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Of Radioactive Wastes In India

T. M. Krishnamoorthy and U. C. Mishra
Health, Safety & Environment Group

Bhabha Atomic Research Centre,
Mumbai 400 085, India

ABSTRACT

It was recognised quite early in India's nuclear power programme that the safe

management of radioactive waste is vital for its success. An entirely self-sustained fuel

cycle based on indigenous resources necessitated evaluation of hazard potential vis-a-vis

radioactive wastes generated at different stages of the cycle, starting from mining and

milling; fuel fabrication and through the stages of reactor operation and finally spent fuel

reprocessing. Emphasis was laid on studies related to impact of radioactivity in the

environment and on developing technologies to effectively isolate and contain them. The

radiological safety assessment for a radioactive waste management practice is a regulatory

mandate and it requires quantitative estimate of the maximum burden to the present and

future generation. Safety assessment models are employed to derive this estimate that

could be compared with regulatory criteria to ensure the safety of the public Decades of

experience have proved that the present practices are safe, yet there is a constant

endeavour to use new technologies to further restrict the releases so that the ultimate goal

of radioactive waste management should go beyond merely satisfying prevailing

regulations. The comprehensive system of waste management, from waste generation to

its disposal developed in India, is briefly presented in this report.
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1. Introduction

Nuclear Fuel Cycle

India had decided to utilize nuclear energy for peaceful purposes almost fifty years ago

with the enactment of Atomic Energy Bill in 1948. As a result, India's endeavour of

developing nuclear power began with a three stage programme comprising of

pressurised heavy water reactors, fast breeder reactors and advanced thorium based

reactors with associated fuel cycle facilities under the Department of Atomic Energy

(DAE), Atomic Energy Commission (AEC). Thus, Indian nuclear energy programme

started with the construction of research reactors and associated research facilities.

These included setting up of pilot plants for the production special materials like

uranium, heavy water, zircaloy, fabrication of fuel elements, reprocessing of irradiated

fuels to recover plutonium and production of special nuclear instruments and

components. A conscious far-sighted decision has been taken up to open up Jaduguda

deposits for mining of uranium and the process know-how for separating uranium in

the mill was developed indigenously. Based on systematic efforts, indigenous designs

were evolved for the large scale production of pressurised Heavy Water Reactor

(PHWR) fuel assemblies. The Nuclear Fuel Complex (NFC) was set up as an

integrated facility for production of fuel and zircaloy mill products to meet the needs

the PHWR programme. With the advent of power reactors, reprocessing plant has

been set up at Tarapur along with high level waste immobilization plant to solidify the

high level liquid wastes arising from fuel reprocessing. Today DAE has under its aegis

(Fig. 1.1) five research centres, three industrial organisations, four public undertakings



and seven autonomous research institutes. India has attained self-reliance in the nuclear

fiiel cycle and associated technologies which cover activities supporting the nuclear

power programme ranging from mineral exploration, mining, heavy water production

and fuel fabrication, to fuel reprocessing and waste management. It has established

capabilities to design, construct, and operate plants for heavy water production, fuel

fabrication, fuel reprocessing and nuclear waste immobilisation. These facilities have

been operating with good record of performance and safety. Nuclear technology has

reached a mature stage in our country and today a total of about ten power reactors

are operational and about four are under construction. Evolution in this regard is

oriented towards achieving better capacity factors based on preventive maintenance,

training incentives for better production without compromising on safety and

augmenting better procedures from operational experiences.

Definition Of Radioactive Waste

In classical term, radioactive waste is defined as material that contains or is

contaminated with radionuclides at concentrations or activity greater than clearance

levels established by the regulatory body and for which no use is foreseen (IAEA,

1993). Radioactive waste is not a singular material. Instead, it is generated in diverse

forms that have been traditionally distinguished by their source, not by their physical

characteristics. They vary greatly in their chemical and radioactivity composition and in

their potential for environment and public health impacts. Many orders of magnitude

separate the radioactivity in different classes of waste. Spent fuel and high level waste

have the highest concentrations and account for most of the activity associated with

nuclear wastes. At the opposite end of spectrum, uranium mill tailings have the lowest

concentrations but higher volume.

Basic Philosophy of Radioactive Waste Management

The management, storage and eventual disposal of wastes that contain radioactive

materials are guided by internationally accepted principles of radiological protection:

any exposure to additional sources of radiation must be reduced to levels as low as

reasonably achievable (ALARA) and the radiation doses must be kept below the

prescribed limits. These principles are directly applied to routine releases of radioactive



liquid and gaseous effluents. Their application to solid waste disposal has led to

stringent management concept of waste and waste repository ensuring acceptable level

of protection for human health and environment. It is also ensured that the predicted

impacts, on the health of future generations are not greater than the relevant levels of

impact that are accepted today.

Approaches to Radioactive Waste Management

A comprehensive system of radioactive waste management is developed in India which

is safe, efficient and economically viable. This system envisages management of

radioactive wastes from generation to disposal. This strategy is an amalgamation of

ICE concept and integrated systems approach. The ICE concept stands for

identification, characterisation and evaluation of all waste streams for determining how

they can be segregated or integrated into systems approach. Only by utilising the ICE

concept, it is possible to effectively plan for the management of various waste streams

that arise from a facility. The integrated system approach includes different steps viz.

characterisation and classification of waste, segregation, waste treatment, conditioning

and storage or disposal. This system approach to the waste stream is shown in Fig 1.2.

The adaptation of system approach has been found to be effective as radioactive

wastes are subjected to sequence of operations as shown in this figure.
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2. Principles Of Radioactive Waste Management

Radiation Protection Goals

Fundamental safety approaches for the management of radioactive waste are based on

international experiences. Radioactive waste, as a source of ionising radiation, has

long been recognised as a potential hazard to human health. As a result, national

regulations based on internationally recommended standards and guideline have been

formulated for protection against radiation during handling and transportation (AERB,

1996). National guidelines are followed for the management of chemical or biological

substances present in the radwaste (MOEF, 1993).

The basic philosophy of International Commission on Radiological Protection (ICRP)

is based on justification, optimisation (ALARA) and dose limitation system (1CRP,

1991). The justification principle advocates that no activity involving radiation should

be pursued unless it provides more benefit than harm to the society, however this

principle is not warranted for radioactive waste management since the practices

generating wastes have already been justified. The optimisation principle necessitates

the radiation doses to be kept to levels as low as reasonably achievable (ALARA),

economic and social factors taken into account and this is achieved through minimum

waste production and maximum radiological safety from waste management practices.

