adopt specialized methods to meet particular radiological or other safety require-
ments at the time of the abnormal event. Table III gives some examples of abnormal 
wastes whose sources are induced both by incidents and by planned activities. Fur-
ther examples and details of the actual treatment methods employed are given in 
Annex I. 

4.3. CRITICALITY CONSIDERATIONS 

The possibility of reaching nuclear criticality during the management of abnor-
mal radioactive wastes may arise, although it is recognized that such a risk is very 
unlikely to occur in a nuclear power plant, even in accident conditions. Where this 
potential exists, such as in cases of severe fuel or reactor core damage, suitable meas-
ures will be required, such as the use of neutron absorbers, as appropriate, or 
monitoring of collection tanks and vessels with portable neutron monitoring 
instrumentation. 

4.4. CLASSIFICATION AND SEGREGATION OF WASTES 

Because of their different treatment routes, radioactive wastes should be 
segregated into appropriate categories consistent with the adopted classification 
schemes. The segregation should be carried out as near as possible to the point of 
generation of the wastes. It is convenient to make the classification on the basis of 
one or more of the following: 
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(a) The origin of the wastes; 
(b) The physical form and chemical composition of the wastes; 
(c) The radionuclides involved and the total and specific activities; 
(d) The intended method of treatment and/or disposal. 

In addition, it should be remembered that certain wastes require special con-
sideration. For instance, wastes containing alpha emitting radionuclides, which 
could arise from failed fuel, and inflammable, pyrophoric, corrosive or other chemi-
cally/biologically hazardous materials should be given special attention. 

Gaseous wastes are usually classified for treatment purposes into those arising 
directly from reactor nuclear steam supply systems and those arising from the venti-
lation of plant areas. Care should be taken when the risk of formation of explosive 
mixtures, such as hydrogen or solvent vapour, exists. 

Liquid wastes, which are usually water based, should be classified for treat-
ment purposes according to their specific activity and chemical composition. For 
instance, those containing boric acid or organic matter may require special treat-
ment. Non-aqueous wastes, such as oil or organic solvents, should be segregated for 
separate treatment. Appropriate treatment methods for non-aqueous wastes are dis-
cussed in detail in Ref. [38]. 

Solid wastes should be classified according to their nature and their activity: 
for instance wet solid materials such as ion exchange resins, evaporator concentrates, 
sludge or cartridge filters, which may require solidification or embedment, and dry 
materials such as contaminated equipment components, ventilation filters and miscel-
laneous items (paper, plastic, towels, etc.), which require various types of treatment, 
such as compaction, incineration or extended storage. The segregation of solid 
wastes into appropriate categories should be carried out as near to the point of gener-
ation as practical. The segregation should be made in accordance with approved writ-
ten procedures. 

Uncertainties involved in the classification of a specific waste item should be 
resolved in favour of placing the item in the more restrictive category. Radioactive 
wastes should be segregated and clearly distinguished from non-radioactive wastes 
using colour coded and/or explicitly marked bags or bins, for example. 

4.5. LIQUID WASTES 

The main characterization criteria for abnormal liquid wastes will be the chem-
ical, physical, radiological and in some cases the biological properties of the waste 
stream. The information presented in the following subsections is taken largely from 
Ref. [5]. 
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4.5.1. Chemical and biological properties 
There are various chemical properties of the abnormal liquid waste stream 

which influence the choice of the treatment process. Such properties may include: 
(a) Chemical composition of the waste 
(b) pH value 
(c) Zeta potential associated with suspended particles 
(d) Oxygen demand 
(e) Toxicity 
(f) Biological activity. 

4.5.1.1. Chemical composition 

The chemical composition of a liquid is, in principle, the decisive factor in 
selecting a certain treatment procedure. When dealing with abnormal waste streams 
and decontamination activities, their constant variations in chemical compositions 
must be taken into account. The concentration of chemicals dissolved in the liquor 
and the amount of suspended matter have a great influence on subsequent treatment 
and, in some cases, pretreatment is necessary before the main treatment can be 
applied. For example, filtration may be necessary to remove suspended solids before 
ion exchange or other processes. Likewise, effluents containing corrosive, scale-
forming or foaming materials may need to be pretreated prior to evaporation. 

In aqueous wastes, there may be organic compounds present (oil, greases, sol-
vents) from different origins, such as leakage of lubricants from pump seals and 
other rotating equipment. Other organics present may be anionic detergents, as for 
example alkyl benzene sulphonate. 

Organic solvents can be volatile and inflammable and, when accumulating in 
certain parts of storage tanks, pipelines and other parts of equipment may form gas 
pockets and become potentially explosive. In addition, some types of solvents such 
as kerosene and trichlorethylene may cause leakage of liquids by dissolving plastics 
and other sealing materials of tubes, vessels, tanks, etc. In addition to being radioac-
tive, organic compounds may also contain amounts of chemically hazardous 
materials, such as poly chlorinated biphenyls which may be a governing concern in 
the selection of a treatment process, depending on national regulations. 

4.5.1.2. pH value 

Concentrated decontamination chemicals can range from highly acidic to 
highly alkaline. 

The pH value of the effluent is very important to both the collection system 
and/or hold-up tankage and the treatment process. In order to withstand corrosion, 
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the collection system should be constructed of suitably resistant materials or the pH 
value adjusted before collection. Neutralization may cause precipitation of sparingly 
soluble salts and, of course, requires major chemical additions to the effluent where 
the pH is found to be less than 6 or greater than 8. The pH is also important for most 
solidification processes. For example, cement requires an alkaline pH in order to 
cure. Other media, such as bitumen, are somewhat more tolerant of pH changes, but 
may still encounter difficulties at both extremes of the pH range. 

4.5.1.3. Other chemical and biological properties 

The zeta potential is only important in chemical treatment, where it is used to 
determine optimum coagulation and flocculation dosages. It is a measurement of the 
electrokinetic charge surrounding solid particles suspended in the liquor which must 
be neutralized before flocculation can take place. 

The chemical oxygen demand of a liquid is the amount of oxygen necessary 
for the complete oxidation of all the inorganic and organic compounds in the solu-
tion. This has to be satisfied before a chemical reaction involving coagulants, etc., 
added to the effluent, is carried out. This is sometimes an important consideration 
in chemical treatment methods. 

Toxicity is the ability of a poisonous substance to cause harmful effects to a 
living organism by physical contact, ingestion or inhalation. Therefore, the toxicity 
of a waste and the by-products of its treatment are of interest, as the safety of site 
personnel and of the environment and general public is of paramount importance. 

The presence of toxic organic compounds and heavy metals is an important 
matter to be taken into account and identified. If the toxicity is high, special handling 
and/or treatment of the wastes may be required, preferably before they are treated 
for radioactive decontamination. For other compounds in which the toxicity is lower 
(amines and certain non-water-soluble solvents) the normal treatment (decontamina-
tion and/or dilution with other effluents) may be sufficient to eliminate the potential 
hazard. 

The ultimate disposition of wastes containing both chemically toxic and radio-
active materials, known as 'mixed wastes' in some countries, is often difficult to 
determine owing to its being regulated by several different regulatory agencies, often 
with overlapping and sometimes conflicting regulations. In any event, these factors 
should be considered when planning a treatment for the waste. Further definitive 
information regarding treatment and packaging of mixed waste may be found in Refs 
[39-44], 

Biological wastes are characterized by the presence of microorganisms in the 
effluent. Both the types and concentrations of those organisms can be important, as 
they can lead to high biological oxygen demand which may affect treatment. The 
presence of biodegradable substances in the effluent, both organic and inorganic, can 
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cause difficulties as a result of foaming in both chemical treatment tanks and evapo-
rators, particularly the latter. In addition, such effluents may contain toxic substances 
which could require special safety provisions. Also, the growth of microorganisms 
may create particular problems in handling the wastes. 

Biological activity is generally considered to be a medium to long term event 
(i.e. it occurs over a time span of weeks to months or years). Therefore, it is of more 
concern for the treatment of wastes which have been stored for long periods prior 
to treatment. 

4.5.2. Physical properties 

The more important physical properties of a liquid waste which could influence 
its treatment include the following: 
(a) Conductivity 
(b) Emulsifying ability 
(c) Density 
(d) Viscosity 
(e) Surface tension 
(f) Turbidity. 

4.5.2.1. Conductivity 

The conductivity of an aqueous liquid gives some measure of the electrolytes 
in solution and, if high, could preclude the use of ion exchange treatment methods. 
Usually a conductivity of 1.0 mS/cm is the limit for treatment in ion exchange purifi-
cation of effluents in the nuclear fuel cycle and reactor operation. For other sources, 
ion exchange treatment can be done up to significantly higher values. Selective ion 
exchangers (such as zeolites) can often be used to remove relatively small amounts 
of specific active ions, such as caesium, from a large background concentration of 
inactive salts. 

4.5.2.2. Emulsifying ability 

If organic liquids, e.g. solvents or oils, are present in the aqueous waste, there 
is the possibility of emulsion formation. Emulsions will very much affect the results 
of flocculation and filtration techniques. The formation of a stable aqueous emulsion 
is, however, essential for the immobilization of most organic liquids, such as oils 
and solvents, in the more common solidification media, such as cement and 
polymers. 
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4.5.2.3. Other physical properties 

Both the density and viscosity can affect the ability of liquids to be pumped 
and mixed. Surface tension can affect intimate mixing and wetting of the filter and 
the ion exchange media. Dense, viscous liquids require greater mechanical efforts 
to pump through filters and ion exchange vessels than do thinner liquids. This has 
a major impact on the sizing and orientation of mechanical equipment. The tempera-
ture of the liquid may also influence management techniques. Turbidity generally 
indicates the presence of colloidal particles in the effluent that will need to be 
removed by special chemical treatment such as flocculation or precipitation. 

4.5.3. Radiological properties 

The radiological properties of a given abnormal liquid waste are in some cases 
the most important, as they will not only affect the choice of the treatment process 
but also the safety of its operation and the radiological impact on the site personnel 
and general public. The most important of them include: 
(a) Composition of radionuclides 
(b) Radiation stability 
(c) Self-shielding effects. 

It should be noted that the radiological properties are time dependent owing 
to radioactive decay. This is an important aspect which affects the timing of the waste 
management options. 

4.5.3.1. Radionuclide composition 

The composition of abnormal liquid waste will cover a very wide range as 
regards the presence of both alpha emitting and beta/gamma emitting nuclides. Many 
waste streams will contain both. Abnormal waste streams may require two or more 
different types of treatment, e.g. evaporation techniques may have to be followed 
by ion exchange treatment of the distillate. Whatever the treatment, the final effluent 
for discharge must be low in activity, i.e. generally below the regulatory discharge 
limits. 

The specific nuclides present in the liquid waste will influence the whole 
management method, as well as the degree of shielding required for the process 
equipment. Depending on the specific activity, cooling equipment may be required 
in storage tanks to remove appreciable amounts of radioactive decay heat. 

The handling of medium and high active liquids may require the use of special 
procedures, protective clothing and breathing apparatus for the protection of the site 
personnel. 
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4.5.3.2. Radiation stability 

When dealing with abnormal liquid radioactive wastes, consideration must be 
given to the radiation stability of both the liquid itself and the material of the storage 
and treatment systems. These considerations include radiolysis which causes gas 
generation and possible recombination; production of radioactive organic products; 
and catalysis of radiation chemical reactions leading to explosions. Radiation stabil-
ity of sealing materials, such as gaskets, valve packings, etc., is particularly impor-
tant when designing a liquid storage and treatment system. The radiation stability of 
organic ion exchange resins must be taken into account when treating liquids with 
high specific activity. 

4.5.3.3. Self-shielding effects 

Self-shielding relies on the principles of using a surrounding liquid to reduce 
the external radiation fields associated with particulates or dissolved nuclides therein. 
The self-shielding properties of large volumes of radioactive liquid cannot be over-
stated as this point is very important when planning a treatment process. It is there-
fore important to calculate the self-shielding properties of expected batches of liquid 
since large savings in both space and capital investment are possible if a facility 
requires less or even no additional shielding. Liquids giving rise to precipitates or 
scales may have the reverse effect, i.e. they require additional shielding. 

4.6. GASEOUS WASTES 

Abnormal radioactive gaseous wastes include gases (e.g. xenon, krypton), 
vapours (e.g. tritiated water, iodine) and airborne particulates. Abnormal gaseous 
wastes can be classified by the same general methods used for normal gaseous 
wastes. These include: 
(a) Chemical properties 
(b) Physical properties 
(c) Radiological properties. 

4.6.1. Chemical properties 
Chemical composition and chemical reactivity may affect different gaseous 

waste treatment processes in different manners. The effect of these properties must 
be considered before finding a treatment process. 

In addition, the presence of organic vapours from solvents or radiolysis of 
organic materials must also be considered before choosing a gaseous waste treatment 
method. 
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4.6.2. Physical properties 
The volume of gas to be treated is a prime consideration for the selection of 

the treatment method. Techniques which are practical on a small scale (e.g. capture 
and storage in pressurized tanks) may not be practical for large scale applications, 
such as the treatment of an entire reactor building containment atmosphere. 

Pressure, temperature, density, moisture content, particulate level and vis-
cosity may all affect different gaseous waste treatment processes in different man-
ners. The effect of these properties must be considered before finalizing a gaseous 
waste treatment process. 

4.6.3. Radiological properties 
Tritium, iodines, 1 4 C and noble gases are of primary importance in the treat-

ment of radioactive gases. Normally non-volatile elements such as caesium and 
strontium may become airborne in particulate form following a reactor incident 
involving elevated fuel temperatures. Each category of radionuclides mentioned 
above generally requires a different treatment process. The type and level of airborne 
contamination will be an important aspect in the selection of appropriate protective 
clothing for the site personnel. 

4.7. SOLID WASTES 

Solid wastes can be characterized by: 
(a) Chemical properties 
(b) Physical properties 
(c) Radiological properties. 

These characterization principles are generally broad in nature and depend on 
the capabilities, procedures and practices of the power plant operator to a larger 
degree than does the characterization of liquid and gaseous abnormal wastes. They 
are generally applicable to normal solid wastes as well as both reactor incident and 
maintenance generated abnormal wastes. 

4.7.1. Chemical properties 
The chemical properties of abnormal solid radioactive waste can be subdivided 

into two broad headings: those dealing with the nature of the material itself (e.g. 
combustible, non-combustible, metallic, etc.) and those dealing with the nature of 
the contamination (e.g. surface contamination, corrosion layer, neutron activated 
components, etc.). Both classes of chemical properties must be considered when 
selecting an abnormal solid waste management technique. 
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4.6.2. Physical properties 
Density, physical form and size may influence the selection of a solid waste 

management plan. The physical form might be categorized as dry active waste — 
generally low level trash, wet solids — ion exchange resins, filters, etc., and metallic 
components. It should be noted that in some countries wet solids and sludges are clas-
sified as liquid wastes or are dealt with in a separate category. 

As outlined in Section 8 different waste management techniques are indicated 
as being appropriate for different solid waste forms. The appropriate physical size 
or weight of the waste processed is often limited by the operating characteristics of 
the chosen management technique. Wastes exceeding the capacity of the equipment 
may either be pretreated by volume/size reduction or treated by a more appropriate 
method. 

4.7.3. Radiological properties 

Solid wastes can be categorized into one of three types based on radioactivity 
content: low level, medium level and high level [37]. These categories may be fur-
ther subdivided, depending on national regulations. 

The form of the activity is also important for solid waste characterization: 
loose surface contamination, fixed surface contamination, and non-dispersable con-
tamination (neutron activated materials). Different contamination levels and forms 
may require different management methods. 

5. DECONTAMINATION 
5.1. INTRODUCTION 

Decontamination is the removal or reduction of contamination. This is defined 
as the presence of undesired materials (such as radioactive) deposited on the surface 
of, or possibly having penetrated, materials or equipment [7]. Decontamination may 
be either a source of abnormal waste or a treatment and conditioning method for 
other abnormal wastes. This section deals with the use of decontamination as a 
treatment and conditioning method and also with the characteristics and treatment 
methods of the secondary wastes produced. 

Generally speaking, it is probable that large scale decontamination will be 
needed following a serious abnormal event at a nuclear power plant as part of the 
overall abnormal waste treatment scenario. Large scale decontamination may also be 
applicable to reactor systems and components prior to major maintenance or compo-
nent replacement. 
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The extent of the decontamination effort, and the applicable techniques must 
take into consideration benefits and drawbacks. Benefits include regaining or 
improving access to areas of importance by lowering the individual or collective dose 
to the personnel and thus increasing work productivity, minimizing downtime during 
a maintenance outage and possible reuse of decontaminated materials. Drawbacks 
include individual or collective doses related to the decontamination activities them-
selves and production of secondary waste to be treated and disposed of. It should be 
noted that the reuse of decontaminated material and equipment depends on the 
intended application of the material or equipment along with radiological and con-
ventional safety concerns to such; the reuse should be evaluated on a case by case 
basis as the situation arises. Further information can be found in Ref. [45], 

Characteristics of decontamination following an abnormal event with fuel clad-
ding failures will be generally different from those applicable during normal plant 
operation, or prior to maintenance/refurbishing activities owing to the higher radio-
activity associated with the fission products in the contamination layer and to the 
different physical and chemical conditions where contamination occurred. 

Unpainted concrete surfaces are particularly sensitive to long term penetration 
of a few nuclides (particularly caesium and strontium). In these cases, decontamina-
tion operations may require surface removal of several centimetres before reaching 
uncontaminated material [46]. 

In general decontamination operations following an abnormal event, the physi-
cal and chemical mechanisms of the contamination are generally unknown, and 
therefore extensive characterization of the surfaces of interest, the nature of the 
radionuclides involved, the physical and chemical bonds to the base materials and 
the penetration depth are relevant parameters to the choice of decontamination tech-
niques. Material sampling, laboratory testing and field testing should be performed 
both to validate laboratory tests and to familiarize the personnel with the decontami-
nation methods to be adopted. Furthermore, field testing should include treatment 
and conditioning of the secondary waste produced. 

Special attention and a careful pre-planning should be performed prior to start-
ing up decontamination activities of external surfaces within the containment 
building. 

5.2. STANDARD METHODS 

A wide range of standard decontamination techniques is discussed in detail in 
Refs [7, 16, 24, 47-63]. These decontamination techniques can be subdivided into 
two broad categories depending upon the intended use of the technique, namely, 
internal surface decontamination and external surface decontamination. 

Text cont. on p. 36. 
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TABLE IV. CHEMICAL DECONTAMINATION ALTERNATIVE PROCESSES 

Process Advantages Disadvantages Secondary wastes Treatment methods 

Oxalic-citrate-peroxide 

Oxalic-peroxide-gluconic 

Alkaline permanganate-
Citrox 

Low corrosion rates 
Dissolves fuel particles 
One step 
Decontamination factors (DFs) 
depend on amount of 
fuel particles initially present 

High DFs 
Successfully used to 
decontaminate reactors 
One step 
Compatible with most reactors 
materials 

Widely used on stainless 
steel and Inconel 

High DFs 

Large quantity of chemicals 
Large waste volumes (2-5 
system volumes) 

Large quantity of chemicals 
Moderate corrosion rates 
Large waste volumes (2-5 
system volumes) 

Large quantity of chemicals 

Carbon steel and 400 series 
stainless steels corrode 
Large waste volumes require 
special treatment before 
disposal (6-10 system 
volumes) 
Two step process designed 
for US type PWRs 

Chemical solution Neutralization, then solidification 

Rinse water Filtration, ion exchange, evaporation 

Chemical solution 

Rinse water 

Chemical solution 

Rinse water 

Neutralization, then evaporation 
and/or solidification 
Filtration, ion exchange, evaporation 

Mix alkaline permanganate and 
Citrox, neutralize, then solidify 
in cement 
Filtration, ion exchange, evaporation 
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TABLE IV. (cont.) 

Process Advantages Disadvantages Secondary wastes Treatment methods 

Concentrated ascids 
(nitric, hydrochloric etc.) 

Low temperature 
oxone process 

CAN-DECON 3 

Short contact time 
One step 
High DFs 

Used on stainless steel and 
Inconel 
Low corrosion rates 
Successfully used to 
decontaminate PWR 
equipment 
pH value 2 

Low quantity of chemicals 
Successfully used on 
CANDUs and BWRs 
One step (two step PWR) 
Low quantity of wastes 
(solids only) 

Highly corrosive to based 
metal 
Waste stream requires 
special handling 
(neutralization) before disposal 

Two step process 

Low DFs 
Long contact time 

Chemical solution 

Rinse water 

Bead resins 
Rinse water 

Ion exchange 
resins, filters 

Rinse water 
(if used) 

Neutralization, then evaporation 
and/or solidification 
Filtration, ion exchange, evaporation 

Neutralization prior to solidification 

Dewater, solidify or high integrity 
container 

Filtration, ion exchange, evaporation 



Process Advantages Disadvantages Secondary wastes Treatment methods 

LOMI b 

Low oxidation 
metal ion 

Low quantity of chemicals 
One step 
Low quantity of wastes 
Can be used on BWRs or 
PWRs with various chemical 
formulations 

Low DFs 
Long contact time 

Ion exchange 
resins, filters 

Rinse water 

Dewater, solidify or high integrity 
container 

Filtration, ion exchange, evaporation 

POD c Low quantity of chemicals 
Removes chromium in PWR 
Oxide layers 
Low quantity of chemicals 
No rinse required 

Low DFs 
Long contact time 
Elevated temperatures 
Three steps 

Chemical solutions Filtration, ion exchange, evaporation 

OZOX-A d (later) (later) 

After Calzolari et al. [62], 
Note: Methods for treating and conditioning of liquid and wet solid wastes are given in Section 7 and 9. Rinse water can usually be treated using the normal plant 
liquid radwaste systems. 
a Proprietary development of the Atomic Energy of Canada Ltd. 
b Process developed by the Central Electricity Generating Board, United Kingdom. 
c PWR oxidative decontamination. 
d Proprietary development of Siemens/KWU, Federal Republic of Germany. 



TABLE V. SUMMARY OF NON-CHEMICAL DECONTAMINATION TECHNIQUES 

Technique Advantages Disadvantages 

Water jet Commercially available process 

Adaptable to remote operation for 
reduced exposure 

No effect on dimensional tolerances 
No effect on corrosion of stainless 
steel unless additives are used 

Decontamination factors up to several 
hundred for loose contamination 

Adaptable for decontamination of a wide 
variety of pipe sizes, tanks, equipment 
and large planar surfaces 

Water can be filtered and recycled 
to minimize radwaste volume 

For the internal surfaces of closed systems, 
with no access by design, holes must be cut 
to permit entry of the nozzle and lance 

Without recycling, a large amount of 
contaminated water is generated 
The direction of the stream of high pressure 
water must be carefully controlled to avoid 
injury to personnel 

High pressure water cleaning may not remove 
well bonded or tightly adherent contaminated 
surface films 

Structural or equipment items in close 
proximity to a high pressure water 
cleaning activity must be shielded from 
back-splash of contaminated water 
An additional rinsing operation may be required to 
remove residue of chemicals that were added to 
enhance decontamination action 



Technique Advantages 

Scrapers Widely used for cleaning condenser and 
heat exchanger tubes 

Will remove crud and hard scale as well 
as local growths 

Can be blown through tubes by air or 
water pressure at speeds on the order 
of 6 m/s 
Can be used to clean curved tubes 
Barrel shaped scrapers will remove hard 
scale and corrosion from the insides of 
pipes 
Can be made to provide complete coverage 
of a pipe i.d. 
Pipesavers can be used to clean long 
lengths (3.7 km and more) of pipe in situ 
Most scrapers permit remote cleaning 

to 

Disadvantages 

Blown through scrapers would be of only limited 
value in cleaning the inside of a pipe owing to the 
variation of the pipe i.d. 

Most scrapers are not effective in removing thin, 
tightly adherent layers such as corrosion 



g TABLE V. (cont.) 

Technique Advantages Disadvantages 

Pigs Will pass through sharp 90° bends, Require access to both ends of section to 
e.g. crosses, and tees be decontaminated 
Will pass through gate and ball valves 
Permit remote cleaning operation 
Will adapt to local discontinuities in pipe 
Can scrape or abrade pipe i.d. 
Will provide complete coverage of pipe i.d. 
Low in capital and operating costs 

Brushes Proven industrial effectiveness for Heavy duty rotating brushes may smear the surface 
removing scale and, perhaps, trap some of the radioactive contami-

nation in pits or grooves in the pipe 
Brushes are readily available in a wide 
range of sizes, materials, and Excessive contact time and bristle pressure can 
bristle stiffness result in striation of the surface 
Relatively inexpensive and easy to use Some types of brush cleaning can be labour 

intensive 
Will remove light deposits of loosely held 
material and scale easily and quickly 
Low volume of waste material 



Technique Advantages Disadvantages 

Brushes (cont.) Flexible enough to conform to pipe i.d. 
irregularities 
Will pass through smooth bends 
Air and water driven motors are 
commercially available to rotate brushes on 
flexible shafts to clean tube and pipe i.d.s 
Low labour cost 
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TABLE VI. SUMMARY OF LARGE CONCRETE SURFACE DECONTAMINATION TECHNIQUES 

Techniques Limitation 
Estimated relative speed 

at which a unit of surface 
area can be removed 

Penetration 
(cm) 

Sand blasting 
Jackhammer 
Hand scrubbing 

Scrubber 
Water jet 
Grinding and scarifying 
Vacuuming 

Grit adds to the contamination 
Awkward to use on walls 
Very labour intensive, removes loose 
surface contamination only 
Awkward to use on walls 
Produces contaminated water 
Floors only 
Awkward on walls. Loose surface 
contamination only 

Slow (0.02 m 2 /min) 
Medium fast (0.1 m 2 /min) 
Slow 

Slow 
Medium fast 
Medium fast 
Medium fast 

0 .5-1 
5 -10 
None 

None 
0.25-0.5 
0 .5-1.5 
None 

After Calzolari et al. [62]. 



TABLE VII. SUMMARY OF LARGE SURFACE DECONTAMINATION ALTERNATIVES 

Process Advantages Disadvantages 

Sand blasting Remote operation possible 
Surface wear rate easily controlled 

Excessive or uneven surface removal if 
not carefully controlled 
Dust hazard 

Scrubbing Can be applied to very localized areas 
Compatible with most reactor materials 
Equipment requirements low 

Very labour intensive 
Increased protective clothing requirements 
Slow 
High man-rem" exposures 

Water jet Easily adapted for remote operation 
Commercially available equipment 
Small or large areas can be treated 

Large amounts of liquid radwaste 
if recycle not used 

Grinding and scarifying Localized or large scale treatment 
Possible 
Relatively fast 

Dust hazard 
Difficult on non-horizontal surfaces 
Liquid radwaste/sludge (cooling water) produced 

Vacuuming Wet or dry operation 
Commercially available equipment 
No surface water 

Difficult on non-horizontal surfaces 
Loose surface debris only (usually 
employed after grinding, sandblasting etc., to pick 
up grit) 

After Calzolari et al. [62], 
a 1 rem = 1.00 x 10"2 Sv. 



TABLE VIII. SUMMARY OF EQUIPMENT DECONTAMINATION ALTERNATIVE PROCESSES 

Process Advantages Disadvantages Secondary wastes Treatment methods 

Ultrasonics 

Electrochemical 

Strippable 
coatings 

High pressure 
Freon 

Commercially available 
portable equipment 
Low man-rem a exposure 
Low radwaste generation 

Commercially available 
portable equipment 
Wide variety of alloys 
Very high DFs 
Very little radwaste 

Used at Three Mile Island in 
post-LOCA conditions 
Only solid radwaste produced 
Can be used on electrical 
and delicate equipment 
Low radwaste generation 
Wide range of materials 
from fabrics to metals 
Wide range of solvent 
additives possible to enhance 
decontamination 

Careful control of many 
parameters required 
Small objects only 
Not suited to some alloys 
Equipment cost 
Uses highly corrosive solutions 
(phosphoric acid) 
Equipment cost 
Constant operator supervision 
required 
Specialized waste treatment 
Must be removed manually 
Difficult to use on porous 
surfaces 
Small equipment only 
Removes mostly surface 
contamination 
Manual operation required 

Cleaning solution 

Filters, ion exchange 
resins 

Phosphoric acid 

Solid films 

Freon sludge 

Integral filtration and ion exchange 

Dewatering and solidification 

Neutralization, then solidification 

In-plant low level solid waste 
handling system 
(drumming, compaction, etc.) 
Solvent recovery, then solidification 
or incineration 

After Calzolari et al. [62]. 
a 1 rem = 1.00 x 10"2 Sv. 



TABLE IX. SUMMARY OF DECONTAMINATION TECHNIQUES 

Removes Decontamination Decontamination 
Process Areas for Radwaste loose or Technology factors expected: factors expected: Man-rem b 

Process use" volume (form) adherent 
contamination 

complexity loose 
contamination 

adherent 
contamination 

exposure 

Ultrasonics 3 Low (liquid) Loose Low High Low unless 
chemicals are 
added 

Low 

Chemical decontamination 1,3 High (liquid) Both High High High Moderate 
(High concentation) 
(Low concentration) 1,3 Low (resins 

plus liquid) 
Both High High Moderate Moderate 

Electrochemical 3 Low (liquid) Both High High High Moderate 
decontamination 
Abrasive 1,2,3 Ranges from Both Low High Low to moderate Moderate to 
decontamination low to high 

(solid and liquid) 
high 

High pressure 1,2,3 Moderate to high Loose Low High Low Moderate to 
spray (liquid) high 
Hand scrubbing 3 Low (liquid 

plus solid) 
Both Low High High High 

Strippable 2,3 Low (solid) Loose Low Moderate to high Low High 
coating 

After Calzolari et al. [62]. 
a 1 = Primary coolant loop; 2 = large external surfaces; 3 = small external surfaces. 
b 1 rem = 1.00 X 10"2 Sv. 



There are two major methods of internal surface decontamination currently 
practised in the nuclear industry: chemical and non-chemical (i.e. mechanical). 
When using chemical methods the risk of intergranular stress corrosion on weldings 
should be taken into account and suitable precautions taken. 

Chemical decontamination methods are described in detail in Refs 
[7, 47, 53, 54, 61-63], 

The chemical processes fall into two general categories: 
(a) Concentrated chemical methods 
(b) Dilute chemical methods 
The dilute chemical methods generally have lower decontamination factors but are 
less corrosive to the base metal than the concentrated chemical methods. 

Concentrated chemical methods include the oxalic-citrate-peroxide and the 
oxalic-peroxide-gluconic processes both with or without alkaline permanganate 
pretreatment. 

The major dilute chemical processes currently used in nuclear power plants on 
a regular basis are the CAN-DECON process, a proprietary development of the 
Atomic Energy of Canada Ltd, and the low oxidation metal ion (LOMI) process 
developed by the Central Electricity Generating Board, United Kingdom 
[53, 54, 61, 63]. Three other low concentration processes are in the advanced 
development and testing stages. These are the PWR oxidative decontamination 
(POD) process developed in the United Kingdom; the OZOX-A, a proprietary 
development of Siemens/KWU, Federal Republic of Germany, the chemical oxida-
tion reduction decon (CORD) process [64] also developed in the Federal Republic 
of Germany and the low temperature ozone process (LTOP) developed in Sweden. 
In addition to these techniques, several other processes are available involving acid 
solutions such as hydrochloric acid. These acid solutions cause considerable corro-
sion to the base metal and therefore should be used with particular care on equipment 
that will be returned to service. 

The advantages and disadvantages of each process are summarized in 
Table IV. 

Non-chemical processes are generally limited to specialized applications. Two 
major techniques are currently employed at nuclear power plants. These are water 
jetting or abrasive blasting and mechanical scraping. The advantages and disadvan-
tages of each of these techniques are summarized in Table V. Detailed descriptions 
of non-chemical decontamination methods are given in Refs [7, 57, 61-63, 65]. 

Abnormal events which result in the release of radioactive fluids will cause the 
external surface contamination of materials and equipment. 

External surface decontamination techniques are discussed in detail in 
Refs [24, 49-52, 58-63, 65], 

Table VI is a summary of the characteristics of techniques commonly used for 
the decontamination of large concrete surfaces. Table VII is a summary of the advan-
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tages and disadvantages of the major techniques. Table VIII is a summary of various 
techniques currently employed in nuclear power plants for small surface equipment 
decontamination. 

A summary of various standard decontamination techniques is presented in 
Table IX. 

5.3. SPECIAL METHODS 

Often the use of water for surface decontamination presents some advantages 
to chemical methods: techniques using low pressure or high pressure flushing, such 
as hydrolance or skid mounted spinning nozzles, are convenient since mechanical 
filtration and ion exchange treatment systems for the secondary wastes are generally 
available. On the other hand, concentrated chemical decontamination produces 
wastes with high ionic concentrations which are incompatible with most permanently 
installed ion exchange purification systems. 

In addition, high and low pressure water flushing is very suitable to remote 
utilization. Commercially available apparatus has been successfully used in the 
Three Mile Island (TMI) recovery programme [65]. First, a remotely operated tech-
nique such as hydrolance would significantly reduce surface contamination without 
unduly increasing the dose burden to decontamination personnel. Second, hands-on 
decontamination using small amounts of chemicals would further decrease contami-
nation levels until the final target for working areas is obtained. Strippable coatings 
are suited for hands-on applications and would also be treated as solid waste. 

In the case of concrete contamination, and especially if radioactivity has 
penetrated deeply in the material, high pressure water flushing probably would not 
be enough to remove all contaminated layers (unless enormous amounts of water at 
pressures greater than 60 MPa are used) and, in any event, may cause contamination 
to go deeper into the concrete. In such a case, techniques such as grinding or scarify-
ing (and dry vacuuming, in order to keep down airborne contamination) would be 
better suited, as the TMI experience has shown [66]. 

Decontamination of equipment within the containment building may require 
special equipment, such as robots, in order to keep the occupational radiation 
exposure ALARA. 

Painting and sealing of rough surfaces during plant construction or routine 
maintenance, especially within the containment building, is an inexpensive pre-
planning measure that can limit penetration of radioactive materials. By this simple 
means future decontamination will be facilitated, thus generating a much smaller 
amount of waste and keeping the occupational radiation exposure ALARA. 
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5.4. SECONDARY WASTES 

Some decontamination methods, especially the chemical methods, may gener-
ate secondary waste with abnormal characteristics. Thus, it is of great importance 
to analyse the management of the secondary waste generated during decontamination 
prior to deciding upon a specific decontamination method. 

The different kinds of secondary wastes generated from the decontamination 
alternative processes are mentioned in Tables IV and VIII. Management techniques 
for the liquid wastes generated are given in Section 6 and the management of the dry 
and wet solid wastes in Section 8. 

6. TREATMENT OF LIQUID WASTES 
6.1. INTRODUCTION 

The handling and treatment of liquid wastes from normal nuclear power plant 
operation has been dealt with in several previous IAEA publications [3-5, 8, 66-72] 
and numerous reports [73-85]. 

Whether the abnormal liquid wastes are generated by a reactor incident or 
through major maintenance or refurbishment activity, use of installed plant treatment 
systems should be made to the largest extent practicable. These treatment systems 
have the benefit of permanent staff operational and maintenance experience. They 
are generally well shielded and are provided with a certain degree of remote handling 
capability. However, within the planning phase for abnormal waste treatment 
options, consideration should be given to the availability of alternative mobile or 
semi-permanent systems that can be placed in service within a reasonable time frame 
and cost. 

When abnormal liquid wastes are precipitated by a reactor incident and their 
temporary storage, prior to processing, is not an impediment to other plant safety 
considerations, delayed treatment options to allow for decay of short lived isotopes 
should be evaluated. Further to this subject, contained activity in the final waste form 
after treatment must be evaluated. This is particularly true where certain techniques 
of volume reduction, such as evaporation, are being employed. Contained activity 
of the final waste form will also dictate on-site storage options prior to ultimate 
disposal. 

In this section abnormal liquid wastes can be categorized as water, water based 
decontamination solutions, organic fluids, chemical based decontamination solutions 
and ion exchange regenerative solutions. Essentially all the water based solutions can 
be grouped or mixed without concern for impact on the treatment options selected. 
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As chemical based products, i.e. decontamination solutions, will be highly contami-
nated, processing within permanent plant systems, while desirable to the fullest 
extent possible, may not be feasible. Should radiological considerations preclude the 
use of permanently installed treatment systems, specialized chemical decontamina-
tion companies with sufficient knowledge in the field for treatment of these effluent 
products should be engaged for processing the decontamination liquids within the 
plant areas using the most appropriate mix of temporary or mobile components and 
permanent plant systems. All feasible and practical means should be employed to 
make, and keep separate for specialized treatment, organic based liquids such as 
lubricating oils. 

The choice of the liquid treatment system depends on the characteristics of the 
waste as discussed in Section 4 and on the available options for the disposal of the 
process effluent. In many cases the disposal of the final waste form will dominate 
the choice of the systems, especially if there is a large volume of intermediate or 
highly contaminated liquid. Table X provides some guidance in determining a proper 
system choice. Examples of volume reduction and decontamination factors (DFs) for 
some of the liquid treatment systems described below are given in Refs [5, 47]. 

Selection of a treatment option for abnormal liquid waste is only one aspect 
of a necessary programme. Evaluation of specialized techniques for final waste form 
handling and transport on the site, for temporary storage on the site if required, for 
final packaging and for ultimate disposal must also be considered. 

Other considerations include specialized shielding requirements, operator 
familiarity with alternative treatment options, expectation of potential high airborne 
activity possible during dry product handling (mechanical filters, fluidized bed salts, 
etc.), the potential for and consequences of failure of volume reduction operations 
(evaporator liquor spilled within the process cubicle) and the overall effect of 
increasing the background radiation level within the process and support areas which 
would further restrict station operations and maintenance. The need to store treated 
effluent or its release to the environment within acceptable regulatory guidelines 
must also be considered in the evaluation process. 

6.2. STANDARD LIQUID WASTE MANAGEMENT TECHNIQUES 

The treatment options to be considered involve the processing of the abnormal 
waste through one or more of the following processes either individually or in series 
with several options: 
(a) Filtration 
(b) Ion exchange — permanent and mobile 
(c) Evaporation 
(d) Membrane techniques 
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TABLE X. RADIOACTIVE LIQUID TREATMENT SYSTEMS 

Alternative 
system Use Filtering First 

stage 
Second 
stage 

Third 
stage Effluents 

Ion exchange/zeolites 

Multistage ion exchange 

Evaporator/ion 
exchange resin 

Bitumen (evaporator)/ion 
exchange resin 

High and intermediate Filter 
decontaminated 
water and water 
based decontaminated 
liquid 
Intermediate level Filter 
water and water 
based decontaminated 
liquids with low 
solid content 
Intermediate level Filter 
water, water based 
and chemical decontaminated 
liquids. Liquids 
with medium to 
high solid content 
Intermediate level 
water, water based 
and chemical decontaminated 
liquids 

Zeolite bed Cation bed Mixed bed 

Cation bed Mixed bed Mixed bed 

Evaporator Cation bed Mixed bed 

Extruder 
evaporator 

Cation bed Mixed bed 

Processed water, expended 
filters, inorganic and 
organic media 

Processed water, expended 
filters and organic media 

Processed water, expended 
filters, evaporator 
bottoms, organic and 
inorganic media 

Processed water, expended 
organic media, bitumenized 
solid waste 



Alternative 
system Use Filtering First Second Third 

stage stage stage Effluents 

Zeolite/evaporator High level water 
and water based 
decontaminated liquids 

Filter Zeolite bed Evaporator Mixed bed Processed water, expended 
filters, organic and 
inorganic media and evapo-
rator bottoms 

Membrane Low level liquids, Stage depends on technique chosen Extended membranes, 
techniques decontaminated liquids processed liquids 
Chemical Low and intermediate Stage depends on technique chosen Radioactive sludge, 
precipitation and level liquids, processed liquids 
solid phase chemical decontaminated 
separation liquids 



(e) Direct immobilization — permanent and mobile 
(f) Extended volume reduction 
(g) Other techniques. 

6.2.1. Filtration 

Common mechanical filtration methods employed in nuclear power plants 
include cartridge filters, precoat filters and edge disc filters. Related units have been 
in service for over thirty years and thus have a substantial basis of experience and 
history. Lesser known methods with limited operational experience include mem-
brane separation and ultrafiltration. 