The dose limitation system is followed by maintaining the exposure to the members of

public to ALARA levels which are much below the recommended dose limits.

Objectives and Basis

The basic objective of radioactive waste management is to safely and judiciously

manage the waste in a manner compatible with internationally agreed principles and

standards to protect human health and the environment now and in the future (IAEA,

1995; IAEA, 1996; ICRP, 1985;). ICRP recommends an effective dose limit of 1

mSv.y1 to a member of the public from all sources of man-made radiation excluding



medical exposure. On the basis of this primary limit, national regulatory authorities

have prescribed dose constraints (upper bound and lower bound) and authorised dose

limits for each practice. These authorised limits are followed for routine releases of

gaseous and liquid effluents. The application to solid waste in terms of near surface

disposal facility or deep geological formations is built in with safety assessment

methodologies for repositories. The authorised limits stipulated by different countries

are presented in Table 2.1. Wherever, the authorised limit is applicable to the complete

nuclear fuel cycle (NFC), a part of it only is utilised for radioactive waste management

practice at a site.

The authorised dose limits are translated into secondary limits such as release rates,

maximum permissible concentration for discharge into the aquatic environment, and

waste acceptance criteria for disposal into near surface disposal facilities using

radiological models with site-specific transfer factors.

Protection of Human Health

The most important principle of radioactive waste management is that the radioactive

wastes shall be managed in such a way as to secure an acceptable level of protection

for human health to the present and future generation without any constraints. This is

achieved for the present generation by controlling the various pathways through which

humans might be exposed to radiation, and by ensuring that such exposure is within the

established authorised limits. For the future generation, this principle is devised from

an ethical concern for their health. While it is not possible to ensure total isolation of

radioactive waste over extended time-scales, the intention is to obtain reasonable

assurance that there will be no unacceptable impacts on human health. This is achieved

by applying multi-barrier approach in which both natural and engineered barriers are

utilised. In the establishment of acceptable levels of protection, the recommendations

of national authorities and international organisations such as ICRP and IAEA are

considered effectively.



Protection of Environment

Safe radioactive management also includes keeping the releases to the environment

from various waste management steps to the minimum practicable. The preferred

approach in our country in this perspective is concentration and containment of

radionuclides rather than their dilution and dispersion in the environment.

When the radionuclides are released into the environment, species other than humans

can be exposed to ionising radiation. ICRP principles, useful in radiation protection,

do not in a direct manner address environmental protection. 1CRP has concluded that if

man is adequately protected, most likely other living organisms are protected as well,

although not necessarily at the individual level. The issue is still on the debate and at

present, it is not clear how environmental protection should be justified, how it can be

optimised or what dose limits are applicable to non-human organisms. However, IAEA

(IAEA, 1992) initiated a study on the potential impacts on the environment caused by

the discharges under authorised limits based on ICRP recommendations. It is observed

that the organisms in the environment were unlikely to be harmed by chronic radiation

doses below 1 mGy.d"1 and that harmful effects on a population level would be unlikely

at dose rates below 10 mGy.d1. Such magnitude of doses to non-human biota will not

occur especially when the discharges are within authorised derived limits. However,

consideration for non-radiological effects such as chemical pollution or alteration of

natural habitats is given by adopting national guidelines (MOEF, 1993).

Responsibility of Radwaste Management

Consideration for the protection of future generation is of fundamental importance in

the management of radioactive waste. This is based on the fact that the generation that

receives the benefits of a practice should bear the responsibility to manage the resulting

waste. The responsibility of the present generation includes development of the

technology for containment and isolation of the radioactive waste management

facilities. The radioactive waste will be managed in such a way that it will not impose

undue burden on the future generation. However, limited actions may be passed on to

succeeding generation such as the continuation of institutional control over the

8



disposal facilities.

Control of Waste Generation

The generation of radioactive wastes has been maintained to the minimum practicable

in terms of both activity and volume. This is achieved by appropriate design measures

on operating practices. This includes selection and control of materials, recycle and

reuse of materials and implementation of appropriate operating procedures. Emphasis

is laid on segregation of different types of waste and materials to reduce the volume of

waste and facilitate its management.

Safety of Facilities

During siting, design, construction, commissioning and operation of a facility, priority

considerations are given to safety aspects including the prevention of accidents and

limitation of their consequences. Site selection procedures take into account relevant

features which might affect the safety of the facility or which might be affected by the

facility. The design, construction, operation and closure of disposal facilities provide

adequate level of protection to limit possible radiological impacts. In addition, safety

assessment studies have been performed to ensure the safety of radioactive waste

management facilities and to evaluate the environmental impacts.

Other Considerations

Other considerations of radioactive waste management include protection of human

health beyond national borders, development of appropriate national legal framework

to formulate laws, regulations and guidelines for radioactive waste management and

interdependencies among and between the steps in waste management. The basic steps

in radioactive waste management are waste characterization and classification, pre-

treatment, treatment, conditioning, storage and disposal (Fig. 1.2). Characterisation,

storage and transportation would take place between and within the basic waste

management steps. The applicability of these steps will vary depending on the type of

radioactive wastes. These considerations will balance the safety and.effectiveness of

radioactive waste management.



Table 2.1 Authorised limits prescribed by different countries

Country

Germany

Argentina

Belgium

Spain

Italy

Netherlands

Sweden

India

Practice

NFC

NFC

NFC

NFC

NPP

NFC

NPP

Waste Management

Dose constraint (mSv.y )

0.30

0.30

0.25

0.25

0.10

0.30

0.10

0.05

NFC means Nuclear Fuel Cycle
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3. Origin And Classification Of Radioactive Waste

Origin of Radioactive Waste

Radioactive wastes arise at every stage of nuclear fuel cycle. A typical cycle for a

pressurised heavy water reactor (PHWR) system is shown in Fig 3.1. The quantities

quoted are normalised to the production of 1 GWa of electricity, i.e. for output of 1

GW(e) reactor producing electricity continuously for 1 year assuming a net efficiency

of 32.5 percent. The radioactive wastes produced at each stage of the nuclear fuel

cycle are almost entirely different in terms of activity content and waste volume.