Cartridge filters, available in particle size from the submicrometre range to 
over 200 pim, are generally employed for purification of reactor coolant make-up 
system fluids, waste processing and filtration of fuel storage ponds in PWRs and 
HWRs. Precoat filters generally provide similar services to BWR units. Edge disc 
filters have a service background within the entire LWR sector. 

Areas of evaluation common to any filter selection include the following: 
(a) Remote handling and packaging of resultant waste product; 
(b) Volume of secondary waste generation; 
(c) Shielding requirements; 
(d) Potential for airborne activity liberation during processing and/or filter 

replacement. 
Following a reactor incident where specific activity of the waste streams will 

be much higher than those found during normal operation, all of the foregoing fac-
tors necessitate very careful evaluation. 

Another factor for consideration deals with the eventual disposition of the 
treated effluent. All reasonable attempts should be made to recycle the treated 
effluent. Following a major reactor incident, the treated effluent, although not 
thoroughly stripped of all activity, can be utilized for all forms of gross decontamina-
tion. It can be temporarily stored in 200 L drums which can be utilized for shield 
walls. Creative evaluation of mechanical filtration of abnormal waste can provide 
significant benefit to the overall facility recovery programme. 

Further discussion of operational characteristics for the varied forms of filtra-
tion can be found in Refs [5, 63, 82, 85], 

6.2.2. Ion exchange — permanent and mobile 
Although it may seem prudent to utilize permanently installed ion exchange 

systems to treat abnormal waste, the use of alternative temporary systems should be 
thoroughly evaluated. The waste form characteristics, specific activity, chemical 
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contents and suspended solids particle sizing all combined may not be within specifi-
cations of the capability of permanent in-plant treatment systems. The use of disposa-
ble ion exchange systems wherein, upon exhaustion, the entire unit is remotely 
disconnected, dewatered and packaged for disposal has been demonstrated to provide 
excellent water purification capabilities [86]. 

The application of ion exchange methods to abnormal waste streams must 
include evaluation of secondary waste. For example where designs employ regenera-
tion of the resins, the impact of the chemical content and regenerant volume on other 
treatment systems (evaporators, solidification systems) must be considered. As dis-
cussed previously, creative planning is needed to treat abnormal waste, particularly 
that resulting from a reactor incident. Examples of same include: 
(a) Use of previously expended resins (in storage tanks or vessels prior to packag-

ing for disposal) to pretreat abnormal waste streams (i.e. high conductivity 
water). Care must be taken to ensure that the entrapped activity within the 
spent resins is not released (stripped) while preprocessing unusual waste 
streams. Carefully developed, this option will extend the throughput and ser-
vice life of ion exchange units employed to produce high purity effluent. 

(b) Regenerative units should be evaluated for direct disposal, eliminating the 
regenerative step. Studies have shown that the throwaway approach can reduce 
secondary waste streams by as much as 35% [87], 

(c) Reduction of sluicing of spent resins from process vessels to various disposal 
options should be made. Sluicing of resins used to treat abnormal waste, high 
in specific activity, will result in deposition of high activity on other process 
piping and components thus promoting higher background radiation levels. 

(d) Restriction of use of in-plant systems to treat abnormal waste whose specific 
activity is no higher than the original system design basis. In this manner, the 
basis of installed shielding capability will not be compromised. 

(e) Temporary mobile systems should be employed when the specific activity of 
the waste streams exceeds the design basis of permanent systems. 

(f) Use of organic resins for the purpose of cleaning up highly contaminated water 
should be evaluated as these kinds of organic absorption materials are sensitive 
to degradation by ionizing radiation. Organic resins, when exposed to 
integrated doses of 1 MGy or greater may experience degradation, whereas 
inorganic absorption materials have shown good stability for doses in the 
10- 1 2 to 10 9 Gy range [88-90], 
Further discussion of generic ion exchange principles and philosophy is given 

in Refs [5, 63, 68, 83, 84, 91, 92], Specific to high activity waste stream process-
ing of accident induced abnormal waste (accomplished with temporary systems) at 
TMI can be found in Refs [47, 51], 
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6.2.3. Evaporation 

Evaporation, the process of separating volatile components from dissolved or 
undissolved non-volatile components, via boiling techniques, has been employed by 
the nuclear power industry for over thirty years as a waste treatment (volume reduc-
tion) option. In the early years most designs centred upon natural circulation units. 
Now permanently installed systems favour forced circulation with improved process 
flow rates, distillate quality and reductions in the degree of tube plugging and scale 
buildup on heat transfer surfaces found in the natural circulation units. 

Standard evaporators are generally capable of producing solids contents in the 
bottoms or concentrated slurry in the range of 12-22 wt%. Recent design improve-
ments include the crystallizer approach and the use of fluidized bed incineration, 
both capable of producing solids contents in the 50 wt% range. 

When dealing with abnormal waste streams, particularly those produced dur-
ing a reactor incident, the following general guidelines apply: 
(a) Waste liquid feed specific activity to permanent in-plant components should 

not exceeds original system design limits (as with ion exchange methods previ-
ously discussed). 

(b) Accessibility for periodic maintenance must be reflected in the process deci-
sion citing activity levels and volumetric requirements. 

(c) Distillate quality and disposition of distillate product need evaluation. Can the 
product be released within acceptable regulatory guidelines, must it be stored 
on the site or can it be used for decontamination purposes? 

(d) Concentration of tritium (evaporators will not remove tritium) in the waste 
feed may preclude evaporation as an acceptable technique. 

(e) High chemical concentration in the waste stream can result in the production 
of corrosive substances in the bottoms product which could result in excessive 
component maintenance requirements. 
Typical DFs of well conditioned waste streams processed by evaporation can 

be as high as 10 5. Poorly conditioned waste streams, such as detergent wastes, can 
cause the DF to drop to 10. A DF of 10 can generally be expected for iodine. For 
other volatile elements, such as tritium, the DF can be expected to be much less. 

Care is again recommended when evaporation of most abnormal wastes is 
selected. High specific activity, unusual solids and chemical content of waste streams 
outside the design basis of the specific components will in most cases produce poor 
equipment performance and assuredly find waste products, as presented for disposal,, 
not compatible with available packaging. Further definitive descriptions of evapora-
tion processes and component descriptions are given in Refs [59, 63, 69]. 
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6.2.4. Membrane techniques 

Membrane techniques including reverse osmosis and ultrafiltration, while pos-
sessing a wide array of laboratory scale and pilot plant operating data bases, have 
been limited to in-plant operational service. The basic operating data available have 
been generally limited to the treatment of laundry and shower wastes and infrequent 
applications for certain floor drain wastes particularly those containing cross-
contamination by grease and oil related products. The use of reverse osmosis and 
ultrafiltration for other than the previously demonstrated services should receive 
thorough evaluation prior to utilization. 

6.2.5. Direct immobilization — permanent and mobile 

Although not a direct processing technique, immobilization of final abnormal 
waste product is normally required by governing regulatory agencies. These final 
products may include liquids and wet solids, such as evaporator bottoms and quite 
possibly spent resins, filter cartridges and reverse osmosis membranes. 

Successful techniques employed in the past include cement, bitumen and vari-
ous polymer complexes. As discussed in Section 8 use of in-plant permanent systems 
is recommended where possible due to inherent operational experience previously 
developed. Mobile solidification techniques have been demonstrated for over fifteen 
years and where deemed necessary their application to the overall total abnormal 
waste treatment should be evaluated. Further definitive information on immobiliza-
tion techniques can be found in Ref. [93]. 

6.2.6. Extended volume reduction 
Previously demonstrated methods for extended volume reduction of evaporator 

waste streams include systems incorporating the use of calcination or fluidized bed 
technology. In both applications the waste slurries from evaporative processes are 
further reduced to dry salts by thermal decomposition at elevated temperatures. 

Although all reasonable attempts should be made to minimize the final volume 
of waste product presented for disposal, the use of these techniques must thoroughly 
evaluate the final specific activity of the dry salts, particularly those that would be 
produced from the treatment of abnormal waste generated during a reactor plant 
failed fuel accident. Evaluation points should include the availability of packaging 
to shield within regulatory requirements, the creation of high background radiation 
levels in the process area and the consequence of a spill of the dry salt also within 
the processing area. 

Extended volume reduction processes are generally not available in mobile 
form and for permanent installations would require long lead time to procure and 
install. Thus they should not be looked upon as generally available for abnormal 
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waste treatment unless the permanent installation is a segment of the initial waste 
treatment plant design. Further definitive information on extended volume reduction 
techniques are given in Refs [63, 85, 93, 94], 

6.2.7. Other special techniques 

Some technologies (or their combinations) not generally employed for waste 
treatment in nuclear power plants may be considered where specialized abnormal 
waste treatment is required. Several of these techniques include distillation, particu-
larly applicable to tritiated waste [5, 85], precipitation for high solids bearing waste 
such as waste sump product [5, 72] and derivatives of precipitation techniques such 
as flocculation, sedimentation and centrifugation [5, 63, 85], 

All of the foregoing have limited operating plant experience and their 
implementation should be made after careful consideration. Their direct benefit can 
be derived as a pretreatment method of waste streams whose solids content are exces-
sively high (i.e. liquid effluent from concrete scarification-decontamination). 

6.3. CONTAMINATED OILS 

The introduction of lubricating oils and hydraulic fluids into abnormal waste 
streams will substantially affect the performance of all phases of commonly 
employed waste processing systems including filters, ion exchange units and evapo-
rators. Complications that can be expected include fouling of filtration surfaces that 
will significantly reduce throughput capacity, film buildup on process components 
that will cause area background radiation levels to increase and induced complexity 
of the chemistry portion of immobilization processes. 

Sources of oils in abnormal waste streams include excessive quantities of 
cutting oils generated during major refurbishment programmes, excessive lubricat-
ing oils emanated from reactor coolant pump overhaul and collection of surface oils 
in building sumps and floor drain collection tanks. The latter source is particularly 
prevalent in turbine hall sumps of BWRs. Surface waste oil generation as an impedi-
ment to further waste treatment systems can also be expected, should lower level 
building flooding be experienced during reactor plant transients or operational errors 
that result in spills or tank overflows. 

Where total waste quantities of surface oils are large and specific activities of 
the waste stream are high every effort should be made to pretreat the waste stream 
prior to injection into normal process systems. Methods available include the use of 
absorbent pads that will float on the surface of sumps and tanks and inexpensive 
organic removal columns such as activated charcoal. Where bulk oil is encountered 
and specific activity is high, gross activity removal can be accomplished utilizing 
filters constructed of inexpensive cotton fabric, bales of lint free rags, etc. 
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If available, incineration can be employed to process bulk oils. Should gross 
activity removal have been accomplished, the use of the normally non-radioactive 
house boiler can be considered for slightly contaminated oils only after due consider-
ation of the consequence of minor contamination to this system and evaluation of 
treatment needs in the boiler off-gas. Further methods of oil treatment include direct 
solidification in a cement or sodium silicate system, solidification with bitumen or 
with gypsum based mixtures. Waste to media ratios for the foregoing can be 
expected to range from 50-50 to 60-40. 

6.4. GENERIC GUIDELINES 

The treatment of abnormal liquid wastes generated during a planned major 
refurbishment effort or resulting from an unplanned reactor plant incident can be 
expected to necessitate effective preplanning and decision making. Although it is 
well to expect permanent plant systems to have all the treatment capabilities 
required, the use of backup systems whether mobile or temporary should also receive 
evaluation. 

Abnormal waste streams can be expected to contain higher than normal sus-
pended and dissolved solids content; where major decontamination efforts are 
required waste stream chemical characteristics can be expected to be outside specifi-
cations of station ion exchange and immobilization systems; specific activities of the 
waste streams will generally be found to be higher than those experienced during 
normal plant operations. 

Principal areas of evaluation should include economically sound pretreatment 
to enable the waste stream to more closely approach the operational restraints of in-
plant systems, minimization of impact on area background radiation levels; applica-
tion of one time handling of waste products direct from source to disposal package; 
effective combination of various treatment methods in series to permit controlled 
release of distillate product; and thorough training of operational staff in the methods 
to be employed. 

A more thorough evaluation of all methods discussed in this section can be 
found in Ref, [95], 

7. TREATMENT OF GASEOUS WASTES 
7.1. INTRODUCTION 

Methods for the treatment of normal power plant gaseous wastes can often be 
used also for abnormal gaseous wastes. 
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As in the case of liquid wastes, it is preferable to treat gaseous wastes gener-
ated during an abnormal event at a nuclear power plant with the facilities already 
available in the plant. In some cases minor modification may be required to handle 
the abnormal gaseous wastes. For example, if the treatment system capacity is 
limited, partial recycle of the gases back to the containment may be used for surge 
storage capacity. Also the processing of abnormal solid and liquid wastes may result 
in abnormal gaseous wastes from, for example, equipment vents, which would 
require routing to the appropriate gaseous waste treatment system. 

Immediately after the abnormal event occurs in the power plant, the gaseous 
waste treatment systems should be checked from the point of view of leaktightness 
and effectiveness of the systems (pressure drop, condition of charcoal filters, activity 
levels, availability of spare filters for replacement) [2]. 

As a result of treatment of gaseous waste from abnormal events, secondary 
solid wastes will be produced (spent filters; prefilters, high efficiency particulate air 
(HEPA) filters, charcoal filters, etc.). Special provisions such as remote handling 
and shielded containers may be necessary for treatment and disposal of these wastes. 
More details on solid waste management can be found in Section 8. 

7.2. STANDARD METHODS 

The methods of management of gaseous waste are described in detail in several 
IAEA publications [8-13, 96]. A simplified schematic diagram of a typical gaseous 
waste treatment system at a nuclear power plant is shown in Fig. 3. 

Controlled venting is a valid abnormal gaseous waste management method if 
the releases are within the limits established by the regulatory body, although 
releases should be ALARA. Gaseous waste management by controlled venting may 
in some cases be the most practical means of abnormal gaseous wastes disposal. 

Before deciding to release the activity to the environment, the power plant 
operaters must take the following actions: 
(a) Make a quick estimate of type of isotopes, and of total activity to be released. 

An important consideration is the timing of the releases so as to take as much 
advantage as possible of pre-release decay of short lived isotopes. 

(b) Assess capability of existing treatment methods at the power plant. Considera-
tions would be processing rate and duration; total activity to be removed in 
terms of accessibility of system components and secondary waste (e.g. filters) 
management problems. 

(c) Assess meteorological condition prevailing at the time of release. 
(d) Ensure releases are within the limits established by the regulatory body, or 

obtain a temporary exemption from those limits. 
(e) Inform the general public through appropriate local, state and national authori-

ties (as appropriate, depending on magnitude of release). 
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FIG. 3. Typical scheme of gaseous waste treatment system at a nuclear power plant. 



(f) Monitor the release in order to verify the compliance with the regulatory limits 
and to identify and report any release in excess of those limits, so that the cause 
can be investigated and appropriate action taken. 
Treatment methods relevant to gaseous waste from abnormal events which can-

not be vented in a controlled manner are summarized in the following sections. The 
normal power plant systems and equipment should, however, be used to the greatest 
extent possible. 

The typical approach for the treatment of gaseous wastes from abnormal events 
should be one or a combination of the following options: 

(i) Containment for short lived isotopes to decay 
(ii) Compression for delayed discharge 

(iii) Filtration through charcoal and/or absolute filter systems before release to the 
environment. 
Monitoring of pressure drop and radiation field on filters will be required to 

ascertain the useful life of filters and ease of subsequent replacement (dose rate), 
packaging, transportation, storage and disposal. If these systems cannot be used to 
obtain an acceptable degree of decontamination then other types of techniques may 
be considered. In some cases the schedule requirements for processing the abnormal 
gaseous wastes may dictate the choice of systems and equipment. The fact that tech-
niques and system designs are established and proven is of importance when deciding 
to install supplementary management systems. 

Some practical considerations to be assessed before proceeding with the instal-
lation of supplementary systems and equipment (primarily for treating the long lived 
abnormal airborne radionuclides; 8 5 Kr, 3 H, 1 4 C) are: 

— Availability of the supplementary equipment required for the treatment tech-
nique (at power plant or from external sources); 

— System and equipment procurement time (at TMI, 34 days were required); 
— Degree of difficulty to install the new system at the nuclear power plant (e.g. 

accessibility of connection points, extent of modifications required, etc.); 
— Familiarity of the nuclear power plant operating and maintenance personnel 

with the type of new process and (equipment; 
— Secondary waste management (handling, packaging, transportation, storage 

and disposal). 
If the potential for an explosive mixture of hydrogen and oxygen exists, the 

gaseous waste handling and treatment system should either be designed to withstand 
the effects of a hydrogen explosion, or be provided with redundant gas analysers with 
automatic control functions to detect the formation or buildup of explosive mixtures 
with annunciators in the main control room. In particular, the following measures 
should be taken to minimize the potential for explosion: 
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(a) Maintain a non-explosive mixture; 
(b) Minimize potential ignition sources; 
(c) Purge system and components to assure non-explosive mixtures prior to 

inspection and maintenance; 
(d) Execute administrative controls and procedures to assure that features such as 

(a), (b) and (c) are enforced. 

7.2.1. Particulate treatment 
Particulate filters are proven reliable devices used for the removal of particu-

late activity from gaseous effluents in nuclear power plants for a wide range of condi-
tions [11]. Normally the filtration system comprises coarse (greater than 1 ^m) 
prefilters and HEPA filters (minimum efficiency 99.97% for 0.3 pirn particles) for 
removal of fine particles and aerosols. Enhanced particulate capture, which may be 
required for abnormal gaseous wastes, can be achieved by employing multiple stages 
of HEPA filters in a series arrangement. The prefilters typically provide a DF of 2-3 
and each HEPA filter stage provides a DF up to 1000. Maximum effectiveness of 
the filters is ensured by preceding the filters with entrained moisture separator. This 
is an important consideration when abnormal gaseous wastes, which may have a high 
moisture content, are to be treated. 

Radiation dose of the filters should be monitored when processing abnormal 
gaseous wastes in order to facilitate replacement without excessive exposure to the 
personnel and to ensure difficulties are not encountered with the subsequent spent 
filter packaging, storage and disposal. Temporary shielding may increase the life-
time of the filters if frequent replacement is not possible or desirable. 

7.2.2. Iodine treatment 
Iodine sorption systems are normally used in combination with particulate 

filters for removal of radioiodine. In some cases when radioiodine is not present or 
has been removed by decay, the iodine sorption system may be bypassed. Impreg-
nated or activated charcoal filters are most commonly used at nuclear power plants 
for iodine removal in various forms [96]. Activated charcoal is often used for 
removal of inorganic iodine only. Impregnated (with e.g. potassium iodide, or 
triethylene diamine) activated charcoal provides removal of organic iodine (e.g. 
CH 3I) species, as well as inorganic iodine species. Charcoal adsorbers can achieve 
DFs of 10 3 to 10 4 for both inorganic and organic iodine. However, since the chemi-
cal forms and behaviour of iodine in containment following an abnormal event are 
somewhat uncertain, the performance of charcoal adsorbers under such circum-
stances is relatively unproven and may vary from the normal or expected 
performance. 
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The charcoal iodine adsorber will perform best when there is good control on 
the influent gas moisture (i.e. iodine removal efficiency increases with decreasing 
relative humidity). Optimum operating conditions for the charcoal adsorber are a 
temperature within the range of 55-65 °C and a maximum gas moisture of 70% rela-
tive humidity. Therefore, the iodine sorption system should be preceded by moisture 
control equipment (e.g. entrained moisture separators and/or molecular sieve desic-
cants or condenser and heater) for maximum effectiveness. This is particularly 
important for processing of gaseous wastes from abnormal events. 

The condition of impregnated charcoal filters should be assessed prior to vent-
ing abnormal gaseous effluents through the system. Impregnated charcoal tends to 
age and lose adsorption efficiency and therefore regular testing is required to show 
that the removal efficiency is above prescribed limits. Other non-radioactive sources, 
such as smoke and gases from excessive welding or cutting operations can also be 
expected to cause degradation of charcoal systems. 

7.2.3. Noble gas treatment 
An off-gas system for treating short lived noble gases (e.g. 1 3 3 Xe, 1 3 5 Xe, 

8 7 Kr, 8 8 Kr, 4 1 Ar) is available in most nuclear power plants. This management tech-
nique may be used to reduce the release of noble gases to the environment following 
an abnormal event. Treatment of noble gases in nuclear power plants is usually based 
on allowing for decay by delayed release, either by storage/compression or by pas-
sage through charcoal delay beds. The system installed for treating normal noble gas 
effluents will typically be of low processing rate relative to what may be required 
for the abnormal event. Therefore, the processing duration may be somewhat long. 
The DF, which is a function of flow rate and distribution of noble gas isotopes, is 
typically of the order of 50-100 for normal gas processing. The long lived isotope, 
8 5 Kr, which may arise from an abnormal event, essentially passes through such 
systems and is not significantly decayed. Controlled venting is the primary method 
available for control of 8 5 Kr from an abnormal event [12, 97]. However, it is 
possible to isolate 8 5 Kr and xenon from the off-gases by a cyclic sorption and 
desorption operation of parallel charcoal delay beds [12], Cyclic operation is 
achieved by adsorption at ambient or reduced temperature and desorption at a higher 
temperature or by the pressure-swing method. The separated 8 5 Kr recovered on 
desorption then requires further processing and packaging for long term storage. 

7.2.4. Tritium treatment 
Tritium, if present in the containment atmosphere following an abnormal 

event, will most likely be present as an oxide form. Tritium oxides will be captured 
by moisture removal equipment (e.g. mist eliminator, condenser, molecular sieve 
desiccant) which are often already part of the nuclear power plant gaseous waste 
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management systems. The degree of tritium capture depends on the efficiency of the 
moisture removal systems (i.e. a molecular sieve desiccant is more effective than a 
condenser which is more effective than a mist eliminator). Elemental tritium, if 
present, can be converted to an oxide in a catalytic recombiner and subsequently cap-
tured by an oxide removal trap (i.e. molecular sieve desiccant) [8, 98]. Typically 
tritium DFs of about 10 3 can be realized by such a process. Although most noble 
gas treatment systems in nuclear power plants contain recombiners, they may have 
limited use for elemental tritium control from abnormal events owing to their typical 
low processing rate. 

7.3. SPECIAL METHODS 

Special methods may have to be employed when the activity content or the 
volume of gas is greater than the design throughput of the installed equipment. 

Alternative treatment techniques may, however, be impractical when the long 
term storage or caretaking (e.g. greater than 100 years for 8 5 Kr) or the resultant 
waste forms is considered. Also in some situations controlled venting may be the 
only available abnormal gaseous waste management technique. 

7.3.1. Vented containment systems 

Some nuclear power plants have a dedicated stand-by system specifically 
designed for venting the reactor containment following an abnormal event. The use 
of emergency filters which are kept separate from the normal airborne activity 
management system ensures that these filters are not poisoned by impurities during 
normal operations. This system would typically consist of moisture control (separa-
tors and gas preheaters), particulate filtration and charcoal adsorbers, often arranged 
in multiple stages and with parallel gas treatment streams. Figure 4 shows a typical 
schematic diagram of such a system. 

The multiunit CANDU stations owned and operated by Ontario Hydro in 
Canada employ an emergency containment atmosphere control system known as a 
vacuum building. This is a large, cylindrical, reinforced concrete building, approxi-
mately 50 m (diameter) by 30 m to 50 m (high) with an internal volume of 60 000 
to 95 000 m 3 which is maintained at a pressure of approximately 7 kPa absolute. It 
is connected to the individual reactor containment volumes by blow-out panels, a 
pressure relief manifold and pressure relief valves. One vacuum building is common 
to four reactor units at each of the Bruce A, Bruce B and Darlington sites and to eight 
units at the Pickering site. 

If the reactor building pressure increases suddenly, as would be the case when 
steam escapes via a loss of coolant type event, the pressure relief valves would open 
(set point of approximately 100 kPa absolute) causing the containment atmosphere 
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to be quickly drawn into the vacuum building by the differential pressure, thus reduc-
ing the reactor building containment pressure. A water spray, or dousing system, 
automatically starts going within the vacuum building on high pressure to condense 
the steam and any entrained volatile radionuclides. Approximately 10 000 m 3 of 
water is available for the dousing system. 

Long term negative pressure can be maintained by the emergency filtered air 
discharge system which exhausts the containment atmosphere through a series of 
charcoal and HEPA filters. Alternatively, the filtered air can be recycled back into 
the containment structures. 

Another, slightly different, system known as Filtra has been backfitted at the 
Barseback nuclear power plant in Sweden, and is currently being installed at other 
Swedish nuclear power plants. At Barseback, the Filtra system is connected to the 
wet wells of the twin ASEA-ATOM BWRs through individual 600 mm dia. vent 
lines and 0.65 MPa (g) rupture disks. The Filtra vessel is approximately 20 m dia., 
40 m high and has a i m thick steel lined reinforced concrete wall. The vessel is 
filled with approximately 15 000 Mg of crushed quartzite gravel of 2.5 cm to 3.5 cm 
size which is used as both a filter and a passive heatsink. About 700 m 3 of conden-
sate can be collected in the gravel bed. An inert nitrogen atmosphere is provided over 
the gravel bed to prevent organic growth during normal operation and to mitigate 
the potential for hydrogen burns under accident conditions. 

7.3.2. Iodine treatment 

An alternate technology which has been developed for iodine removal from 
gaseous effluents is the relatively simple, metal doped, solid sorbent (e.g. silver 
impregnated zeolites, silica or alumina) systems [13, 96, 99-101], Operation of this 
more expensive technique is similar to the charcoal adsorber system. However, it 
provides higher efficiency for removal of both organic and inorganic iodine species 
(DF typically 10 2 to 10 6) and is suitable for use in more adverse conditions (e.g. 
high moisture), which may be advantageous when processing abnormal gaseous 
waste. The sorbent is non-flammable and the waste product is a dry solid, insoluble 
silver iodide, which is easily handled and contained. 

7.3.3. Noble gas treatment 
Although it is not part of the nuclear power plant normal airborne activity 

management systems, 8 5 Kr removal technology has been developed. The technol-
ogy is relatively complex and commercial experience is limited. Removal of 8 5 Kr 
by cryogenic trapping is relatively advanced and although generally considered to be 
available for commercial application, its adaptation to the special conditions and 
problems of the nuclear power industry has limited experience [12, 102-104]. A DF 
of 10 2 to 10 3 is achievable. The fluorocarbon (Freon) liquid absorption process, 
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which is still being developed, may also be applied for 8 5 Kr capture (DF greater 
than 10 2) [12, 105]. Both of these processes require operation at elevated pressure 
(600 kPa and 700 kPa are typical) and reduced temperatures (-30°C and -140°C are 
typical) and the removed 8 5 Kr must be further processed to a form suitable for safe 
long term storage. Removal of 8 5 Kr based on an inorganic solid sorbent (such as 
molecular sieves) system operating at pressures close to ambient is at an early stage 
of development [12, 106, 107], This process provides a DF of 10 2 to 10 3 and has 
the advantages of simplicity, safety, reliability and relatively low operating cost. 
Organic polymer membranes can be used for isolation of krypton and xenon from 
off-gases [12, 108]. This method has been proposed for the separation of krypton 
from post-accident atmospheres inside the containment. The equipment required is 
relatively compact and therefore a mobile plant is possible. Disadvantages of this 
technique are the low mechanical and radiation stability of the membrane. 

7.3.4. Carbon-14 treatment 

Systems for controlling 1 4 C gaseous effluents are not normally part of a 
nuclear power plant. The following methods can be considered for treatment of gase-
ous 1 4 C if present in the containment atmosphere following an abnormal event. 
Commercial experience with the 1 4 C removal technologies is limited. 

Gaseous oxides of 1 4 C can be removed by a dry, ambient temperature, rela-
tively simple process by absorption in a bed of solid alkaline earth hydroxide (e.g. 
Ca(OH)2) material [109, 110]. A DF of 10 2 to 10 3 can be achieved. The 1 4 C is 
fixed in a stable solid form (e.g. CaC0 3 ) which is suitable for disposal. Alternative 
technologies which have been developed for 1 4 C gaseous oxides removal are the 
aqueous alkali (Na or Ca) scrubbing systems (DF 10 2 to 10 3) and the fluorocarbon 
absorption process (DF 10 2). These are more complex methods requiring subse-
quent processing for final fixation of the removed 1 4 C. 

If 1 4 C is present and becomes airborne as elemental carbon dust then it can be 
captured by the normal plant HEP A filters. 

7.4. MONITORING 

Continuous monitoring of gaseous releases to the environment as well as within 
the containment must be available at all times. These measurements will enable the 
control of discharges [20, 21] and to take adequate actions if pre-established limits 
are exceeded. An adequate number and location of sampling points in the contain-
ment and the ventilation exhaust system are required to enable selection of appropri-
ate management methods and the estimation of the likely environmental impact. It 
should be noted that the presence of abnormal gaseous wastes with high specific 
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activity or isotopes which are not routinely monitored at a given plant may require 
provisions for additional monitoring facilities. Gaseous waste sampling methods are 
described in detail in Refs [20, 21]. 

8. TREATMENT OF SOLID WASTES 
8.1. INTRODUCTION 

Abnormal solid wastes fall basically into the following categories: 
(a) Those that arise originally in a solid form; 
(b) Those that arise in the treatment process of liquid or gaseous wastes; 
(c) Those that arise as a result of surface or system component decontamination 

and cleanup of radioactive spills; 
(d) Those that become solid by solidification or immobilization of liquid or gase-

ous wastes. 
Of these, the wastes falling into category (d) will generally not require further 
processing and can be considered to be ready for final storage or disposal. Solid 
wastes are generally termed 'abnormal' if radioactivity loading is greater, or substan-
tially different in composition, than the normal solids processed by the treatment 
plant. Alternatively, the volume of solids may be larger than the installed plant can 
handle in a reasonable time or the type of solid (e.g. zeolites versus ion exchange 
resin beads) may not be compatible with the existing treatment processes. 

It should be borne in mind that processing of abnormal liquid or gaseous wastes 
may generate 'normal' solid wastes, depending on the reasons used for qualifying 
the original or resultant wastes as normal or abnormal. However, by definition, 
processing of normal liquid or gaseous wastes should not generate abnormal solid 
wastes. 

8.2. CATEGORIES OF ABNORMAL SOLID WASTES 

8.2.1. Wet solid wastes 
8.2.1.1. General 

Wet solids can be generated directly as a process waste or as a product of liquid 
waste treatment (see Section 6.2). 

These generally include ion exchange resins, filter sludges and precoat 
materials. 
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The handling and treatment of wet solid wastes from normal nuclear power 
plant operation have been dealt with in other IAEA publications [6, 111]. 

Wet solids are generally not acceptable for disposal if the freewater content 
limits, as may be set forth in applicable national regulations, are exceeded. There-
fore, aqueous wet solids will probably require some form of treatment or condition-
ing, or both, to remove or entrap most of the water and to prepare the waste for 
disposal. 

A particular problem associated with the storage of high activity wet solids, 
such as highly loaded ion exchange resins or zeolites, can be the buildup of high con-
centrations of hydrogen gas, often in explosive concentrations or approaching the 
rupture pressure of sealed containers caused by radiolysis of the water. Guidance on 
the prevention and mitigation of hydrogen buildup can be found in Refs [88, 90, 91]. 

Some of the techniques normally used for treating the different waste 
categories which are generated during normal operation of nuclear power plants can 
be used either directly or with minor modifications for abnormal waste treatment. 
The site personnel are most familiar with the operation and the maintenance of the 
systems using these techniques. When treating large amounts of highly radioactive 
wastes, it is therefore recommended that the permanently installed systems and 
equipment be used to the greatest extent possible. If these systems cannot be used 
to obtain an acceptable degree of decontamination and volume reduction owing to 
low activity load, low absorption capacity for ions, etc., other types of techniques 
may be considered. The fact that techniques and system designs are established and 
proven is of importance when deciding to install new systems. 

Conditioning is frequently more cost effective than any of the treatment 
methods to bring wet solid waste with low freewater content into compliance with 
the applicable transportation and disposal requirements. Conditioning may also be 
used following a treatment technique as an alternative to further treatment. Both the 
freewater content and chemical compatibility of the wet solids with the conditioning 
agent influence the selection of a conditioning method. Treatment and/or condition-
ing of wet solids should produce a final form that satisfies the regulatory require-
ments, including freewater content, and does not exceed the specific activity limits 
for disposal. Conditioning is discussed in greater detail in Section 9. 

8.2.1.2. Selection of a specific wet solid waste treatment technology 

Factors which affect the selection of a specific wet solid waste treatment tech-
nology, include: 

— Radionuclide concentrations and specific activity; 
— Physical characteristics: freewater content, solids content, viscosity, and boil-

ing point; 

58 



— Chemical characteristics: chemical composition, organic/inorganic species, 
combustion characteristics, oxidation ability and pH. 
Freewater content and chemistry are the important factors in determining 

whether the waste should be directly conditioned or treated before conditioning and 
in selecting the most suitable treatment methods. The concentration and specific 
activities of the radionuclides influence the final content of the waste prepared for 
transport and disposal. 

Most of the treatment technologies discussed previously in Section 6 for liquids 
can be applied to wet solids. Filtration or other concentration techniques, such as 
centrifuging, reverse osmosis, etc., can be used to extract solids from high water 
content wet solids. The freewater component recovered during wet solids treatment 
is processed as a liquid waste. 

Transformation methods involving combustion are applicable for material such 
as waste oil sludges, ion exchange resins, filter precoat material, and chelating 
agents. 

The various available 'wet solid waste treatment' technologies, which are con-
sidered in this report are summarized in Table XI. 

TABLE XI. TECHNOLOGIES USED FOR PROCESSING VARIOUS 
WET SOLIDS 

Evaporator 
concentrates Spent 

Type of technology and ion Filter Filter 
miscellaneous exchange. sludges cartridges 

sludges resins 

Separation technologies 
Filtration X — — • — 

Concentration technologies 
Sedimentation X — — 
Centrifugation X — 
Dewatering X X X 

Transformation technologies 
Incineration X X X X 
Calcination X X X — 

Wet oxidation — • X X 

Note: The various technologies are described in Section 6.2. Further details can be found in 
Refs [5, 72, 83], 
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8.2.2. Dry solid wastes 

8.2.2.1. General 

The handling and treatment of dry solid wastes from normal nuclear power 
plant operation has been dealt with in other IAEA publications [6, 111]. Dry solid 
waste is normally classified as follows: 

— Combustible 
— Compactible 
— Non-compactible. 

The third category is normally composed mainly of metal scrap. Non-
compactible waste may also include objects and equipment which are too large or 
awkward to handle intact and, therefore, must be sectioned prior to treatment and/or 
disposal. 

Three generic types of treatment technologies can be applied to dry solid waste 
forms: transfer (decontamination), concentration (compacting, baling and shred-
ding), and transformation (combustion or incineration). 

Generation rate is a major factor when selecting a technology because volume 
reduction of dry solids is usually most cost effective for large volume wastes owing 
to high capital cost of equipment. Waste treatment should be considered if the gener-
ated volume results in on-site storage problems, excessively high shipping costs, or 
excessive use of disposal site capacity which also involves high costs. Small volumes 
of abnormal dry solids can usually be packaged, transported, and disposed of without 
treatment. 

Some of the techniques normally used for treating the different waste 
categories which are generated during normal operation of nuclear power plants can 
be used either directly or with minor modifications for abnormal waste treatment. 
The operating personnel are familiar with the operation and the maintenance of the 
systems using these techniques. When treating large amounts of highly radioactive 
wastes, it is therefore recommended that the permanently installed systems and 
equipment be used to the greatest extent possible. If these systems cannot be used 
to obtain an acceptable degree of decontamination and volume reduction owing to 
low activity load, nature of contamination and/or substrate material, etc., other types 
of techniques may be considered. The fact that techniques and system designs are 
established and proven is of importance when deciding to install new systems. 

8.2.2.2. Selection of a specific dry solid waste treatment technology 

The treatment technologies applicable to various types of dry solid waste are 
listed in Table XII. 
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TABLE XII. DRY SOLID WASTE TREATMENT TECHNOLOGIES 

Trash Contaminated Irradiated Type of technology Trash equipment hardware 

Transfer technologies 
Decontamination X — 

Concentration technologies 
Compaction X x a X a 

Shredding or sectioning X X X 
Baling X — — 

Transformation technologies 
Combustion X — 

Incineration X — 

a Assumes utilization of high force compactors. 

Transfer technologies. The only transfer method applicable to dry solids is 
decontamination, which has been discussed in Section 5. 

Concentration technologies. Concentration technologies include compaction, 
shredding, and baling. In the compaction process, waste is first placed inside a dis-
posable container and then subjected to a compression force by a piston type device. 
The container is then closed after compaction. This process should not be attempted 
with wastes containing free liquids; dense or bulky articles that would yield insignifi-
cant volume reduction; long or irregularly shaped items that are capable of jamming 
the press or penetrating the container; or pyrophoric or explosive substances. Small 
quantities of liquid in this waste can be readily squeezed out. Provisions for the 
collection and treatment of this liquid should be included in the system design. 
Commercially available compaction equipment can be divided into three main 
categories: compactors, balers, and packers. 

Dry solids can be shredded prior to compaction, with a combined volume 
reduction factor of up to 3. All types of paper, cloth, plastics, and even some light 
metal can be shredded. A typical shredder contains a number of intermeshing, 
counter-rotating shafts driven by a variable speed motor, and various designs of cut-
ting teeth are readily available. New developments are high force compactors which 
can be either mobile machines or installed in facilities. A volume reduction factor 
of up to about 10 can be achieved with a high force compactor. It can be used also 
for wastes that otherwise cannot be processed, such as electric motors, small lengths 
of pipe and other bulky mechanical components. 
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Methods for reducing the volume of metallic and non-metallic dry solid wastes 
having large voids within their dimensional envelopes, such as tanks, boxes, poison 
curtains, and control rods, generally involve hands-on, semiremote, or remote use 
of sectioning or cutting equipment. For irradiated hardware with high radioactivity 
levels, integrated, remotely operated systems are generally used for cutting and sec-
tioning. For materials with lower radiation levels, the size reduction is normally per-
formed using standard industrial devices. In this latter case, administrative control 
plays a significant role in radiation protection. 

Baling employs a machine to compress material into generally rectangular 
forms called bales. The bales can be bound or otherwise secured to maintain the 
established volume before they are placed in disposable containers. Shredding is not 
generally used in combination with baling. 

The basis for applying these technologies is to reduce the volume of the waste 
and, as a result, effect savings in waste transport and storage or disposal. Cost-
benefit studies are required to determine if the cost of effort devoted to reducing the 
volume would be offset by reduced transport and/or storage or disposal costs. 

Transformation technology. Combustion is the primary transformation method 
being utilized for dry solid waste. Combustion techniques can be applied to materials 
that can either be ignited or reacted exothermically with air. The solid wastes that 
may be considered for combustion consist mainly of organic materials such as paper, 
plastics, rubber, ion exchange resins, and oil or solvent sludges. Combustion serves 
not only to reduce the volume and mass, but also to convert the waste to inert or 
less reactive material in the form of ash or, in some cases, slag. 

Combustion methods reduce the volume of combustible wastes by a factor of 
20 to 100 by chemically destroying and removing the combustible material. Volume 
reduction depends on the process, the composition of the waste, and the as generated 
waste density. In general, volume reductions for a given waste type obtained by the 
various treatment processes will be quite similar because all of the processes com-
pletely oxidize the organic materials in the waste, leaving the inorganic materials as 
residue. The resulting residues may be packaged as the final product or may require 
conditioning. A mass reduction factor of up to about 10, prior to ash conditioning, 
is also achievable with most combustion techniques. This has the advantage of 
eliminating the need to transport, store or dispose of a large part of the non-active 
portion of the waste. 

Incineration is generally the most practical combustion technology for use with 
dry solid waste forms. Incinerators are used to reduce the volume of all types of com-
bustible wastes. 