Uranium Mining and Milling Waste

The uranium mill at Jaduguda operates with a processing rate of about 1000 tons/day

for extraction of uranium from the ore containing uranium in the range of 0.04-0.06

percent. The product is a semi-refined uranium compound (L^Os) called yellow cake

which is the feed material for the production of uranium hexafluoride (UF6). The

yellow cake is produced by sulphuric acid leach process.

Large amounts of solid waste tailings are generated following the removal of uranium.

The mill generates 1000 tons/day of tailing solids slurred in 3500 tons of waste

milling solutions. The tailing piles could have a radiological impact on environment

through atmospheric pathway by continuous discharge of radon and its daughter

products. Finally, 226Ra and 230Th can be blown off the pile by wind into the

atmosphere and can be leached from the pile into the surface water.

The liquid effluent from the mill consists of waste solutions from leaching, grinding,

extraction and washing circuits of the mill. The solutions which have pH between 1.5

and 2.0 contain unreacted portions of sulphuric acid used as the leaching agent in mill

process, and sulphates and silica as the primary dissolved solids with trace quantities of

11



soluble metals and organic solvents. The liquid is discharged into the tailing pond after

neutralisation with lime and precipitation with pyrolusite. This method reduces the

levels of many potential contaminants in seepage from the tailings impoundment.

The mining and milling of uranium ore produces large volumes of both solid and liquid

wastes and they are characterised by significant content of naturally occurring

radionuclides. The tailings contain most of decay products of uranium (Markose et al.,

1989) notably 226Ra which decays to radon and its progeny.

Fuel Fabrication

The uranium concentrate (yellow cake) is converted into UO2 powder after dewatering

and calcination. The powder is then pressed into fuel pellets that are sintered to

optimum density and chemical stoichiometry. The waste arising from fuel fabrication

operations include HEP A filters and other dry trash contaminated with UO2. The

liquid waste stream of oil, water and traces of UO2 powder is also produced when the

pallets are ground to size before they are inserted in the fuel cladding.

Nuclear Reactor Operation

The total thermal output of 3.1 GW of energy during one year operation requires

about 3xlO27 fission events. A variety of radionuclides arise from the fission process

itself and the neutron capture reactions in the nuclear fuel lead to the production of

isotopes of actinide series. The neutron activation of the metallic materials used as the

fuel cladding and other components produce short-lived neutron activation products

which contaminate the primary cooling circuits. The highest concentration of

radioactivity arises from reactions in the fuel by fission and neutron capture reactions.

Though the detailed inventory of radionuclides in the spent fuel depends on the

isotopic composition of the fuel, neutron spectrum in the reactor and the duration of

irradiation; the differences are relatively small (Roberts, 1990). The inventory of

fission products and actinides in natural uranium fuelled PHWR after irradiation to

6400 MWd/ton at full power of 1 GW(e) will be about 4xlO6 TBq. This reduces after

100 years of storage to about 4x104 TBq because of the decay of short-iived fission

products such as 89Sr, 9SZr, m I and some of the neutron activation products such as

12



60Co, 59Fe and 65Ni formed on the structural components. The total radioactivity

content of spent fuel decreases with time, as one after the other, the various

constituent radionuclides decay. The major constituents that dominate the total

activity in spent fuel at different time periods are shown in Fig 3.2 together with the

total activity.

Most of the fission products and actinides along with some activation products formed

in the fuel cladding material are contained in the fuel matrix only. The main activation

products formed in PHWR moderator and coolant systems are 3H and UC along with

traces of 4!A (especially in recent designs of PHWR). The gaseous radionuclides are

released into the atmosphere through filters. The solid waste stream consists of spent

ion-exchange resin from primary heat transport system, moderator loop and spent fuel

storage bay. Other minor sources of waste include filter sludge, filter cartridges,

evaporator bottoms and compactable and non-compactable trash. The compactable

trash consists of contaminated clothes, mops, bags and gloves while the non-

compactable trash includes contaminated conduits, instruments and some reactor

components. The liquid waste stream from reactors consists of washings, leakage and

solutions used for decontamination processes. The liquid concentrates originate from

evaporative volume reduction of contaminated water from regeneration of resins,

decontamination procedures and active chemical waste. The magnitude of

radioactivity contained in reactor wastes is presented in Table 3.1.

Waste Arising from Fuel Reprocessing

The liquid waste from fuel reprocessing (first cycle raffinate) is highly radioactive and

contains almost all the fission products having Tia > 5 y (if the storage period is only

10 y). This solution is pumped into underground stainless steel storage tanks for final

vitrification. The secondary stream of less radioactive liquid originates from further

treatment of the organic solvent and this treatment is continued until almost all the

fission products are removed from the solvent (second and third cycle raffinate).

The fuel cladding becomes radioactive from irradiation during nuclear operations.

Some quantities of fission products and actinides adhere to the cladding even after

strong acid treatment during reprocessing. Significant amounts of noble gas fission

15



products such as 85Kr, 1291 and minor quantities of 3H and 14C are released into the

atmosphere during reprocessing.

Decommissioning of Reactors

After, an expected operating life time, nuclear reactors will be shut down and

dismantled after removing the fuel core and residual radioactivity. This procedure is

called decommissioning and decontamination. The world-wide experience has been

limited to the decommissioning of a few small research reactors. Dismantling requires

removal of materials including soil having radioactivity above the regulatory limits

from the site to facilitate unrestricted use of the site. The expected volume of waste

and radioactivity from decommissioning process would be about 10* m3/0Wa and 10*

Bq/GWa respectively. ;

Other Sources

Other sources of radioactive wastes originate from medical, agricultural and industrial

applications of radionuclides. Sealed radioactive sources are used in many industrial

applications like portable radiographic devices used for inspection of welds and

instruments for well-logging. Sealed sources are also used in consumer products such

as smoke alarms and luminous watches. The radionuclides used in sealed source

applications are characterised by relatively long-half lives such as l37Cs (Jin - 30 y),

" i r (73.8 y) and ^Co (5.2 y). The spent sealed sources and contaminated materials

like dry trash, sweeping, tools and glassware are the resulting radioactive wastes.

The pharmaceutical industry converts radioactive chemicals into forms that are useful

to the medical community. The radionuclides used to label the pharmaceutical

materials are produced in research reactors and the typical radionuclides used^by these

industries are 32P (14.3 d), 35S (88 d), 3H (12.3 y) and I4C (5730 y). Most of the

radioisotopes used for clinical applications have relatively short half-lives. Typical

radionuclides used for imaging are **Tc (6 hr), 67Ga (3.3 d), 2O1T1 (3.1 d) and m I (8.3

d). Comparatively long-lived isotopes used basically for radioimmunoassay tests

include 3H, 12SI (60 d) and 57Co (271 d). The wastes generated from clinical

applications are spent sources, contaminated items of glassware and biological wastes.