There are various types of radioactive waste incinerators now in use. These 
are described in detail in Refs [38, 63, 111, 112]. Some types of incinerators have 
chemical limitations on the quantity of certain materials (such as halogenated or sul-
phonated plastics) in the feed stream, as well as limitations for total radioactivity. 
The resultant ash may be conditioned as required by applicable national regulations. 
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If incineration is contemplated, for secondary filter wastes produced as a result 
of the treatment of liquid or gaseous primary wastes, special care should be taken 
during the design of the filtration system to ensure that the disposable part (e.g. filter 
cartridge) is made of materials which can be incinerated. An example for HEPA 
filters would be to use wooden frames instead of metal. Cellulose fibre liquid filters 
can be incinerated while metal screen and ceramic filters cannot. 

Incineration of highly activated waste can lead to potential problems, such as 
contamination of the equipment and release of quantities of radioactive volatiles. A 
careful analysis of the compatibility of the incinerator with the wastes to be 
processed, in view also of the compatibility with conditioning options, should be 
undertaken in the pre-planning and planning stages as detailed in Sections 2 and 3. 

8.2.3. Activated solid wastes 
Waste activated core components can result from major maintenance activities, 

such as CANDU fuel channel replacement, or control rod and flux detector replace-
ment, or from abnormal events such as major loss of coolant accidents. 

In both cases, the waste is generally in the form of large, highly radioactive 
metallic objects which cannot be handled by normal in-station solid waste handling 
systems. The radiation level of the component depends upon its material of construc-
tion, the age of the component, i.e. the length of time it has been exposed to the neu-
tron field, and its location with respect to the core neutron flux. 

It must be stressed that although neutron activated components cannot be 
decontaminated by normal surface treatment decontamination methods, some core 
components may require surface decontamination to remove activity deposited by 
other processes, such as fission product plate-out or activated corrosion product 
deposition, before they can be safely handled without extensive control provisions 
for loose surface contamination. 

Highly active components are preferably handled in one piece. This avoids the 
possible spread of contamination during sectioning. Where sectioning is unavoida-
ble, it is carried out remotely, normally under water for shielding, with appropriate 
filtration and purification systems. The storage and transportation of irradiated com-
ponents generally requires specially designed shielded casks. Smaller components 
can be immobilized in a suitable sized drum filled with, for example, cement for both 
stability and shielding. 

8.2.4. Components bearing surface contamination 

Waste components bearing activated corrosion products as die primary source 
of contamination are generally related to major maintenance activities such as those 
concerning the nuclear steam generator, the heat exchanger or valve repairs and/or 
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replacement. The waste product can range in size from relatively small (e.g. a valve) 
to very large (e.g. a steam generator) with a contaminated layer of corrosion 
products adhering to some or all of its surface. Similar components may also be con-
taminated with surface layers of fission products following an abnormal event 
involving fuel failures. 

In both cases, such components should be decontaminated prior to component 
removal, as far as practicable. Small components may be decontaminated after 
removal, but this will increase the risk of spread of contamination both during the 
removal and subsequent transport to the processing site unless adequate measures 
have been taken to ensure contamination control. 

Very large components can be sectioned by the same methods used for acti-
vated core components. Although the radioactive species are generally the same, the 
shielding requirements for components with surface contamination layers are gener-
ally less stringent than those for core components because the quantities of radio-
nuclides are smaller. However, since the contamination is often in the form of a loose 
surface layer, strict contamination control methods are required. 

8.2.5. Failed fuel elements and debris 
Abnormal events which result in fuel element cladding failures may result in 

the creation of abnormal solid wastes consisting of failed fuel elements and/or fuel 
debris. The radiation levels associated with such wastes can range from low to 
extremely high depending upon the irradiation history of the fuel and the physical 
size of the fragments. The fragments may range in size from pulverized fuel grains 
to entire fuel assemblies. Smaller fragments can be transported and dispersed 
throughout the primary coolant loop or the fuel storage pond, depending upon where 
the fuel is located when the failure occurs. The failure of irradiated fuel will also 
cause the release of fission products to any surrounding fluid (water or air) and may 
further spread contamination via deposition. 

Dispersed fuel fines can normally be removed by filtration of the suspending 
media (air or water). Larger fragments can often be retrieved intact using various 
remote handling methods, such as grapplers, and are normally 'canned' or sealed in 
a secondary container to prevent further spread of contamination. These wastes may 
be considered to be 'high level' wastes based on the general definitions used in the 
nuclear industry. Because of the potentially high radiation fields, the high transuranic 
content and possible criticality concerns, the treatment options for waste of this type 
are normally limited to reprocessing in a fuel reprocessing facility or storage and dis-
posal of the sealed waste containers. 
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8.2.6. Contaminated soils 

Contaminated soils can be produced by leaks from radioactive liquid storage 
tanks, by the deposition of liquid and gaseous releases of radioactivity from a nuclear 
facility and/or by migration of activity from a waste disposal site. 

Contaminated soils have also resulted from the decommissioning of 'historic' 
facilities, mostly those used prior to 1950 for the manufacture of luminous paint 
products. Low level contamination of soil has also resulted from uranium mining and 
milling operations and from natural uranium deposits. 

The contaminated soil is usually of large volume and low specific activity, 
often only marginally above background levels. Treatment is normally by removing 
the soil to an appropriate low level waste disposal site or by fixation in place by 
covering with plastic, cement, paving, etc. In case of fixation, adequate records 
should be kept and site marking may be required according to national regulations. 
National regulations may also dictate future use of the land containing fixated radio-
active soils. 

Treatment of historic contaminated soils often involves political and regulatory 
factors which far exceed those commensurate with the actual hazard of the waste 
because the soil is frequently related to a non-nuclear publicly accessible site. 
However, these factors must be considered when selecting a treatment method. 

8.3. HANDLING OF HIGHLY RADIOACTIVE COMPONENTS 

Activated core components, spent purification media and components with 
activated corrosion product films are often highly radioactive. Because of this, the 
components must be handled remotely and/or with adequate shielding to keep the 
exposure of the site personnel and the general public ALARA. Strict control over 
the spread of loose and/or airborne contamination is also required whenever such 
risk occurs. Shielded casks for handling highly active components are discussed in 
Section 10.2.2. 

8.3.1. Remote handling and tooling 
Remote handling devices and remotely operated tools have been used in the 

nuclear industry for many years. Remotely operated cranes and transport vehicles 
can be used to remove objects from inaccessible areas. Remotely operated cranes are 
also used for inserting or removing contaminated objects into and from shielding 
casks. 

Remote tooling consists of various devices used to support and manoeuvre 
remotely operated devices such as arc saws, lasers, water lances, etc. Specialized 
equipment such as master-slave manipulators can also be designed to handle very 
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delicate operations such as the canning of failed fuel elements. Devices are operated 
from a safe control area where the radiation field has been lowered to acceptable 
levels through the use of distance and/or shielding. Operator vision of the work area 
is often provided by one or more television cameras focused on the area of interest. 
Thick lead glass view ports can also be used for general viewing of the work area. 
Remote tooling is discussed in greater detail in other IAEA reports, such as 
Refs [48, 61]. 

8.3.2. Contamination control 

The movement of equipment and personnel into a contaminated environment 
will result in a spreading of the contamination. The spread can be minimized by the 
use of appropriate confinement and control measures. 

The movement of contaminated objects through non-contaminated areas should 
be avoided. If this movement must occur, the contaminated object should be plastic 
bagged or wrapped (preferably a double layer of polyethylene bags) at its source to 
encase the contamination. For large objects, the transport route should also be 
covered with disposable sheeting. Tools can remain in designated locations in the 
contaminated area during shift changes to minimize their movement in and out of the 
contaminated areas. 

When the contamination level is such as to produce a high radiation field, then 
suitable shielding should be provided. 

Non-contaminated objects being brought into a contaminated area which are 
to be removed again should be bagged or wrapped where possible before entering 
the contaminated area if they will be difficult to decontaminate (e.g. electronic 
equipment). 

The contaminated wrapping and bagging will create solid waste, which is nor-
mally incinerated or compacted. The extra cost involved in processing this additional 
waste is usually negligible compared to the potential cost of decontaminating exten-
sive areas of building surfaces which have become contaminated. 

Objects, such as replacement pumps, valves and other components, which are 
to be permanently left in the contaminated area should be removed from their pack-
aging prior to entering the contaminated area. This minimizes the amount of radioac-
tive solid waste (i.e. packing material) that will be removed from the contaminated 
area as radioactive waste. 

Volume and size reduction techniques may result in the spread of contamina-
tion, usually by the deposition of air or water-borne particulate. HEPA air filters are 
normally used on devices which may produce airborne particulate. Alternatively, the 
processing area may have a separate controlled ventilation system, with appropriate 
filters to remove gross activity prior to the permanently installed plant systems. 
Processes which are carried out under water, such as some of the metal cutting oper-
ations, require filtration and/or ion exchange systems to improve the clarity of the 
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water, slag collection systems and underwater vacuum systems for debris removal 
on horizontal surfaces of the pool. 

Housekeeping and site personnel training is also very important for contamina-
tion control. Knowing what to handle and how to handle it can play a vital role in 
controlling the spread of contamination. Most nuclear power plant operating staff 
and nuclear contractor personnel are trained in contamination control and waste 
minimization procedures. General tradesmen, who may be called upon occasionally 
in various circumstances, are generally not trained in such procedures. Plant 
management should ensure that proper training is provided either by plant staff or 
by contractors. 

9. CONDITIONING OF ABNORMAL RADIOACTIVE 
WASTES 

9.1. INTRODUCTION 

The various treatment options discussed in previous sections produce waste 
that must be conditioned, that is changed to forms acceptable for transportation and 
disposal, or, in some cases, intermediate and long term on-site storage. Conditioning 
includes solidification, which involves processing radioactive waste to a solid 
monolithic matrix by mixing or incorporating it with a suitable material. The use of 
high integrity containers may be regarded as a suitable immobilization option. In 
some cases the conditioned abnormal waste form may not conform to regulatory 
requirements and temporary relief or permission could be sought from the appropri-
ate authorities to allow special dispositions of the wastes. 

9.2. SELECTION OF CRITERIA FOR ABNORMAL WASTE CONDITIONING 
OR IMMOBILIZATION 

The physical and chemical capabilities and performance characteristics of 
solidification agents and other immobilization techniques, such as high integrity con-
tainers, are well known and can be found in Refs [63,85,94], Should some abnormal 
waste challenge the ability of conventional processing techniques, a detailed analysis 
of the final product's characteristic should be performed prior to the selection of 
processing and conditioning or immobilization alternatives. Of particular interest for 
high specific activity abnormal wastes are: thermal stability radiation resistance and 
combustible gas generation, as they relate to the chosen product matrix [88-90]. 
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TABLE XIII. STRENGTHS AND WEAKNESSES OF CONDITIONING OPTIONS 

Leach 
resistance 

Fire 
resistance 

Long term 
stability 

Dispersion 
impact 
resistance 

Waste 
loading 

Process 
complexity 

Radiation 
resistance 

Normal concrete Moderate Good Good Medium Medium Medium Medium 
Bitumen High Poor Moderate Poor Good Medium Medium 
Glass High Very good Very good High Medium High High 
Organic polymer High Good Good High Medium Medium Medium 
Calcine Low Poor High Low High Low High 



9.3. CONDITIONING TECHNOLOGIES 

The conditioning technologies considered for abnormal waste are a combina-
tion of those currently available for low, intermediate and high level wastes. 

Treatment of significant quantities of abnormal radioactive waste can result in 
primary waste that may require additional processing or wastes that can have charac-
teristics that render low and some intermediate level conditioning techniques imprac-
tical, i.e. high nuclide specific activities, high heat generation rates. Intermediate and 
high level waste conditioning techniques may be appropriate for these wastes. Fol-
lowing the removal of gross activity from the waste stream, low and intermediate 
level waste conditioning methods can be employed. More detailed information can 
be found in Refs [14, 63, 85, 94, 113, 114]. 

9.4. SOLIDIFICATION AGENTS 

Concrete, bitumen and polymers are commonly used to solidify low and inter-
mediate level wastes and can be used as solidification agents for some abnormal 
waste streams. They have the advantage of being well known waste conditioning 
technologies and are generally available at most nuclear power plants. Care must be 
taken when evaluating radioactivity loadings of concrete and bitumen because these 
wastes may generate combustible gases by radiolysis [91, 92]. Bitumen is combusti-
ble and there is evidence that the incorporation of oxidizing agents increases the fire 
risk. 

Polymers are being used in both United States and Japanese facilities. The 
process produces stable products with low leachability and no free liquid. Among 
the polymers in current use as solidification agents are: vinyl ester monomers, poly-
ethylene, epoxy polymers and polymer modified gypsum cement. More information 
can be obtained in Refs [63, 115]. 

Glass and calcines are generally used for the solidification of high level waste 
such as at the Marcoule vitrification facility in France. A number of processes 
involving these agents as product have been successfully used worldwide. 

Additional solidification techniques that may have abnormal waste applications 
are discussed in detail in Refs [14, 47, 63, 94, 113]. Table XIII lists the relative 
strengths and weaknesses of some of the more common solidification options. 

9.5. ABNORMAL RADIOACTIVE WASTE CONDITIONING 
CONSIDERATIONS 

Installed plant radwaste systems could be modified to process abnormal radio-
active waste and the arisings conditioned by conventional techniques as described in 

69 



FIG. 5. Waste conditioning decision logic. 



an IAEA Technical Reports Series companion report [113]. Such modifications may 
include, but are not limited to, waste stream dilution techniques, procedural changes, 
delay of processing to allow decay of radionuclides, additional stages, etc. These 
may be a practical alternative if the volume of abnormal waste is relatively small. 
Larger volumes of abnormal waste will require additional considerations because of 
the length of the treatment campaign, increased costs and man-sievert expenditures 
and the large volume of conditioned waste to be disposed of if normal methods are 
employed. 

Evaluation of conditioning and immobilization options may yield a practical 
solution that results in a final product having characteristics that do not conform to 
regulatory disposal requirements. In this case, appropriate permission must be 
sought from the responsible authorities prior to initiating conditioning activities. 
There are a number of reasons why this situation could arise. Among them are: 
(a) Safety considerations associated with the handling and transport of large quan-

tities of radioactive materials. 
(b) Potential contamination of permanently installed plant equipment can cause 

accessibility problems owing to abnormally high radioactive fields. 
(c) Limitations of available processing equipment and personnel. 
(d) Safety of processed waste retention devices may require timely solutions to 

stabilize the waste form. 
(e) Consideration of the ALARA principle. 
Any variance obtained will most likely be of a temporary nature and deal specifically 
with individual conditioned abnormal waste forms. These considerations plus others 
are discussed in greater detail in Sections 2 and 3. An example of a waste condition-
ing decision logic is given in Fig. 5. 

10. STORAGE, TRANSPORT AND DISPOSAL 
10.1. INTRODUCTION 

The initial location of the abnormal waste on the site will rarely be appropriate 
for continued storage. Therefore, transfer to an alternate location for temporary or 
longer term storage is likely to be necessary at some time. Furthermore, waste condi-
tioning, if required, will generally involve transfer of the waste to the conditioning 
plant and subsequently into a conditioned waste store for temporary or longer term 
storage. Eventually, off the site disposal or storage will normally be required and 
this will involve transport through publicly accessible off-site routes, such as road, 
rail, waterways. The possibility also exists in some countries for unconditioned 
liquid or solid wastes to be transported off the site for conditioning at another 
location. 

71 



FIG. 6. Transfer of waste on and off the site. 
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Figure 6, which may apply to liquid or solid wastes, shows on and off the site 
transfers of waste that may be necessary. In general, the number of transfers should 
be minimized in order to reduce radiation exposure of site personnel and minimize 
the risk of contamination spread. The timing of transfer from one location to another 
will depend on the availability of conditioning and further storage capacity but may 
also be determined on radiological grounds. For example, on the one hand early 
transfer of waste into a store may be desirable in order to reduce the radiological 
hazard from it in its present location. On the other hand it may sometimes be 
desirable to leave the waste in its present location to allow radioactive decay to take 
place, thus reducing the radiological impact during transfer and further handling. 

The following sections discuss the on-site transfer, storage and off-site trans-
port of waste in terms of the special considerations needed for abnormal wastes over 
and above those for normal wastes, which are discussed in Ref. [2]. 

10.2. ON-SITE TRANSFER 

10.2.1. Liquid and gaseous wastes 

On-site transfer is used for the movement of liquid and/or gaseous wastes from 
one area of a plant to another as indicated in Fig. 6. The waste is usually being trans-
ferred either to the treatment area (e.g. hot workshop, decontamination facility, 
solidification, etc.) or to a temporary storage area for one or more of the following 
reasons: 
(a) To take advantage of natural decay of radioactive isotopes; 
(b) As a buffer storage because of abnormally large volume arisings; 
(c) To await the provision of special treatment systems; 
(d) For safety reasons where it is necessary to remove radioactive material away 

from a working area. 
Wherever possible installed transfer systems should be used, but the charac-

teristics of the abnormal wastes may require special consideration. For example, 
existing pipework may require additional shielding. However, new pipework may 
be required if location and/or capacity of existing lines are inadequate. The design 
and routing of such temporary pipes must take into account radiological safety con-
siderations, e.g. shielding and containment, and the need for decontamination, dis-
mantling and disposal after use. 

10.2.2. Solid wastes 
For abnormal solid wastes, the installed systems and conventional mobile lift-

ing equipment may need augmenting owing to: 
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(a) High activity which may give rise to the need for remote handling or extra 
shielding; 

(b) Capacity limitation (shape, size or weight); 
(c) Accessibility to the required plant or site areas. 

Shielded casks and overpacks are used for the transportation of highly radioac-
tive components both on the site and to a storage or disposal facility off the site. The 
size and configuration of the cask depends greatly upon its application. It should be 
designed such that it can be handled, loaded, sealed, lifted, etc., with existing or 
available equipment with due consideration for the safety of the operators. The most 
common shielding materials are lead, iron (steel) and concrete. The weight of casks 
can range up to tens of tonnes. Shielded casks can also be used for the temporary 
on-site storage of radioactive components awaiting either decay to safer handling 
levels or shipment to a storage or disposal facility off the site. Shielded casks which 
are used for off-site road transportation must meet the national regulations for 
Type B packages, usually based on the IAEA Safety Series No. 6 transport regula-
tions [116]. Depending on national regulations, less stringent requirements may be 
applicable to casks used exclusively for on-site transport. 

Large non-transportable, concrete shielded modules are also used in several 
countries for on-site storage of abnormal solid wastes. In Canada, horizontal cylin-
drical concrete structures of 3.3 m outside dia. by 2 m inside dia. by 7.6 m overall 
length (called 'dry storage modules') are used at the Pickering Nuclear Generating 
Station for on-site storage of the waste pressure tubes emanating from the retubing 
of two of the CANDtl reactors at the site. The modules and their use are described 
in greater detail in Annex I and Refs [117, 118]. 

Installed monorail and polar cranes along with mobile cranes can be used for 
moving shielded casks onto transportation vehicles. In some cases, they can also be 
used for movement of the casks over relatively large distances, if plant layout permits 
it. Pallet trucks, tow motors and fork lifts are frequently used for in-plant equipment 
movement. Airbags, rollers, heavy casters and other conventional heavy equipment 
movement devices are also frequently employed, especially for non-routine move-
ment of very heavy or physically large loads. Temporary ramps may be required for 
truck access to parts of the plant not normally used for transport purposes. 

10.3. ON-SITE STORAGE 

On-site storage may be necessary for abnormal wastes for the reason listed in 
Section 10.2. The specification of on-site storage facilities is going to be dependent 
upon whether or not: 
(a) There is time to allow a comprehensive design study to be undertaken; 
(b) Storage is intended to be temporary or longer term. 
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As a temporary measure, it may be necessary to use existing buildings until 
purpose built facilities can be provided, or until the waste is transported off the site, 
if this is possible in a short time-scale. 

Since the activity level of abnormal wastes may be higher than normally 
encountered, consideration of remotely operated handling systems, and adequacy of 
shielding and/or personnel access control may be required. 

More information concerning on-site and off-site storage systems may be 
found in Refs [119-121], 

10.3.1. On-site storage of unconditioned waste 

The on-site storage of unconditioned waste should only be undertaken on a 
temporary basis, pending the provision of a suitable conditioning process. Typically, 
active liquids or resins could be temporarily stored in readily available tanks. 
Although the safety standards pertaining to temporary storage may be less stringent 
than for long term provisions, nevertheless adequate attention must be given to the 
needs of shielding and prevention and/or containment of leakage. The possible need 
for venting may also require consideration for liquids and wet solids where radiolytic 
gases may be produced. In locating temporary storage facilities, the need for future 
connections or transfers to conditioning systems should be considered. 

Shielding may be the major safety consideration for solid wastes awaiting com-
paction or encapsulation. However, when allocating a temporary storage facility, 
provision of a layout or location which allows ease of retrieval should be attempted. 
High activity wastes can be segregated from low activity wastes through the use of 
temporary shielding walls and/or administrative controls. 

10.3.2. On-site storage of conditioned waste 
The on-site storage of conditioned waste may also be temporary or longer 

term. For temporary storage, similar considerations as described in Section 10.3.1 
will apply, except that in general the waste will be in a less dispersable form, and 
thus some of the safety constraints might be eased if appropriate. 

In designing longer term stores, the normal design safety standards should 
apply, although the nature of abnormal wastes may require novel technical solutions. 
The use of concepts such as modular concrete storage casks or buildings may provide 
a suitable solution in the shortest time-scale. 

10.4. OFF-SITE TRANSPORTATION 

Off-site transportation is normally required to remove solid waste from a plant 
site to a conditioning facility, a storage facility or a disposal facility. In some coun-
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tries, the off-site transport of liquid and/or wet solid waste is permitted. Indeed, fol-
lowing an unplanned event, the removal of liquid waste to an off-site conditioning 
plant may be desirable from an overall cost-benefit and risk consideration if better 
or more suitable treatment and conditioning facilities exist elsewhere. 

Off-site transportation of radioactive materials must fulfil the applicable 
national transport regulations, which are generally based on recommendations pub-
lished by the IAEA [116]. 

If containers are used, one should take into account extra shielding, as well as 
easy and fast loading and unloading. The handling process should avoid the spread 
of contamination. 

The transport of very large or heavy loads may require the approval of various 
government agencies not normally connected with regulation of the nuclear industry. 
In many countries, regulation of road and rail transport is made at a state or 
municipal level while responsibility for the radioactive aspect is almost invariably 
at the national level. Thus, depending on the distance travelled, the approval of 
several such local agencies may be required for a single movement. The transporta-
tion of 'special' wastes, such as those from a major maintenance programme may 
require the approval of special government review boards or committees or even full 
public inquiries. The situation for each country is different, but the applicability of 
the above aspects should be considered in all cases. 

10.5. OFF-SITE STORAGE 

Off-site storage may be required for abnormal wastes owing to one or more 
of the following reasons: 
(a) Insufficient on-site storage capacity; 
(b) Unsuitable on-site storage facilities; 
(c) National regulations and policy. 
In some countries off-site storage may also be used instead of final disposal for some 
or all waste categories. 

The specification of an off-site storage facility is dependent upon 
(a) Expected/planned storage time; 
(b) Type of waste; 
(c) Activity content. 
In principle, the reasons are the same as for on-site storage discussed in Section 10.3. 

Different types of storage facilities may be used for different wastes. An exam-
ple of a range of such facilities is shown in Fig. 7 which depicts the various 
engineered storage structures, both above ground and below ground, used at the 
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Bruce Nuclear Power Development Waste Operations Site in Canada for the central-
ized storage of waste from normal nuclear power plant operation. The various struc-
tures are generally built in a modular fashion from reinforced concrete and include 
liners, monitoring wells, drainage systems, etc., as appropriate. Similar facilities 
could be used for the storage and/or disposal of abnormal waste as appropriate for 
size, waste form and shielding requirements. 

10.6. DISPOSAL 

Disposal of radioactive wastes has been discussed in many IAEA reports 
[119-126]. It is governed by national regulations. Although the regulations differ 
widely from country to country, most include the concept of using different disposal 
options for different waste types generally based on radionuclide content and waste 
form, such as: 
(a) Shallow land disposal; 
(b) Disposal in geological formations at shallow depth; 
(c) Deep geological formations; 
(d) Sea dumping. 
However, not all countries have established disposal options. 

Abnormal waste must be processed in such a way that it can be disposed of 
in accordance with the national programme where such programmes have been 
established. The national programme also gives guidance on what criteria must be 
applied to the waste in order for it to be acceptable for disposal. It should be noted 
that in most cases national disposal criteria are based on normal radioactive wastes. 
Therefore, special temporary dispensations may be required in certain countries 
from disposal regulatory authorities for abnormal wastes which may not comply with 
the letter of the national regulations but do comply with the intent of the regulations. 

Where national disposal programmes are not established, general criteria for 
waste to be disposed of in different repositories can be found in other IAEA reports 
[119-121]. 
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Annex I 
EXPERIENCE WITH ABNORMAL WASTES AND THEIR 

MANAGEMENT IN SELECTED POWER PLANTS 

I - l . INTRODUCTION 

A selection has been made of examples stemming from accidents and from 
major reactor maintenance operations. The examples chosen are: 

Three Mile Island Unit 2 accident (United States of America) 
Chernobyl accident (Union of Soviet Socialist Republics) 
Spent resin system failure (United States of America) 
CANDU reactor retubing (Canada) 
Steam generator replacement at Obrigheim PWR (Federal Republic of 
Germany) 
Garigliano irradiated components (Italy) 
Tihange 2 high volume pool waste treatment (Belgium) 
Magnox reactor replacement of bellows (United Kingdom) 
Reactor circuit replacement (Hungary) 
Dresden Unit 1 decontamination (United States of America) 
Fuel cladding corrosion at Jaslovske Bohunice nuclear power plant A-l 
(Czechoslovakia) 

1-2. THREE MILE ISLAND UNIT 2 ACCIDENT (UNITED STATES OF 
AMERICA) 

1-2.1. Introduction 

The accident at Three Mile Island Unit 2, generated significant quantities of 
abnormal waste. Approximately 2500 m 3 of water with an activity of 1 TBq/m 3 

were released into the auxiliary building, fuel handling building, service building and 
diesel generator building. Another 2000 m 3 of water with an average of 7 TBq/m 3 

was contained in the reactor building. In addition a large quantity (approxi-
mately 60%) of the core inventory of noble gases and volatile nuclides were released 
to the reactor building. On inspection the reactor core was found to be largely broken 
down to rubble. Of the original 130 000 kg of core material (fuel plus structure) 
20-30% were found to remain as partially intact fuel assemblies. 
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1-2.2. Treatment methods employed 

Liquids. The water in the auxiliary buildings was treated using conventional 
organic resin technology in a system known as EPICOR II [1—1]. A proprietary mix 
of conventional anion and cation bead resins was used in the processing campaign. 
The EPICOR vessels used were 1.5 m 3 liners containing roughly 0.9 m 3 of ion 
exchange resin. Of the 75 liners deployed, 50 were highly loaded containing about 
7.4 x 10 1 3 Bq of mostly 1 3 7 Cs and 9 0 Sr each. The United States Department of 
Energy (USDOE) accepted these wastes for disposal at their Idaho Falls facility. 

Additional processing and performance data of the zeolite ion exchange media 
can be found in Ref. [1-2], Of further importance and caution, data detailing hydro-
gen gas generation within liners removed from service can be found in Refs [1-3, 
1-4] and review of these references is encouraged. 

Further performance data, including the results of resin degradation studies 
applicable to the EPICOR II resins, can be found in Ref. [1-5], 

Reactor building and reactor cooling system liquids were treated with the sub-
merged demineralizer system (SDS) [1-1], The SDS was installed in the reactor 
building fuel pool and utilized zeolite material to function as an ionic sieve to remove 
caesium and strontium activity from the waste stream. 

Each SDS liner was 0.3 m 3 in volume and contained 0.23 m 3 of ion exchange 
resin. The liners were each capable of containing 2.2 X 10 1 5 Bq of 1 3 7 Cs (total 
nuclide activity 3.7 x 10 1 6 Bq). Approximately twelve liners were used during the 
campaign. The effluent of the SDS system was coupled with the EPICOR II system 
for additional 'polishing' of the water. Waste shipments were made using high 
integrity containers [1-1] in shielded shipping casks. The USDOE also accepted these 
wastes for disposal at Idaho Falls. 

Gases. The radioactive gases released from the reactor coolant system were 
contained in the reactor building. The radwaste gas system was modified to allow 
transfer of gases that were going back into the reactor building. The gases were 
allowed to decay for over 15 months and a controlled vent was performed releasing 
1.7 x 10 1 5 Bq of 8 5 Kr and trace amounts of other gases to the environment over a 
two to three week period [1-6]. 

Solids. By the end of 1987, approximately 75% of the reactor core inventory 
had been removed. The reactor head and plenum barrel were removed to allow 
access to the core region and a shielded work platform has been installed above the 
reactor core. Using various drilling and grapple tools [1-7], the core material was 
loaded into disposable fuel canisters that contain poison material and catalytic recom-
biners [1-8], Each canister was designed to accommodate one fuel assembly (or a 
similar quantity of rubble). Canister storage prior to shipping has been maintained 
in the spent fuel pool. A shipping cask [1-9] has been designed to accommodate 
seven canisters for transportation by rail to a USDOE site for temporary storage and 
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further analytical studies. Approximately 30 such shipments are expected to be 
required to complete core removal. 

1-3. CHERNOBYL ACCIDENT (UNION OF SOVIET SOCIALIST 
REPUBLICS) 

During the testing of one of the turbogenerators of Unit 4 at the Chernobyl 
graphite moderated light water cooled reactor near Kiev in the Ukraine, a critical 
excursion took place leading to fuel fragmentation and to a steam explosion and rup-
turing of all the fuel channels. The pressure was sufficient to move the 1001 top slab 
of the reactor core. A few seconds after the steam explosion, a second explosion, 
probably hydrogen and carbon monoxide contacting with air, took place. 

Some 3.5% of the core radioactivity inventory escaped from the reactor. About 
1.5% lay within a radius of 20 km, while 0.3-0.4% of the fuel was on the site in 
the form of 1-10 /xm particles. The surfaces of Units 1-3 were contaminated, mainly 
through the ventilation system and also as a result of the spread of radioactive dust. 

1 The condition of the remains of the core was monitored by 10 special instru-
ments lowered to the debris by helicopters to provide data on temperature, heat flow 
and air flow required to determine how the planned concrete tomb would be built. 
The thickness of the protective concrete walls would be 1 m or more. 

The cleanup of the Chernobyl station included the following items: 
-f- Entombing the ruined Unit 4; 
— Restarting Units 1-3; 
-j- Returning the locality to normal agricultural and industrial life. 
! During the accident, radioactive waste was scattered over the plant site 

unevenly. In order to reduce the spread of radioactivity, the site, the roof of the tur-
bine building and the sides of the roads were treated with rapid polymerizing solu-
tions sprayed by helicopter to prevent dust formation. 

i To facilitate decontamination, the site was divided into zones. Decontamina-
tion in each zone was carried out in the following order: 

— Removal of debris and contaminated equipment; 
— Decontamination of roofs and external surfaces; 
— Removal of soil 5-10 cm thick, partly by remotely controlled bulldozers, and 

its transportation in containers to the solid waste storage vault of Unit 5; 
— Laying, where necessary, concrete slabs or filling in with clean soil; 
— Covering of slabs and non-concrete parts of the site with film forming material; 
— Restriction of access to the treated site. 

Daily rate of decontamination ranged from 15 000 to 35 000 m 3 . The 
entombment activities were carried out in the following sequence: 
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— The surface layer of soil adjacent to Unit 4 was removed to local sites and the 
area covered with concrete and levelled to enable self-propelled machinery to 
move about safely; 

— The roofs and walls of the buildings were decontaminated; special polymer 
pastes were used where the contamination was high; 

— Protective walls were built to enable the construction of the main civil 
engineering structures for the complete entombment of Unit 4. 
The following description of the equipment used is taken from Ref. [I-10]. 
The decontamination operation turned out to be a good deal more complicated 

than originally anticipated. Considerable difficulties were encountered owing to the 
varied nature of surfaces in the area to be decontaminated. It was obvious that the 
decontamination methods had to be different to suit the respective features of the ter-
rain such as asphalted and concrete surfaces, lawns and parks, shrubbery and bush 
growth, woods and forests, rivers, lakes and other water reservoirs, roofs and walls 
of buildings and other structures, and also production and support equipment on open 
air sites. Decontamination methods had to be different even for various types of roof-
ing materials, such as sheet metal, ruberoid (a kind of roofing felt), slate and tile. 

The choice of decontamination methods and tools was also limited by the den-
sity of buildings and structures on the site, the arrangement and configuration of the 
mechanisms and equipment and the nature of the materials they were made of. All 
these features were relevant in determining the feasibility of employing either 
mechanical or manual methods and whether radiation source removal should be by 
mechanical or chemical means. A most important criterion in the choice of decon-
tamination methods and means for the cleaning of roofs was the load bearing capacity 
of girders and trusses, roof floors and roof structures. 

Still more important were the radiation intensity levels which determined the 
class of equipment to be used: robots, remote control, radiation protected (for the 
operator) or ordinary unprotected equipment. In all cases special consideration was 
given to possible emergence of unpredictable situations hazardous to the operator's 
health, such as high concentrations of harmful gases and dust, collapse or caving-in 
hazards, flooding, crashing down or jamming of the equipment. 

1-3.1. Classes of equipment used 
To handle the varied jobs three classes of equipment were used: remote control 

vehicles, vehicles and machines with radiation protection for operators, and conven-
tional road building and obstacle clearing machines. The essence of the decontamina-
tion techniques employed in the area surrounding the destroyed power unit lay in 
removing the contaminated surface layer of the soil, and in some places in vacuum 
cleaning operations or segregating the radiation sources by burying them under 
layers of earth or concrete. The soil, dust and debris that were removed were loaded 
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into containers and transported to the disposal grounds to be interred in specially 
designed 'entombments'. Most of the highly radioactive dust and debris was dumped 
down through the break in the reactor and then encased in the 'sarcophagus'. 

The area surrounding Unit 4, which comprised roads, lawns and parking 
spaces, was moderately convenient for cleaning operations with self-propelled vehi-
cles. Most difficult for cleaning were the roofs and densely packed areas such as 
those accommodating power distribution equipment. 

Specially adapted road construction and obstacle clearing equipment with 
remote control and similar equipment with operator control and strong radiation pro-
tection were used for decontamination jobs round the power unit in close proximity 
to the collapsed structures and walls, where radiation levels were nearly 1000 R/h 1 . 

1-3.2. Equipment with radiation protected operator 

This equipment was most extensively used and was subdivided into three 
subclasses: 

The first subclass included equipment with operators' cabins protected against 
radiation by 100 mm of lead with a dose reduction coefficient of not less than 
1000 times. This equipment was used in areas with radiation levels reaching 
hundreds of rontgen per hour. 

In the second subclass came equipment with dose reduction coefficients of 
100-200; this was used in areas with radiation levels numbering tens of rontgen per 
hour. 

The third subclass comprised equipment with dose reduction coefficients of 
5-20 which was used in areas with radiation levels of up to 10 R/h. 

The first or second subclass protection was fitted to obstacle clearing vehicles 
with grab buckets mounted on telescopic booms, heavy duty bulldozers, cranes and 
loaders. 

Subclass three protection was used on numerous machines such as concrete 
pumps, power shovels, trenching machines and crane trucks, and all available motor 
transport vehicles (Crew carrying vehicles, dump trucks, concrete delivery trucks, 
concrete mixers and even motor fcoaches) . Such protection was sufficient for all Vehi-
cles that entered the contaminated zone. 

Among other means of radiation protection for operators were equipment fitted 
with mobile repair shops, welding power generators, concrete breakers, compres-
sors and so on. 

In the overall complex of equipment used a large part was played by powerful 
vacuum cleaner vehicles with radiation protected cabins and special filtering systems 
capable of very fine cleaning of the air before returning it to the atmosphere. 

1 1 R = 2.58 x 10" C/kg. 
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The adaptation of equipment for new purposes and tasks required solutions to 
a number of engineering problems. For example, the obstacle clearing machines, 
bulldozers, pipelayers and heavy duty cranes were, in addition to the thick lead cabin 
protection, provided with observation windows made of suitably thick lead glass, air 
filtering units to catch radioactive dust, television, periscopic observation equip-
ment, outside and inside dosimeters, and also two way radio communication between 
operator and supervisor-dispatcher. The cabins were hermetically sealed. Inside the 
cabins excess pressure was maintained by pumping air through filters. A number of 
vehicle cabins were air conditioned. 

To simplify the decontamination of vehicles, their outside surfaces were 
sprayed with easily removable epoxy paints with special additives, whereas the inner 
surfaces were covered with polyethylene film and plastics. To protect the internals 
of vehicle engines their air intake and oil feed systems were provided with special 
filtering units. The vehicles were fitted with automatic coupling devices to enable 
them to be hauled out of a.dangerous zone in an emergency. 

The first vehicles of this kind arrived at the site a month after the accident 
occurred. On the whole, the equipment fitted with radiation protection was adequate 
for the jobs required. However, there were several shortcomings: 
(a) The frames and springs of the adapted equipment (bulldozers, power shovels, 

cranes) could barely withstand the added loads owing to the heavy radiation 
protected cabins weighing up to 8-10 t. 

(b) The vehicles were less stable, less manoeuvrable and more difficult to control. 
(c) The cabin windows afforded a limited view of the vehicle's tool and its move-

ments, especially backwards and sideways. 
These shortcomings suggest that, to achieve better performances, equipment 

should be specially developed rather than adapted from existing models. 

1-3.3. Remote control equipment for outside jobs 
Of the machines (50 altogether) used for decontamination of the territory, there 

was a significant number of radio controlled bulldozers, power shovels, loaders and 
obstacle clearing vehicles. Among them were some Chelyabinsk bulldozers made in 
the USSR, 'Kamazus' from Japan, front-end loaders from Poland, and 'Toros' 
from Finland. All the vehicles proved to be reliable in operation and easy to control 
by radio, and fulfilled their functional jobs. In May the greater part of work on the 
site was carried out by bulldozers. However, all the radio controlled earth moving 
vehicles had one very significant disadvantage: the operator had a very poor view 
of the vehicle's tool and could not judge the speed, actual loading, position, and so 
on, which markedly decreased the effectiveness of the job performed. Therefore, in 
zones with low radiation levels the operator of a vehicle could be seen walking beside 
the machine, looking under the bulldozer blade and controlling it with a hand held 
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portable control console. As a result, the greater part of the soil decontamination jobs 
in radioactive zones was carried out by vehicles with radiation protected cabins. It 
can safely be said that the radio controlled equipment could not rival the equipment 
with radiation protected cabins. 

1-3.4. Robot remote control mechanisms for operation on the roofs 
An additional factor affecting the choice of decontamination means for roof 

areas contaminated by radioactive deposition is the limited load sustaining capacity 
of building structures and floors. Collection of the fragments of concrete and metal 
reactor structures and pieces of nuclear fuel that landed on the roofs was therefore 
performed by robot machines and/or equipment provided with radiation protection 
for the operator, depending on the existing radiation intensity levels. 

This equipment included robots for radiological reconnaissance and for decon-
tamination operations (the robots were made in the USSR and in the Federal Repub-
lic of Germany). 

Although the greater part of those machines had been originally designed as 
robots to operate in accordance with pre-set programmes, it was economically 
unsuitable and technically almost impossible to try to work out effective algorithms 
in the chaotic conditions created after the release of fission materials following the 
explosion in the reactor building. They were used essentially as remote radio or cable 
controlled machines. These vehicels carried manipulators and water cannons but 
they were used mainly because they were fitted with bulldozer blades and cutters. 
The purpose of these tools was to rake up or skim the debris after the explosion in 
order to push it down into the crippled reactor, or load it into detachable containers. 
Control was effected through television (TV) channels; all the machines carried TV 
cameras. Water cannons were used for washing off the dust and crumbled concrete. 
To remove the pieces which embedded themselves in the soft roofing felt (paper) 
during the fire or as a result of the heat released, the operators employed cutters 
which removed the surface layers of the felt. 