U



Classification of Radioactive Waste

Classification of radioactive waste is an approach which is used mainly to ease the

management of different components by reducing their numbers (ICE approach)

especially when the quantity and number of such components are large. This is needed

at each stage between the arising of the raw waste and its conditioning, interim

storage, transportation or disposal. There are a number of parameters viz: origin,

radiological parameters; and physical, chemical and biological characteristics that may

have to be taken into account for classification of waste. Two approaches in

combination have been used for classifying the waste; (i) first approach is based on

qualitative description of general characteristics of radioactive waste, and (ii) second

approach utilises quantitative approach by giving numerical values for the definition of

different classes.

Qualitative Classification

This classification system differentiates radioactive wastes according to their origin and

physical (solid, liquid and gaseous) state. The consideration for origin includes

different stages of nuclear fuel cycle (such as mining and milling, fuel fabrication,

reactor operation and reprocessing of spent fuel) and production of radionuclides

(research applications and radioisotope applications).

Solid wastes are further classified into combustible/non-combustible, and

compressible/non-compressible. Liquid wastes from PHWR systems are segregated

into potentially active waste (PAW), active non-chemical waste (ANCW), active

chemical waste (ACW) and tritiated waste.

The liquid wastes from reprocessing plant are identified and characterised into

laboratory washings, floor drains-showers, regenerate waste, ammonium diuranate

filtrate, laboratory waste aqueous and acidic, organic waste, alkaline waste and high

active acidic raffinate waste.

15



Quantitative Classification

The qualitative classification described earlier originated from the practical aspects

related to the processing and transportation of radioactive waste. Thus, they are not

based on quantitative assessments and justification but have served the purpose in the

evolution of waste management practices in the country. The current classification

system based on quantitative approach is practised in many facilities and they

encompass alt types of wastes viz: solid, liquid and gaseous.

Solid wastes are classified into 4 categories based on radiation dose on the surface of

the package (IAEA, 1970) as shown in Table 3.2. Category-I comprises of solid

radioactive wastes with P, y emitters whose radiation level on the surface is ^ 2

mGy/hr. Such solid wastes are usually handled and transported without any special

precautions and are suitable for disposal in earth trench/concrete trench in near surface

disposal facility. The decision to dispose in earth trench depends on site specific soil

characteristics. Category-H comprises of solid radioactive wastes with p, y emitters

and insignificant amounts of oc emitters whose surface radiation level is higher than 2

mGy/hr and equal or lower than 20 mGy/hr. Such solid wastes are transported in

simple containers shielded with a thin layer of concrete or lead and are generally

disposed off in concrete trenches/vaults in near surface disposal facility. Category-Ill

comprises of radioactive wastes with f), y emitters and insignificant amounts of cc

emitters whose surface radiation level is higher than 20 mGy/hr. Such solid radioactive

wastes are handled with special precautions. The radioactive packages showing

surface radiation level less than 0.5 Gy/hr are disposed off in concrete vaults and those

showing greater than 0.5 Gy/hr are disposed off in tile holes of the near-surface

disposal facility. The sojid radioactive wastes with dominant QC emitters and

insignificant amount of P, y emitters belong to category-IV and the activity levels of

these wastes are expressed in Bq/m3. These wastes are disposed off in concrete

trenches/tile holes if cc activity is very low while the wastes having higher

concentrations are stored above surface or in tile holes with the intention of retrieval.

The liquid wastes are classified in 5 categories based on their concentration levels

16



(IAEA, 1970) as shown in Table 3.3. The category-I comprises of liquid wastes

containing P, y radionuclides with concentrations < 3.7xl04 Bq/m3. Such liquid

effluents do not require treatment and are discharged directly into the nearby

hydrosphere. The category-II liquid waste comprises of radionuclides with

concentrations in the range of 3.7x104 and 3.7xl07 Bq/m3 which are sent to Effluent

Treatment Plant (ETP) for chemical treatment. Category-Ill liquid wastes comprise of

P, y radionuclides having concentration higher than 3.7xl07 Bq/m3 and equal or lower

than 3.7xl09 Bq/m3. These liquid effluents are also sent to ETP for chemical treatment

under shielding conditions. Category-IV liquid wastes contain P, y radionuclides with

concentrations higher than 3.7xlO9 Bq/m3 but lower than 3.7xlO14 Bq/m3. These

effluents are treated under shielding conditions. The liquid effluents having

radionuclide concentrations higher than 3.7xlO14 Bq/m3 are stored in underground

steel tanks under cooling conditions.

The gaseous radioactive wastes are grouped under 3 categories (IAEA, 1970) as

shown in Table 3.4. Category-1 comprises of effluents whose radionuclide

concentration is lower than 3.7 Bq/m3 and they are released directly to the atmosphere

without, any treatment. The particulate radionuclide associated with gaseous effluents

come under category-II which can have radioactivity concentrations in the range of

3.7-3.7xl04 Bq/m3. These wastes are released into the atmosphere after filtration.

Category-Ill gaseous wastes contain radionuclide concentration higher than 3.7xl04

Bq/m3 and they are managed with a combination of adsorption and filtration

techniques.

Since the safety objectives are formulated in terms of numerical values, this

quantitative approach to classification provided a link between waste characterization

and the safety goal that has been envisaged for the facility.

Application of Existing System to International Approach

Both the qualitative and quantitative modes of classifying the radioactive wastes

essentially lead to 3 classes of wastes: (i) high level waste (HLW); (ii) intermediate

level waste (DLW), and (iii) low level waste (LLW). These three classes are primarily

17



organised to include appropriate disposal safety. The radioactivity levels of wastes

range from negligible to very high concentration of radionuclides; with decay periods

varying from tens of years to few million years. There is an increased need to isolate

them from reaching biosphere through suitable disposal options that may range from

simple earth trench to deep underground geological repository. This is mainly aimed at,

where suitable the waste may be either stored for decay and then exempted, disposed

off in near surface disposal facility, or isolated from biosphere in deep geological

formations.

High Level Waste (HLW)

The highly radioactive liquid arising from chemical processing of irradiated fuels falls

in this category and this liquid contains predominantly fission and activation products

along with some attitudes. These wastes contain radioactivity levels intense to

generate significant quantities of decay heat for several years. Spent fuel, if it is

declared as waste, will also fall in this category. Specific activities of these wastes

depend on many parameters such as decay periods, and conditioning techniques. They

are in the range of 5.5x10* TBq/m3 and a decay heat generation of about 2-20 kW/m3

is considered adequate to distinguish HLW from other wastes. The relevance of heat

generation derives importance in relation to heat removal situations (like storage

geometry, ventilation, thermal conductivity) envisaged in storage or disposal options.

Intermediate Level Waste (ILW)

The radioactivity waste which because of its radionuclide content requires shielding

but need little or no provision for heat dissipation during handling and transportation

falls in this category A contact dose rate of 2 mGy/hr has been used to distinguish this

class from LLW, however, this distinction becomes relatively of secondary importance

in terms of migration behaviour.

Low Level Waste (LLW)

This class of wastes contains low radionuclide content and does not require shielding

during handling and transportation.
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Short-lived Low and Intermediate Level Wasle(H LW-SL)

A differentiation has also been made within LLW and ILW classification based on half-

lives and oc bearing waste (IAEA, 1994) as presented in Table 3.5. For example, short-

lived low and intermediate level waste contain high concentrations of short-lived

radionuclides but very low concentrations of long-lived radionuclides. The term short-

lived indicates that the waste will decay to acceptably low value from radiological

considerations in a time period of about 300 years during which administrative controls

are expected to last. Since LI LW-SL is generated with a wide range of radionuclides

with varying concentrations, the disposal modes are also adopted appropriately for the

management of this waste. The disposal options vary from simple earth trench to

engineered facilities constructed above ground or underground at depths of few metres

below the grade level. On an average, the gross P, y activity range of lxlO'-lxlO4

TBq/m3 is adopted for this class of waste

Long-lived Low and Intermediate Level Waste (LILW-LL)

L1LW-LL contain long-lived a emitters in significant quantities and require high

degree of isolation from the biosphere. This is envisaged in deep geological

formations. The boundary line of radioactive waste disposal between LI LW-SL and

LILW-LL cannot be specified in a universal manner with respect of concentration

levels, as they depend on actual waste management option and the properties of

individual radionuclides. The specific activity of wastes having transuranic

radionuclides is limited to 400 Bq/g averaged over the site and 4000 Bq/g per package

for near-surface disposal facility in our country and this is in conformity with

international practice. The waste packages whose activity exceed 4000 Bq/g are

stored in retrievable form pending ultimate disposal.

Exempt Waste (EW)

The exempt waste contains so little radioactive material that cannot be considered as

radioactive and is exempted from regulatory control. The exempt levels for solid

radioactive materials are based on limiting the annual doses to members of public to

0.01 mSv. Since the individual radiation doses are limited to deminimus level, no
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specific attention is made for the unrestrictive release of radionuclides below the

exempt concentration levels. For example, the exempt level for gross p\ 7 activity is

considered as 10 Bq/g while the same for a nuclides is adopted as 1 Bq/g. It is

realised that exempt levels and derived limits for routine releases are distinctly

different. For example, the mining and milling wastes, though they generate long-lived

a radionuclides like U, Th and Ra at sufficiently low concentrations, are not treated as

exempt wastes but are subjected to disposal options similar to the short-lived

radioactive waste.
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Table 3.1 Radioactive liquid effluents from a PHWR system of 235
MWe capacity

Waste stream

1. Potentially active waste (PAW)
Showers
Wash rooms
Laundry
2. Active non-chemical waste (ANCW)
ANCW 1
ANCW 2

3. Tritiated waste
Moderator room sump
D2O upgrading

4. Active chemical waste (ACW)
Decontamination waste

5. Organic waste

Quantity
(m3/day)

18
12
20

25
10

1
3

0.5

10
(L/day)

Activity levels (u,Ci/mI)
Gross P Tritium

lx lO 7 .
1x10-*
lxlO"5

SxlO-4 •
5X10"4

5x10"4

lxlO"4

5x10"2

lxlO"6

5X10"4

5x10^
lxlO 3

lx lO 2

lxlO'1

3
2

5x10'

5xlO2
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Table 3.2 Quantification and characterisation of solid rqdip.actfYe
_m

Category Type of radiation Radiation on the surface (p:

I P, y-emitters

II , y-emjtters

III
-r4-~

20<D

IV a bearing VY^P ^ a^jvity is expressed ip ^ m 3 *
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Table 3.3 Quantification and characterisation of liquid radioactive
waste

Category

I

II

111

IV

V

Activity level (A: Bq/m3)

A<3.7xlO4

3.7xl04<A<3.7xl07

3.7xl07<A<3.7xl09

3.7xl09<A<3.7xl014

3.7xlO14<A

Remarks

Not normally treated

Without shielding

Shielding possible

•Shielding necessary

Cooling and shielding necessary



Table 3.4 Quantification and characterisation of gaseous
radioactive waste

Category

I

11

111

Activity level (A: Bq/m3)

A £3.7

3.7<A£3.7xlO4

3.7xlO4 < A

Remarks

Effluents usually not treated

Effluents usually treated by filtration

Effluents usually treated by other
methods



Table 3.5 New classification of solid and solidified radioactive
waste by International Atomic Energy Agency

Waste classes
1. Exempt waste (EW)

2. Low and intermediate
level waste (L1LW)

2.1 Short-lived waste
(L1LW-SL)

2.2 Long-lived waste
(LILW-LL)

3. High level waste
(HLW)

Typical characteristics
Activity at or below clearance
levels, which are based on an
annual dose to members of the
public of less than 0.01 mSv.
Activity levels above clearance
levels and thermal power
below about 2 kW/nr.
Limitation of long-lived alpha
emitting radionuclides 4000
Bq/kg in individual waste
packages and to an overall
average of 400 Bq/kg per
waste package.
Long-lived radionuclide
concentration exceeding
limitations for short-lived
waste.
Thermal power above 2 kW/m?

and long-lived radionuclide
concentration exceeding
limitations for short-lived
waste.