On the basis of the fact that the equipment with radiation protection was more 
effective than that with remote control (owing to the ability of the operator to effect 
direct control of the vehicle and the self-sufficiency of the vehicle) the project 
allowed some miniature equipment which had radiation protected cabins and was fit-
ted (like the remote control vehicles) with bulldozer blades, cutters and grab buckets 
to be used on some of the roofs. This equipment included the Czechoslovakian T-4 
miniature tractor, the USSR manufactured T-16 self-propelled chassis and the light 
'Vladimirets' tractor. 

The tools on this equipment were methodically used to complement each other. 
For example, after the bulldozer blade had been used, there remained some untreated 
soft roofing surfaces which were slashed with the cutters before removal. After all 
types of mechanical cleaning had been made there remained some spots which were 
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practically inaccessible, for example, those under the supports of the exhaust stack, 
near the railings and lightning rods, round air duct flashings, near the eaves, gutters 
and fire service water pipes, and at various joints and seams. Those places were 
manually cleaned by workers because the remaining radiation intensity levels were 
substantially lower compared to those existing originally. The workers wore lead 
protected clothing (vests, aprons, trunks, skirts and so on) and were allowed to work 
for a limited time and only with special permits. 

It should be emphasized that the robot machines had all been devised prior to 
or built after the accident without sufficient knowledge of the conditions in which 
they were to operate. This was particularly evidenced by the shortcomings in radia-
tion resistance of the control equipment, methods of power supply, ground clearance 
of vehicles, manipulator grabbing parameters, the self-decontamination ability of 
vehicles, and so on. A particularly serious shortcoming was the malfunction of the 
electronic control systems in areas with radiation intensities of 600-800 R/h, and 
after a few days of work in the radiation environment the robot refused to respond 
to commands and then went dead. To improve the radiation resistance of the control 
equipment under such conditions it is sometimes more profitable to employ simpler 
cable control systems or lead-clad electronic control blocks which never fail. In prac-
tice, none of the robots was designed to operate in conditions of high humidity or 
in rain. Rain water or water from the water cannons penetrated freely into electronic 
blocks and TV equipment. All the mechanisms used on the roofs lacked sufficient 
tractive force although the maximum ones of 700 kg used their full weight of 
1100 kg. Cable control and cable power supplies proved to be very inconvenient as 
the cables got under the wheels of the vehicle or the caterpillar tracks and entangled 
themselves in debris as the vehicles moved and thus they collected radioactive dust. 
It seems such systems may only be used in uncomplicated situations where 
manoeuvring is not required. Radio control was preferable to cable control although 
it was impaired by interference caused by radiation and wave screening or reflecting 
surfaces. 

The major practical and scientific conclusions drawn from the use of robots 
for decontamination purposes on the roofs of Units 3 and 4 point to the feasibility 
of developing experience based mechanisms which would fully meet the require-
ments that may arise in similar accidents. 

Despite the shortcomings found during the use of robot mechanisms with 
remote control, experience has proved their unambiguous efficiency for a number 
of jobs with high radiation hazards created by similar accidents. These are primarily 
the mechanisms designed to operate on roofs and also to operate in 'hazardous for 
operator' situations such as caving-in, collapsing structures, floods, high tempera-
tures or gas concentrations. 
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1-3.5. Other mechanical decontamination methods 
Besides the mechanical removal of a layer of contaminated soil, there were 

some other decontamination methods extensively used to overcome the effects of the 
Chernobyl accident. The second most widely used method consisted in covering the 
contaminated soil with clean materials, such as gravel, earth, sand and especially 
concrete slabs or raw (liquid) concrete. Practically the whole territory of the power 
plant (after the radioactive sources had been removed) was covered with a layer of 
concrete, and within the Unit 4 zone a double layer of concrete was used. In certain 
situations, especially those limiting the use of large transport vehicles such as, for 
example, on power distribution sites, it was convenient to cover parts of the areas 
manually or with the help of hydropumping systems. The latter were especially 
effective in decontaminating wooded areas. 

The method of search with collimated detectors and selected removal of intense 
radiation sources cannot be evaluated either positively or negatively. It is of some 
interest because it allows lighter radiation protected equipment to be moved into 
areas cleaned by this method. However, the movement of vehicles for scanning oper-
ations led to undesirable mixing, sinking and transportation of the radiation dust, 
which necessitated the removal of thicker soil layers and increased the volume of 
work to be done. Using this method it is difficult to avoid spreading contamination 
over the whole area. However experience has shown that the most effective method 
by far was 'frontal advance' with successive types of equipment having various 
classes of radiation protection. 

In conclusion it is necessary to emphasize that the mitigation of effects of such 
magnitude required the use of a whole spectrum of construction and road building 
equipment owing to the fact that the decontamination of the territories went simul-
taneously with the removal of collapsed structures, road blocks and similar obstacles, 
the pulling down of small buildings and structures, loading and unloading operations, 
grading and covering considerable areas with concrete, erection of protective walls 
and shelters, and so on. , 

1-4, SPENT RESIN SYSTEM FAILURE (UNITED STATES OF AMERICA) 

The incident of spent resin system failure occurred at the Dresden nuclear 
power plant. The two 772 MW(e) BWRs (Units 2 and 3) are served by a common 
radwaste treatment system. The components installed for treatment of spent ion 
exchange resin consisted of a 114 m 3 spent resin storage tank, two 23 L/min spent 
resin sluice pumps and associated support components, such as air and water sparges 
on the tank, and sluice water additions to the pumping system. Waste product 
delivery was either to the station solidification unit (cement) or directly to spent resin 
transport containers that were dewatered prior to presentation for transportation and 
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disposal or storage. A failure in a valve from the tank to the sluice pumps suction 
prevented the transfer of spent resin in a normal fashion. Radiation levels in the 
vicinity of the valve would not permit personnel access for maintenance. Both units 
required replenishment of on-line ion exchange columns to ensure continued reactor 
plant water quality. However, the spent resin storage tank was full. Plant shutdown 
was imminent and alternative methods of pumping of spent resin and its temporary 
storage in mobile tanks were required. 

Concurrent with the foregoing, the station was performing cleanup of 
10 000 m 3 of slightly contaminated soil resulting from an unrelated incident. Rect-
angular disposable steel containers (approximately 2 m 3 ) were being fabricated to 
package the contaminated soil for disposal. 

Alternative pumping methods for the spent resin from the spent resin storage 
tank were developed and mobile tanks were brought to the site for temporary 
storage. However, the shielding of the excessive dose rates from the spent resin 
stored in the temporary tanks required consideration. The contaminated soil bins dis-
cussed previously were modified to permit remote handling by lifting cranes and 
were placed one on top of another to a height of about 5 m. Placement was in a rec-
tangular pattern around the temporary spent resin storage tank area, thus providing 
shielding of one abnormal waste by another. 

1-5. CANDU REACTOR RETUBING (CANADA) 

In August 1983 a sudden pressure tube failure occurred in the Unit 2 reactor 
of the Pickering Nuclear Generating Station in Canada (where there are eight 
CANDU PHWRs). The investigation following the failure led to a decision by the 
operating utility, to replace all of the Zircaloy pressure tubes in Units 1 and 2. This 
decision created an immediate need for engineered systems to deal with the large 
quantities of abnormal solid radioactive wastes that would be produced during the 
pressure tube removal operations. , 

The abnormal waste arisings were categorized by their level of radioactivity. 
Material such as washers, sleeves, and fasteners, having contact fields less than 
3 mGy/h, are classified as low level waste. Medium level wastes, such as the out-
board section of fuel channel end fittings, have contact fields between 3 mGy/h and 
30 mGy/h. These two categories of waste were considered to be 'normal' and were 
dealt with by the normal station procedures (bagged, placed in standard 1 m 3 waste 
shipping containers, and sent for storage to the Reactor Waste Operations Site at the 
Bruce Nuclear Power Development). 

The bulk of the radioactive waste is considered to be 'abnormal' with high 
activity (contact fields greater than 30 mGy/h) and large component pieces. The high 
activity waste comprises irradiated pressure tubes (fuel channels), shield plugs, 
garter spring spacers and the inboard section of fuel channel end fittings. 
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The pressure tube waste containers are steel pipes 6.2 m long by 167 mm 
diameter and have one closed end. Each container holds one pressure tube and the 
two shield plugs and garter springs associated with that tube. The containers are 
loaded in the reactor building and sealed to contain loose activity. A loaded container 
weighs about 180 kg and typically has a contact field of about 5 Gy/h. A total of 
780 pressure tube waste containers were used (about 150 Mg). 

The fuel channel end fittings are cut into two sections during the pressure tube 
removal operation. The inboard stubs, which are the highly active portion, about 
2.2 m long by up to 196 mm diameter, weigh about 110 kg each, and have contact 
fields as high as 12 Gy/h. The outboard stubs, with contact fields typically less than 
10 mGy/h, are treated as normal medium level waste. 

The irradiated component management system (ICMS) was developed on the 
basis of the dry storage module (DSM) concept for highly radioactive waste manage-
ment. The role of the ICMS includes the handling and storage functions for both 
irradiated components and DSMs. In January 1984, work commenced on the produc-
tion of a detailed DSM design, the development of a safe and reliable means of trans-
ferring the irradiated components into the DSMs, and the design of DSM loading 
and storage areas. The re tubing programme schedule allowed about one year for 
completion of all ICMS engineering, procurement, licensing, construction and com-
missioning activities. 

The boundary of the ICMS was defined as an area on the ground floor of the 
reactor auxiliary bay between Units 1 and 2. A lead-shielded vessel, or flask, con-
taining the irradiated components is lowered by crane through a hatchway in the floor 
above the ICMS boundary area. The ICMS equipment delivers the flask to an area 
called the transfer station, unloads the components into a DSM, returns the flask to 
the hatchway for pick-up and reuse. When the DSM is full, it is transported to a 
storage area where it will remain until permanent disposal is effected. For the two 
unit retubing, approximately 300 flask trips will be required and up to 18 DSMs 
would be required. 

The DSMs are horizontal cylinders about 7.6 m long by 3.3 m in diameter with 
0 .61m thick steel reinforced heavy concrete walls. The empty weight of a DSM with 
its integral steel support saddles is about 159 Mg. The module dimensions were 
governed by the length of the pressure tube waste container, the required shielding 
thickness, and a practical limitation on the gross weight of a loaded module. 

The epoxy coated steel inner and outer shells of the module served as a pouring 
form for the concrete and provide protection against impact and environmental 
extremes over the minimum 50 year design life of the module. All-welded joints and 
sealed penetrations prevent the ingress of water during storage. 

The utility's construction forces began building the DSMs in August 1984 at 
the rate of one per week. Up to five were under construction at a time in a station 
unloading bay. The two turbine hall cranes were used to turn the completed units 
from the vertical to the horizontal position. 
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The DSMs are moved between the fabrication, loading, and storage areas on 
a 48-wheel steerable float with self-contained hydraulic jacks to raise and lower the 
bed. With the float positioned under the DSM, the bed is raised to lift the module 
off its supports. The float is then towed to its destination and precisely positioned 
before the module is set down. Actual fields measured on the full DSMs are 
0.01-0.1 mGy/h at the surface and 0.025 mGy/h or less at 1 m. Direct measurement 
of the fields from waste components are lower than expected. End fittings are typi-
cally 10-6 Gy/h at 0.3 m. Pressure tubes are 1-6 Gy/h at 0.3 m. Each module will 
accept up to 90 tubes and no crossing, snagging or jamming of components has 
occurred. 

Transfer of material from flasks to module has been largely troublefree. The 
transfer operation is faster than component removal by the reactor rehabilitation 
crews. On-site handling is now routine and 11 full modules are stored on their 
saddles in the on-site storage area. 

More detailed information can be found in Refs [I— 11, 1-12]. 

1-6. STEAM GENERATOR REPLACEMENT AT THE OBRIGHEIM PWR 
(FEDERAL REPUBLIC OF GERMANY) 

In June and August 1983 both steam generators were replaced at the Obrigheim 
PWR. At the same time the yearly fuel element change and the modification and 
repair works were done. Therefore, it was not possible to keep completely separate 
the waste arising from both jobs. Considering the relatively low quantity of waste 
arisings this is of little importance. 

The old steam generator units, containing about 4.86 X 10 1 3 Bq of ^Co 
each, are being stored in a special building at the plant site so the activity decreases 
as a result of the of ^Co decay. No decontamination or dismantling has begun so 
far. 

Special care was taken during the replacement to keep contamination and waste 
at a minimum. Several locations for decontamination were made available, e.g. at 
the reactor transport lock, in the 'hot' workshop which provided the possibility of 
ultrasonic cleaning, and in the reactor vessel head pit for decontaminating larger 
parts by using rotating brushes. Decontamination with a 50 MPa pressurized water 
jet was used for metal parts, e.g. for the large number of scaffolding materials used 
to support the steam and feedwater lines connected to the steam generator in the reac-
tor building. Two special Freon decontamination boxes served for the decontamina-
tion of electric, electronic and slightly contaminated equipment. For the cleaning of 
clothes a Freon washing machine was used reducing the amount of contaminated 
waste water. 

Stored equipment and tools from the reactor hall and components that had been 
removed, e.g. motors of the main coolant pumps and steam generator shielding, 
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TABLE I-1. WASTE PACKED IN 200 L DRUMS AT THE OBRIGHEIM PWR 

Waste packed Number of 200 L drums 

Insulating wool, compressed with a 2000 t press 33 
Scrap, insulating cover, compressed with a 2000 t press 23 
Cemented electrolyte from the electropolishing 
decontamination of parts of the primary circuit 
Burnable waste pressed with 15 t press 173 
(volume was partly reduced by burning down; the final 
volume is estimated to be 10 drums containing conditioned 
ash and 4 drums containing non-burnable materials) 
Mixed waste, pressed with a 15 t press 
(estimated number; separation from other sources not possible) 
Building material; cemented boring sludge 2 
Cemented waste water evaporator concentrates 
(the drums were partly filled with scrap and number 20 
is estimated; separation from other sources not possible) 

were decontaminated as much as possible and stored in nearby buildings. Then the 
waste was promptly moved to designated temporary storage places, and kept in con-
tainers outside the reactor building together with quantities of insulating wool. 

Decontamination proved to be very successful. The heavy steel equipment such 
as welding and annealing machines were decontaminated to very high decontamina-
tion factors (DFs), scaffolding material to a DF of about 20 and the cables, tools, 
annealing mats to a DF of about 10. It is intended to reuse equipment and tools hav-
ing a very low residual contamination level in the controlled area of the power sta-
tion. Roughly 30% of the insulating wool was free of contamination. 

Table 1-1 shows the distribution of 200 L drums allotted to various qualities 
of waste arisings. 

1-7. GARIGLIANO IRRADIATED COMPONENTS (ITALY) 

In the late 1960s during the first years of operation of the Garigliano nuclear 
power plant a number of irradiated steel components, mainly fuel channels, arose; 
their present residual activity is as high as 49.95 X 10 4 GBq of 6 0 Co. 
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These channels were initially stored in the plant spent fuel pool. However, 
owing to the lack of space and potential interference with spent fuel handling, an 
underground pit was dug outside the reactor building. This pit, filled with water for 
shielding purposes, has housed crushed channels and other irradiated components for 
nearly 20 years. 

A recovery and encapsulation project is now in the design stage. Irradiated 
materials will be embedded in concrete modules and temporarily stored on the site. 

1-8. TIHANGE 2 HIGH VOLUME POOL WASTE TREATMENT (BELGIUM) 

At Tihange 2 facility, low activity but high volume (720 m 3 ) pool waste was 
treated by flocculation in 24 successive batches. The final waste volume from floccu-
lation, approximately 5 m 3 , was further reduced in volume to 0.5 m 3 using a thin 
film evaporator. If traditional evaporation techniques had been employed in the ini-
tial 720 m 3 of pool waste, the resultant evaporator concentrate requiring disposal 
would have been approximately 35 m 3 . The overall cost of treating this type of 
waste was thus greatly reduced, particularly when dealing with a waste which is 
abnormal in volume, but not abnormal in activity. 

1-9. MAGNOX REACTOR REPLACEMENT OF BELLOWS 
(UNITED KINGDOM) 

Early design UK Magnox gas cooled reactors were of an all metal pressure cir-
cuit design. To compensate for thermal movement within the circuit it was necessary 
to incorporate expansion bellows, constructed in carbon steel, between the reactor 
and boiler circuits. 

At Berkeley Power Station, after many years of successful operation cracks 
were detected in some of these units during the course of routine non-destructive 
examination. On the basis of this evidence a decision was taken to replace 14 of the 
bellows. 

Each unit is a convoluted cylinder of approximately 2 m diameter and weighs 
9 t. Upon removal, some of the units were found to be slightly neutron activated, 
principally via ^ C produced from inactive cobalt impurities in steel. In all cases the 
bellows were internally contaminated, principally with activation products in the 
form of particulates. 

To date, nine of the bellows are still stored at the site in their 'as removed con-
dition' and sealed to prevent the spread of contamination. 

Of the remaining five units removed, all were decontaminated in a special 
facility using a wet sand blast technique; the spent solids and sand resulting from the 
decontamination operation were routed to the UK British Nuclear Fuels pic, Drigg 
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Site, for disposal. All liquid arisings were treated via the power station's liquid 
effluent treatment plant. 

The purpose of the decontamination was to enable one of the bellows to be 
repaired and returned to service, and the others to be routed off the site for subse-
quent high pressure testing. 

This work is now complete arid, with their useful life finished, two of the units 
have been cut up; the other two will also be cut in the near future. 

Final analysis of the dismantled units has enabled the activated steel items to 
be sent to Drigg for disposal and the fully decontaminated non-activated steel to be 
disposed of as inactive scrap. 

I-10. REACTOR CIRCUIT REPLACEMENT (HUNGARY) 

As with decommissioning, the reconstruction of a nuclear facility also 
produces abnormal wastes. Although it is not a power plant, the reconstruction of 
the research reactor of the Central Institute for Physics of the Hungarian Academy 
of Sciences provides a useful example. During this work the reactor was upgraded 
from 5 MW(th) to 20 MW(th) capacity and the whole primary circuit was replaced. 

The reactor has been operating for more than 25 years and the activated equip-
ment can be divided into two parts from the radiological point of view: 
(a) Primary circuit piping and equipment, mainly stainless steel, having mostly 

surface contamination — dose rate: 5—10 /iGy/h at 10 cm. 
(b) The reactor vessel and the internals. The material is mostly aluminium alloy 

and the contamination is by activation. The dose rate at the core level is 
100-1000 ft Gy/h; and at other levels 10-100 /xGy/h. 
The whole work produced about 150-200 m 3 of solid and 100-150 m 3 of 

liquid wastes. 
The classification of the wastes was made according to Hungarian standards. 

The solid wastes were transported to the Hungarian Surface Waste Repository. 
The following steps were taken before the transport: 

— Cutting and dismantling 
— Painting and packing 
— Temporary storage 
— Loading of the transport vehicle. 

Painting: This was a very effective way to minimize the spread of activity and 
so saved much unnecessary decontamination work. 

Painting was applied in the following cases: 
— To the outer surface of the waste transport drums; 
— To those wastes which could not be packed into polyethelene and were packed 

in containers; 
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— To large items (ion exchange columns, heat exchangers, etc.) which were 
transported with closed nozzles. 
It is worth noting that it was easier not to cut the large items but to transport 

them without packing since this reduced the total dose commitment. 
Temporary storage: As there was no special storage room the reactor hall 

served for this purpose. To reduce the dose rate from three of the waste drums, spe-
cial lead 'bells' with a wall thickness of 30 mm were used. 

Packing: The following were used: 
— Drums of 250 L mainly for the metallic and heavy wastes and for those with 

a higher dose rate; 
— Tubes with an o.d. of more than 250 mm were cut so that the straight parts 

blinded could be filled with smaller tubes; the length of these packages was less 
than 1800 mm; 

— Bags for the lightweight wastes (clothes, etc.); 
— Containers with a size of approximately 900 mm x 690 mm x 940 mm for 

the transport of equipment of a large size; 
— A 350 kg lead container with remote opening and closure for the transport of 

parts which were small and highly active (less than 100 mm dia-
meter X 200 mm long). 
The liquid wastes were treated by the existing systems using ion exchange or 

evaporation. 

1-11. DRESDEN UNIT 1 DECONTAMINATION (UNITED STATES OF 
AMERICA) 

After thirteen years of operation (startup was in 1960) Dresden Unit 1 nuclear 
power plant was shut down for decontamination of the primary system and the 
related, directly connected, reactor auxiliary systems. The reasons for decontamina-
tion were the increasing fixed dose rates on process piping and components due to 
plate-out, which precluded personnel access for the necessary maintenance in numer-
ous areas. 

Within the pre-planning phase for system decontamination, waste condition-
ing, pretreatment, processing and disposal options were thoroughly evaluated over 
a six to nine month period. An estimated 1893 m 3 of chemical decontamination 
solutions were anticipated to be developed as abnormal waste. Plant systems were 
deemed inadequate to treat the waste because of the high concentration of radio-
activity which would require further evaluation and additional secondary waste 
generation. 
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Accordingly, temporary tankage was constructed and mobile process systems 
were employed, exterior to all permanent plant systems, to effect processing and 
packaging for disposal of the abnormal wastes generated. 

1-12. FUEL CLADDING CORROSION AT JASLOVSKE BOHUNICE 
NUCLEAR POWER PLANT A-l (CZECHOSLOVAKIA) 

At the gas cooled heavy water reactor A-l facility in Jaslovske Bohunice, spent 
fuel assemblies are placed in sealed encapsulation canisters and stored in the spent 
fuel pool. The assemblies are natural uranium with Mg-Be cladding. Although the 
canisters are filled with an inhibitor to limit cladding corrosion, suspected galvanic 
attack between the cladding and canister materials did cause major cladding corro-
sion and resulted in excessive buildup of hydrogen gas in the canisters leading to 
eventual loss of integrity from overpressurization and release of significant activity 
to the fuel pool water. The contaminants released, primarily 1 3 7 Cs and 1 3 4 Cs, 
caused the fuel pool water activity to increase to 10 7 Bq/dm 3. The installed fuel 
pool purification system had only limited filtration and purification capability 
because of its design and therefore it could not, operationally, continue to provide 
pool water activity management under such adverse conditions. 

Incident recovery operations were concerned with contaminant, removal from 
the fuel pool, revised methods for repackaging and transportation of the spent fuel, 
and treatment, conditioning and disposal of the abnormal primary and secondary 
waste generated including the canister inhibitor solution. 

To effect fuel pool cleanup, a modified filtration/ion exchange system, heavily 
shielded as a result of anticipated high activity concentration, was installed in the 
radioactive liquid waste treatment station. Using a combined programme of purifica-
tion, recirculation and alternate drain-refill of the pool, approximately 10 1 2 Bq of 
activity was removed from the pool water. 

Repackaging of the spent fuel consisted of transfer of the spent fuel assemblies 
into new stainless steel canisters without use of an inhibitor, drying internally by self-
heating and then remote sealing of the canisters within a hot cell. The modified 
canisters containing the spent fuel assemblies were then placed in a shielded 
storage-transport basket and transferred to appropriate transport containers. As a 
further backup, where self-drying was deemed inadequate, a catalytic recombiner 
was used to treat excess hydrogen from the canisters. 

For the final treatment of the abnormal primary and secondary wastes gener-
ated, a thorough evaluation was made of available solidification technologies includ-
ing cement and bitumen. Owing to the excessively high contained activity in the 
abnormal wastes and activity concentration limits imposed by the disposal site, all 
commonly employed immobilization techniques were discarded in favour of glass 
vitrification. It is anticipated that this system will come into service in 1990. Its initial 
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function will be the treatment and conditioning of 20 m 3 of canister solutions con-
taining within themselves 10 1 1 Bq/dm 3 of mixed beta/gamma nuclides and 
10 3 Bq/dm 3 of alpha products, including 2 3 9 Pu . 
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Annex II 

EXAMPLES OF DECISION MAKING PROCESSES IN THE 
MANAGEMENT OF ABNORMAL WASTES 

The physical form of the radioactive waste is the major factor influencing the 
selection of a waste treatment technology. In this annex radioactive waste is divided 
into four physical forms: liquids, wet solids, dry solids and gas. Each waste form 
is discussed and diagrams for selecting waste treatment technologies are provided for 
liquids, wet solids and dry solids. A similar diagram is not provided for gaseous 
wastes because the practical solutions are limited to temporary storage to await decay 
and release. Conditioning techniques, which include those operations that transform 
treated or untreated waste materials into forms complying with the applicable 
national transportation/disposal requirements, or both, are discussed in Section 9 of 
the main text. 

Abnormal waste treatment technology selection will depend upon the initial 
characteristics of the pretreatment waste stream and the desired characteristics of the 
processed waste form. In some cases, the intended final disposition of the processed 
waste may influence the choice of appropriate technologies owing to regulatory or 
administrative requirements. 

Waste treatment options can be broadly categorized as: transfer, separation, 
concentration and transformation technologies. Although all waste treatment tech-
nologies under development could not be included in this report, technologies which 
are now in use, as well as most of those in prototype development, are discussed. 
A matrix of specific waste technologies is given in Table II-1. 

II-1. OVERVIEW OF LIQUID WASTE TREATMENT TECHNOLOGIES 

An overview of the liquid waste treatment technologies is presented in 
Fig. II— 1 and discussion of the decision points follows. 

Point I: Suspended solids 
Suspended solids, including colloids, may contain most of the radioactivity in 

a liquid waste. In this case, removal of the particle may immediately result in a liquid 
suitable for further 'polishing', reuse or discharge. The removal of suspended solids 
will also improve the performance of transfer technologies that may be subsequently 
applied to the liquid waste. The selection of specific transfer and concentration tech-
nologies useful for removal of suspended solids depends on the concentration, size 
and density of the particles. The suspended solids removed from the liquid waste will 
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FIG. II-1. Overview of liquid waste treatment technologies. (Decision points: 1-3.) 



TABLE II-1. MATRIX OF TREATMENT TECHNOLOGIES 

Type of technology Liquids Wet solids Dry solids 

Transfer and separation technologies: 
Decontamination 
Filtration 
Ion exchange 
Chemical regeneration 
Ultrafiltration 
Reverse osmosis 

Concentration technologies: 
Evaporation 
Distillation 

. Crystallization 
Flocculation 
Precipitation 
Sedimentation 
Centrifugation 
Drying 
Dewatering 
Compaction 
Baling 
Shredding 
Integrated systems 

Transformation technologies: 
Incineration 
Calcination 

X 
X 

X 
X 

X 
X 
X 
X 
X 
X 
X 

X 

X 

X 
X 
X 
X 

X 
X 
X 

X 
X 

X 
X 

usually have the form of wet solids containing a significant fraction of the radio-
nuclides from the waste influent and will usually require further treatment or condi-
tioning. The remaining liquid may be suitable for further polishing, reuse or dis-
charge, as previously stated, or may require additional treatment. After removal of 
the suspended solids, the chemical characteristics of the remaining liquid waste have 
significant influence on the selection of subsequent liquid waste treatment 
procedures. 
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FIG. II-2. Diagram for selecting a specific liquid waste treatment technology. 
(Decision points: 1-7.) 
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Point 2: Chemical nature of waste 

Waste consisting of oil or aqueous solutions containing organic contaminants 
or chelating agents, used in decontamination activities, or to remove metallic con-
taminants, are not generally amenable to treatment using transfer or concentration 
technologies. Transformation techniques, particularly incineration, are the principal 
alternatives for eliminating organic fluids and chelating agent impurities. The result-
ing solid waste (ash) containing the radioactive material may be suitable for disposal. 
When concentration methods are used to treat liquids containing chelating agents and 
oils, the resulting wet solids still contain these contaminants and, therefore, may be 
difficult to condition for disposal, particularly in regard to immobilization. 

Point 3: Dissolved ion concentration 
For aqueous wastes with little or no suspended solids, including those previ-

ously treated for suspended particle removal, chemical characteristics are important 
in technology selection. 

Transfer technologies such as ion exchange, reverse osmosis, and ultrafiltra-
tion are applicable for liquids with relatively low total dissolved solids content, 
except as discussed below. About 600 mg/kg is usually considered to be the nominal 
upper limit for use of transfer technologies. However, this criterion on the effective-
ness of transfer technologies for removal of dissolved radioactivity also depends on 
waste facility characteristics, such as the radionuclides involved, the treatment 
method selected and the type of equipment used. The waste volume may also 
influence the selection of the treatment method because of cost factors. 

For liquids with greater dissolved solids content, some of the concentration 
technologies may be used to remove the dissolved solids from the solution. Other 
waste characteristics influencing the use of these technologies include pH, boiling 
point, and heat vaporization. Removal of the dissolved solids from the liquid waste 
results in wet solids that will require further treatment or conditioning to satisfy dis-
posal requirements. 

n-2. LIQUID WASTE TREATMENT DECISIONS 

A diagram for selecting a specific liquid waste treatment technology is 
provided in Fig. II-2. It establishes decision points using criteria on the basis of 
physical, chemical, regulatory, etc., factors which affect the selection of the 
appropriate liquid waste treatment process. Decision points are the following. 
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Point 1: Can the waste be reused within the operating system or discharged to 
the environment without treatment? 

In the decision to reuse the waste, evaluation should be made as to whether 
the liquid waste is compatible with the operating equipment, and if the resultant radi-
ation levels in operating areas exceed regulatory limits for worker exposure. In order 
to discharge the waste, the contained radionuclides must not result in exceeding 
regulatory exposure limits to the public. 

Point 2: Should or can suspended solids be removed by physical or mechanical 
processes? 

If the liquid waste contains suspended solids, the transfer or concentration 
technologies available for removal of the particulates should be evaluated. Also, con-
sideration should be given to the fact that removal of supended solids from wastes 
consisting primarily of oil or other organic fluids may not be the most cost effective 
treatment procedure. 

Point 3: Is the waste primarily an organic fluid? 
Liquid wastes consisting primarily of waste oil, lubricants, and organic sol-

vents can be burned in incinerators resulting in solid radioactive waste (ash). Small 
quantities of water in this waste could be readily evaporated. The ash may require 
conditioning before disposal. Aqueous wastes are not suitable for transformation 
technology and will be considered in the following decision points. 

Highly radioactive liquids may not be suitable for incineration, depending on 
the design of the incineration facility. The production of organic fumes may not be 
compatible with the incinerator off-gas system. Also, gaseous emissions may exceed 
regulatory release limits. Solidification of the ash with cement, emulsification fol-
lowed by cement and solidification, or solidification with gypsum base mixtures or 
polymers should be investigated. 

Point 4: Are the radioactive species in the aqueous solutions ionic? 

If the aqueous liquid waste contains ionic radioactive species, ion exchange 
technology may be used. The chemical characteristics, listed previously, have a prin-
cipal role in determining the most effective ion exchange process for a given waste. 
In addition, the specific activity associated with the waste contained in the ion 
exchange media must be considered in selecting an ion exchange process, especially 
for abnormal waste. The next decision point considers the effects of ionizing radia-
tion in the ion exchange media. 
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Point 5: Is the organic resin radioactive nuclide loading limit exceeded? 
The most common ion exchange media are organic resins, which are sensitive 

to radiation degradation and radiolytic gas generation. When organic ion exchange 
resins are subjected to ionizing radiation the residual water in the resin decomposes 
and the resin itself degrades, producing hydrogen and oxygen. In sealed containers 
when the integrated dose is reached at which all the oxygen has reacted, the ongoing 
radiolytic process can increase the hydrogen gas concentrations resulting in waste 
handling, shipping, and storage safety considerations. 

Inorganic ion exchange resins are very stable with a higher resistance to ioniz-
ing radiation. Although the inorganic ion exchange materials are not commonly used 
in nuclear power plants, the use of these materials (zeolites) has been successfully 
demonstrated. Their use should be considered owing to the associated higher radio-
nuclides loading capacities when dealing with abnormal radioactive waste. 

Point 6: Are dissolved radioactive materials removable by membrane 
technology? 

Membrane technologies such as reverse osmosis and ultrafiltration may be 
applicable for liquid waste treatment when the radioactive material cannot be reco-
vered using ion exchange methods. Membrane technologies can separate particles 
between 0.001 and 10 fim, or high molecular weight from 500 to 1500 g/mol organic 
molecules from aqueous solution. Reverse osmosis may be particularly applicable as 
an oil-water separator. 

If the radionuclides cannot be removed with ion exchange or membrane tech-
nologies, it may be possible to treat the liquid through concentration technologies, 
such as evaporation or distillation, as discussed in Point 7. 

Point 7: Does the liquid waste involve two or more miscible liquids with 
different boiling points? 

Distillation procedures can often be used to separate organic compounds from 
aqueous solutions. The choice between distillation and reverse osmosis for oil-water 
separation may depend on waste quantity, organic concentration, and process cost. 
For aqueous waste, evaporation of the water can be used to promote crystallization 
or precipitation of the dissolved radioactive species. 

Secondary wastes 

As a result of the liquid waste treatment process shown in Fig. II—2 the follow-
ing waste streams may occur: 
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(a) Filtration leads to a liquid waste portion of the original waste stripped of most 
of its suspended solids. The suspended particles are deposited as a wet solid 
on the filter. 

(b) Ion exchange leads to a liquid waste portion of the original liquid without its 
dissolved ionic constitutents. Dissolved ions are extracted oh the ion exchange 
media, which is a wet solid waste. 

(c) Combustion leads to an ash containing most of the radioactivity and gaseous 
products of combustion. 

(d) Contaminated trash may also be generated during operation of most treatment 
processes. 
The need for further liquid effluent treatment is indicated in Fig. II-2 as a 

return to Point 1 and then repeating the evaluation using same criteria. Wet solid 
effluents are considered in the 'wet solids decision process'. Dry solids, e.g. com-
bustion ash, etc., which will usually require some conditioning prior to transporta-
tion and disposal, are considered in the 'waste conditioning process'. 

II-3. WET SOLID WASTE TREATMENT DECISIONS 

A diagram for selecting a specific wet solid waste treatment technology is 
provided in Fig. II—3. As shown, conditioning can be used without treatment, or may 
be required following wet solids treatment. Treatment techniques can result in dry 
solids that may be disposed of with or without conditioning, gaseous effluents that 
may be released after treatment, liquid effluents with reduced radionuclides that may 
need further treatment as liquid waste, and wet solids that may require additional 
treatment. 

Figure II—3 establishes decision points using criteria based on physical, chemi-
cal, regulatory, etc., factors which affect the selection of the appropriate wet solid 
waste treatment technology. Decision points are the following. 

Point 1: Can the wet solid waste be conditioned for disposal? 
Important criteria for this decision are: the volume or generation rate of waste, 

type of fluid involved (aqueous or organic), fluid content, pH if aqueous, and the 
content and specific activity of major radionuclides. Except for organic wet solid 
wastes not amenable to normal conditioning methods this decision requires a com-
parative technical and cost assessment of treatment and conditioning methods. 

For wet solid wastes with little free standing liquid or for small quantities of 
waste with high water content, it may be more cost effective to condition the waste 
for direct shipment or disposal rather than treat the waste. The use of high integrity 
containers is also a suitable immobilization option in most countries. In some cases 
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FIG. II-3. Diagram for selecting a specific wet solid waste treatment technology. 
(Decision points: 1-3.) 



the conditioned waste form may exceed regulatory limits and relief or permissions 
should be sought from the appropriate authorities. 

For wet solid wastes with large free water content, conditioning would signifi-
cantly increase the waste volume for transport and disposal, thus treatment for water 
removal would be cost effective. 

Point 2: Are the wet solid wastes primarily organic? 
Wet solid wastes which are primarily organic can be effectively processed by 

combustion techniques such as incineration. Except for ion exchange resins from 
nuclear reactor systems, organic wet solids are usually small volume wastes that are 
treated in batches as required. In many cases, including ion exchange resins and filter 
sludges, the wastes are mixed with aqueous wastes and should be separated from the 
liquid before combustion processes are used. 

Point 3: Are the wet solid wastes of low viscosity? 

Wet solid wastes containing more than 80% water would have the consistency 
of a thin slurry and could probably be pumped to a treatment system. 

For highly viscous wet solid wastes, calcination can be used to convert the 
aqueous liquids and sludges into a solid material (fine powder). This material is then 
conditioned for shipment and disposal. 

The need for further wet solid waste treatment is indicated in Fig.II-3 as a 
return to Point 1 and then repeating the evaluation using the same criteria. Liquid 
effluents are considered in the 'liquid waste decision process'. Dry solids, e.g. com-
bustion ash, which will usually require some conditioning prior to transportation and 
disposal, are considered in the 'dry solids waste decision process', and the 'waste 
conditioning decision process'. 

Gaseous products from wet solid waste treatment consist of water vapour with 
entrained radioactive particles or gaseous combustion products. These are treated for 
particulate removal and discharge to the environment if they meet applicable regula-
tory requirements for limiting public exposure to radiation. In addition, treatment of 
gaseous discharges may generate small amounts of liquid and wet solid waste that 
may require additional processing. It may also generate dry solid wastes, such as 
high efficiency air filters. Contaminated equipment can be treated as outlined below. 

n-4 . DRY SOLID WASTE TREATMENT TECHNOLOGY 

A diagram for selecting a dry solid waste treatment technology is provided in 
Fig. II-4. Metal content, shredding, combustion and the type of radioactivity are fac-
tors that influence the selection of treatment techniques for dry solids. If the radioac-
tivity of metals is due to surface contamination, decontamination techniques may be 
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FIG. II-4. Diagram for selecting a dry solid waste treatment technology. 
(Decision points: 1-5.) 



applicable. Often, the volume of dry solids may be reduced by shredding and com-
paction. Chemical characteristics will determie the applicability of combustion tech-
niques. Generally, treatment will reduce the volume of the solids and increase the 
specific activity. 

The diagram established decision points using criteria based on physical, 
chemical, regulatory, etc., factors which affect the selection of the appropriate dry 
solid waste treatment technology. 

Point 1: Is decontamination cost effective? 
Decontamination of dry solids may be practical and cost effective for surface 

contaminated equipment if the decontaminated material can be reused. However, for 
materials that will be discarded, decontamination will probably be cost effective only 
to satisfy established regulatory shipping requirements. Decontamination fluids 
usually require treatment as liquid waste. Dry solid wastes not amenable to decon-
tamination pass to Point 3. 

Point 2: Is the decontaminated waste within regulatory requirements for reuse? 
Following decontamination, the dry solid waste must not exceed the estab-

lished regulatory limits for contamination in order to be reused in the plant. Dry solid 
waste exceeding those limits may require a re-evaluation on the cost effectiveness 
of additional decontamination efforts or should be shipped for storage or disposal, 
depending on its intended application. 

Point 3: Is volume reduction cost effective? 
The volume reduction decision for dry solids depends on the generation rate 

and waste characteristics. Volume reduction is generally practical for combustible 
waste or compactible materials, those containing relatively high void fractions. The 
dry solids generation rate will normally affect economic considerations. When there 
is no cost incentive for volume reduction, dry solid wastes can be packaged without 
conditioning and shipped directly to a disposal facility. An example of this is small 
metal parts that can be packed in drums or wodden boxes. Bulky parts, particularly 
if activated, may require volume reduction to reduce shipping and disposal space. 

Point 4: Is concentration preferable to transformation? 
This decision involves comparing the volume reduction efficiencies afforded 

by concentration to those of transformation technologies for the specific dry solid 
waste material. Concentration technologies, such as compaction and baling, utilize 
mechanical means to decrease the dry solids waste volume by reduction of air voids. 
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Concentration techniques usually result in a volume reduction factor of 2 or 4, with 
a maximum of 6 to 8, and the compacted dry solids can be packaged directly for dis-
posal. Transformation techniques such as incineration reduce solid waste volume by 
ignition or exothermic reaction with air or both and can achieve a much higher 
volume reduction than mechanical compaction. However, combustion usually 
requires more involved off-gas treatment systems than does compaction, and the 
combustion products (ash) may require conditioning or stabilization before disposal. 
Shredding or other forms of sectioning and cutting can be used as a pre-treatment 
step for either concentration or transformation treatments. 

Point 5: Is conditioning required for disposal? 
The treatment of dry solid wastes by transformation technologies may necessi-

tate conditioning of dispersible combustion products. For example, incinerator ash 
or powder which is dispersible may be solidified with a binding matrix and then 
placed in a high integrity container for disposal. 
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