Disposal options
No radiological
restrictions

Near surface or
geological disposal
facility

Geological disposal
facility

Geological disposal
facility



Uranium
Mine

3.00,000 tons Uranium
Refining

176 tons Reactor

Waste
Immobilisation

Plant

1.2 tons

Interim
storage

Reprocessing
Plant

Spent Fuel
Storage

Pu Storage Recovered
uranium

Disposal

Fig.3.1 Material flow (in tons) for the generation of 1 GWa electricity
inaPHWR
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Fig 3.2. Contribution of some important raduonuclides in PHWR spent
fuel as a function of time after generation of 1 GW(e)Y '
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4. Treatment And Management Of Radioactive Waste

Uranium Mining and Milling Waste

Exploitable amounts of Uranium' is found at Jaduguda, Bhatin, Narwa Pahar and

Turamdih. Low concentrations of uranium are also seen in the copper ores in the

region. The average concentrations of uranium in ores from different mines (Eapen,

1990) are given in Table 4.1 Mining and processing of uranium at Jaduguda releases

radioactive wastes into the environment. The sources are identified, characterised and

treated prior to the release into the environment.

Types of Wastes

The releases of effluents from the uranium mining and milling complex take place from

(i) different operations in mines; (ii) process operations in mill and (iii) effluent releases

from tailing ponds. One of the sources of pollution in the aquatic environment around a

uranium complex is the mine water pumped out of the mine. On an average, 500 m3

of water is pumped out from the mines daily. This is a mixture of underground water

and the water introduced into the mine from outside as drilling water and backfill mill

tailings. Water percolating through the ore body dissolves some activity from the ore.

The mill tailings used as backfill contain dissolved activity and manganese. Eventually

all these combine in the mine water stream (Table 4.2); On an average, daily 1500 m^

of effluents originated from the mill. The concentrations of uranium, radium and Mn in

mill drain are given in Table 4.2.

Characteristics of Tailings

The acid leach process in the uranium mill produces about 3500 tons of waste slurry

due to processing of ore in a day. The two main sources of wastes are (i) solid tailings *•
I

from filter units, and (ii) barren effluents from ion-exchanger. Uranium is recovered

almost completely leaving behind Ra and associated radionuclides. The manganese
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added in the process ends up in the tailing slurry as it is precipitated by alkaline

treatment. Manganese, being an oxidising agent, is susceptible to changes in pH and

other environmental conditions. The leachates after filtration is sent to ion exchange

plant to concentrate and separate uranium. The effluent from IX column is called

barren liquor which is highly acidic This barren liquor has a pH below 2 which

contains uranium, 2?0Th and 226Ra at levels of 120 ug/L, 92.5 Bq/L and 1.3 Bq/L

respectively. This is neutralised in 3 pachucas using retention time of 6 hours. Lime is

added from outside and the system is agitated using compressed air introduced at the

bottom of the pachuca. The pachuca discharge having pH about 10, mixes with re-

pulped secondary filter cake. A set of hydrocyclones separate coarse and fine fraction

in tailings. The coarse fraction of the sand is returned to mine as backfill to stabilise the

worked out slope. The fine fraction of the slurry is pumped into tailing pond for

containment.

Dissolution of uranium during acid leaching of ore is about 96 percent. Alkaline

treatment of tailings precipitate some of the uranium remaining in solution and hence

concentration of uranium in solid phase of the tailings is higher compared to leached

pachuca slurry. The overall recovery of uranium in the process is about 87 % and the

remaining 13 % is retained in the tailings. Dissolution of thorium during leaching is

fairly high («65 %), but it is re-precipitated on addition of lime. Hence, under normal

operation when pH is maintained at 10, there will be insignificant amounts of 230Th

present in the dissolved phase

The tailings hold the bulk of the activity from the ore as well as the reagents added

during the process. The total volume of the waste discharged daily from the mill

amounts to about 3500 m3 of which liquid portion is 2500 m3. Addition of reagents at

various stages of the process introduce sulphates («1800-2000 ppm), chlorides («500-

600 ppm) and total hardness (1500-1800 ppm). The characteristics of tailing

discharges are given in Table 4.3.
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Tailing Disposal

The disposal site receiving the finer fraction of the slurry is a natural valley with hills

on two sides and sealed on one side with an earthen dam to contain the slurry pumped

in. The height of the dam is periodically raised as the level of tailings in pond increases.

Six decantation wells serve as the drain for clean supernatant liquid to flow out the

recipient drains. Wooden planks called sleepers stacked at the mouth of the

decantation wells to a desired level serve as a constraint to the particulate outflow

allowing only the clear liquid portion of the slime to be decanted into the drain.

Release of Manganese and Radium

The concentration of dissolved manganese in tailing effluents is very sensitive to the

changes of pH (Table 4.4). On neutralisation of tailings with lime, the dissolved Mn is

precipitated and retained in the solid phase. The pH of the tailings discharged into

tailing pond is maintained at 10 or more to ensure total precipitation of Mn. In

practice, occasionally the pH was observed to be less than the desired level and the

concentration of Mn increased significantly. The microbial oxidation in the tailing pond

leads to formation of sulphuric acid and dissolved Mn and the resultant Mn finds its

way into the overflow. The concentrations of Mn and Ra reach levels of 6 g/m3 and

1726 Bq/m3 respectively (Table 4.3).

Removal of Radium and Mn

The effluent treatment plant (ETP) is set up at the downstream of the tailing pond and

the treatment method is based on co-precipitation of Ra on BaS(>4. After the

precipitation of BaSO,*, lime is added to raise the pH to 10 which retains Mn efficiently

on the solid phase. During normal seasons of limited rainfall, the average flow through

the combined tailing drain is about 120 rnVhr. This effluent is diverted to ETP wherein

the effluent flows through a clarifier when flocal is added for clarification. The clarified

effluent is stored in a tank and recycled to the mill as per the requirement. When the

storage exceeds the requirement, the excess effluent is treated for decontamination of

Ra and Mn before discharge into the environment. The settled precipitate is pumped

back into the tailing plant where it is mixed with fresh tailings before pumping back to
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the tailings pond. The clear supernatant is acidified to bring down the pH to about 8

and then discharged into nearby waterbody.

Pathways of Radionuclides into the Environment

Processing of uranium ore leaves behind a large volume of low specific activity waste.

The tailing pond receives about 0.2 million tons of waste annually containing about 2

TBq of 226Ra and equivalent amount of other natural radionuclides (Basu et al., 1999)

other than uranium which is almost effectively removed during the recovery process.

Though the tailing pond retains most of the radioactive contaminants, the overflow of

effluents containing finer fraction of the solids and associated radionuclides may escape

into nearby water stream. In addition, small amount of radionuclides and conventional

pollutants present in the tailing ponds could find their way into ground waters through

seepage action.

Environmental Monitoring of Surface Streams

The effluent of the tailings pond flows into the recipient stream Juria nullah. The mill

effluents and mine waters discharged from about 0.6 and 1 km distances respectively

also enter Juria nullah stream. There is, however, very little flow in Juria nullah except

during monsoon. The stream waters of Juria nullah, after flowing a distance of about

2.5 km from tailing pond joins a bigger stream, Gara nullah which flows into

Subarnarekha river at a distance of 3.5 km from Juria-Gara confluence point. Regular

monitoring is being carried out to obtain the concentration distribution of radionuclides

and other conventional pollutants in all surface steams in order to assess the overall

impact on the health of population and environment. Sampling points chosen for water

samples are Juria nullah, Gara nullah, Juria-Gara-Subarnarekha confluence point and

subernarekha river. Some background water samples are also taken from their

respective upstream to study the extent of effluent mixing in the streams. The water

samples are filtered to separate silt and suspended particulate. All the samples are

analyzed for U, ^Th , and 226Ra . A summary of monitoring studies (Khan et al., 1997)

is given in Table 4.5. The samples at 2 km distance from the tailing pond in Juria nullah

show liigher concentration of U, and ""Th owing to the contribution from mill

effluents, thereafter the concentration of all nuclides decreases with distance. Further
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downstream in the Subarnarekha river, which is the main source of water supply to the

region, the concentration of all nuclides has reached the background values much

below the standards stipulated (WHO, 1993) for drinking water.

Environmental Monitoring of Ground Water

Ground water monitoring assumed importance since it is the main source of portable

water in many areas including villages of Jaduguda. The slope of the tailing pond and

the drainage is from west to east and hence groundwater sampling and analyses are

carried out twice a year at different wells and tube wells situated (i) within 0.5 km; (ii)

between 0.5-1.6 km; (iii) between 1.6-5.0 km; and (iv) beyond 5 km. The

concentrations of U, Ra and Mn in different wells and tubewells downsteam of the

tailings pond are shown in Table 4.6. The monitoring confirms that there is no

detrimental effect in ground water quality from the tailing seepage. The concentrations

of U, Ra and Mn in groundwater are well below the permissible values (WHO, 1993).

Radiological Impact Assessment

The monitoring studies reveal that uranium concentration in ground waters of

Singhbhum mineral belt is not significantly different than that observed in other parts of

the country and the distribution of radioactivity level in surface waters at the

confluence point of Gara-Subamarekha river is the same as that observed at farther

distances away from the mine complex. As such no significant radiological impact is

observed due to uranium processing at Jaduguda.

Radioactivity Releases from Nuclear Power Plants

The amounts of radionuclides released into tiie environment as gaseous and liquid is

very small fraction of the total produced in the nuclear fuel cycle. However, liquid and

gaseous wastes are important for two reasons: (i) they account for nearly all the

radiation exposure currently due to nuclear generation; and (ii) the methods used for

calculating radiation doses from each discharges are directly applicable to the final

stages of the calculation of doses likely to be due to waste repositories.

Reactors are equipped with clean up circuits to absorb radioactivity in gases and
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liquids, but some of the activity nevertheless is discharged into the environment.

Radionuclides discharged into the atmosphere include fission gases (Kr, Xe and 1) from

defective fuel elements, species formed by neutron activation reactions such as 3H, 14C

and particulates from corrosion of the cooling circuits. Radionuclides released through

the liquid effluents include predominantly 3H and trace quantities of fission and

activation products.

Control of Liquid and Gaseous Effluents

During the operation of NPPs, a large quantity of fission and activation products are

produced. The fission products generated are well contained within the fuel bundles

except some minute quantities may leak into coolant system in the event of pinholes in

the corrosion resistant zircalloy fuel cladding. The coolant system is a closed loop high

integrity system. During on-line refuelling as well as routine maintenance operations

small quantities of process fluids are likely to be released into the system. Special

alarm devices (beetles) are installed in several key locations for indicating heavy water

leaks for corrective actions. These steps themselves play a major role in controlling

release of radioactivity into the environment. The radioactivity within these process

system is subjected to continuous treatment of filtration and ion exchange which

control the levels of radioactivity in these systems. An effluent treatment plant treats

the liquid waste stream that require treatment and the effluents with low levels of

radioactivity after treatment are mixed with large quantities of condenser cooling water

and discharged into the nearby water bodies.

The control techniques used for gaseous wastes in reactors are delay and decay,

filtration and absorption on charcoal. In the first case the waste gases are stored for

long period to allow short-lived radionuclides to decay before treatment and thereafter

the treated effluents are released to atmosphere. Gaseous emissions are treated with

high efficiency particulate air (HEPA) filter. Wherever it is necessary, specially treated

charcoal filter bids are used to remove iodine. The main components of gaseous

activity in PHWR are 41Ar, 3H and micro quantities of fission products. The gaseous

emissions, after filtration, are diluted with large quantities of plant ventilation air and

discharged through 100 m high stacks. The state-of-the-art instruments are provided to
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monitor these emissions at the source prior to discharge.

Derived Limits Based on Critical Pathways

The derivation of derived limits (DL) involves the use of mathematical models to

establish the relationship between releases of radionuclides into the environment and

the resulting dose to man. The DL for the discharge of a radionuclide in the aquatic

environment is computed through two stages. The first stag«f is concerned with the

transport of radionuclides within the water body (the aqueous phase) and during this

phase radionuclides are diluted and dispersed within the water body. The

concentration of radionuclide in water is computed as a function of time and space

during this stage. The second stage deals with radiological modelling, i.e. transfer of

radionuclides from water phase to man through various environmental pathways

shown in Fig 4.1. The derived release limit. DRL (Bq/y), for a radionuclide i, from a

facility k can be computed from the relation:

DRLik = DiJDik

where DL is the dose limit (mSv/y) and D* is the dose derived (mSv/y per Bq/y) from

unit release rate of the radionuclide, i, from the facility, k, through different

environmental pathways. The limiting DRL for a combination of radionuclides within

the facility is evaluated as the inverse of the reciprocal of release limits for individual

radionuclides.

The maximum permissible concentration (MPC) is another secondary derived limit that

is used as an index for release limit. The estimation of MPC for a radionuclide i

requires the computation of dose per unit concentration of the radionuclide in the

medium. The MPQ (Bq/ml) for a radionuclide i, is computed from the relation

MPCj = D,7Dj

where D\ is the total dose (mSv/y per Bq/ml) received by a member of a critical group

from all critical pathways for the nuclide. The DRL for the radionuclide can also be

computed as a ratio of MPC for the radionuclide and the concentration of the

radionuclide C; (Bq/ml per Bq/y) at the location of interest derived using hydrological
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transport model best suited for the medium based on continuous release rate.

Derived Limits for Gaseous Effluents

The approach used for DL computation for gas phase emission of a radionuclide

through stack is similar to that for liquid effluents except that the models employed for

both transport and exposure pathways are different. Radioactive materials released

into the atmosphere will be transported downwind distance and dispersed by normal

atmospheric mixing processes. As the activity disperses, the member of the public are

irradiated internally by inhalation of activity and externally by P, y radiation from the

plume. In addition, depletion of the activity from the plume through depositional

processes is considered for additional exposure pathways such as inhalation of

resuspended materials, external exposure due to contaminated ground surface and

consumption of food stuffs harvested from contaminated area (Fig 4.2).

The atmospheric transport processes are simulated using modified double Gaussian

model and meteorological database such as wind speed, wind direction and insolation

are collected on routine basis from continuously operating weather stations installed at

the site. The annual average concentration at a distance in any direction is evaluated

using joint frequency distribution of wind speed, stability class and wind direction for

one year. For the purpose of computing annual average ground level concentration

(GLC) of a radionuclide released through stack, the site is divided into 16 sectors of

22.5° each. The sector average concentration is used for estimating dose due to

inhalation of contaminated air and itigestion of contaminated food stuffs through

deposited flux. Tritium being a specific radionuclide for PHWR systems, its dose is

generally computed using specific activity approach.

Environmental Monitoring Programme

The primary aim of the environmental monitoring programme is to demonstrate

compliance with radiation exposure limits set for a member of the public by regulatory

agency based on international guidelines. This requires detailed measurements on a

number of environmental matrices for radioactivity content that might have been

transferred to them from the release of radioactive effluents during normal operations



of NPPs. The samples are selected on the basis of potential pathway of exposure.

Associated data on utilization of the environment and demography are used for the

estimation of intake of radioactivity and the resulting radiation exposure based on

ICRP principles. The number and type of samples and sample frequency are based on

site-specific considerations related to utilization of local environment and existing

population clusters. In general, more samples are collected close to plant premises, or

wherever population clusters exist and sampling frequency is reduced with increase in

radial distance from the plant. Samples collected -fall under three categories such as (i)

samples that are collected and analyzed for the estimation of dose to a member of the

public and are directly related for this purpose (eg. water, and different food materials);

(it) samples that serve as trend indicators like sediments and air particulates; and (in)

sensitive indicator organisms that accumulate specific radionuclide to a greater extent

for serving as markers (eg. goat's thyroid for iodine and aplysia sp. for Co). A quality

assurance study is carried out using international standards and certified reference

materials obtained from IAEA and the International Reference Centre (IRC, France) to

ensure quality of measurements and data.

Compliance with Regulatory Limits

A three-tier system of regulatory control and compliance is employed for radiological

surveillance of eflluenls and resulting exposure in public domain arising from nuclear

operations viz: (i) discharge criteria are specified for each plant in the form of technical

specifications for individual radionuclides and release routes; (ii) effluents prior to

discharge are monitored at the source level to ensure that the discharge criteria is met;

and (iii) monitoring programme is established for detailed survey of different

environmental compartments within a radius of 30 km. These measurements are

carried out by Environmental Survey Laboratories located at each NPP site. The

discharge data as a fraction of the TECSPECS Limit for the gaseous and liquid

effluents for different PHWR systems in India is shown in Figs 4.3-4.7 which reflect

the accepted level of compliance With the prescribed limits.

Back end of Nuclear Fuel Cycle

The main objectives of fuel reprocessing are: (i) recovery and reuse of uranium and
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plutonium produced in the reactor, and (ii) transformation of radioactive waste into a

form suitable for permanent waste disposal. The PUREX process is the basic process

used in India and this is based on dissolving spent fuel in nitric acid and separating U

and Pu from fission and activation products by extraction with tributylphosphate

(TBP) in three or more successive cycles. High level liquid waste is the aqueous waste

solution from the first cycle of fuel reprocessing operations. This waste contains about

99 % of the non-gaseous fission products, unrecovered Pu and actinides produced in

the fuel. The low and intermediate liquid wastes typically consist of solution from the

second and third cycle of U and Pu purification streams, condensates from

concentrators and vessel off gas systems, and wastes from the solvents used in recycle

of Pu in the conversion process.

Control of Gaseous radioactive wastes

Gaseous effluent arises when the spent fuel is chopped and dissolved in nitric acid and

it comprises of the fission product gases, Kr and Xe and some of the volatile species

like iodine and ruthenium. Elements such as iodine and CO2 are removed by caustic

scrubbing, but the rare gases are discharged. Radioactive particulates and aerosols in

gaseous eftluent are removed by HEPA filter and treated gases are discharged through

stack.

Treatment of Low and Intermediate Level Waste

Specific management schemes and techniques have been developed for the

confinement of low and intermediate level wastes over the last three decades. The

experiences acquired to-date in the management of these wastes has resulted not only

in merely satisfying the regulatory standards but restricting the discharges to the

environment far below allowable discharge limits. The major radionuclides of interest

present in these streams are l37Cs, '"Sr and I31I as fission products; Co, Fe, Ni and Cr

as activation and corrosion products; and small amounts unrecovered Pu and

transuranics. Segregation of these waste streams according to their nature and

contamination levels constitutes the basic step in the processing to follow.

The treatment techniques involve chemical flocculation, sedimentation, ion-exchange
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and evaporation prior to their discharges in an environmentally acceptable manner.

Decontamination by chemical treatment involves coprecipitation using phosphates,

ferrocyanides and hydroxides in association with scavengers used for effective removal

of l37Cs, ^Sr and 60Co. An overall decontamination factor upto 200 can be achieved.

With the intention to restrict discharges of radioactivity to the environment to as low

as possible, a very high volume reduction with practically zero-release has been

attained in non-boiling solar evaporation facility at Rajasthan Atomic Power Station

(RAPS). This site offers favourable climatological conditions such as high temperature,

low humidity and high wind velocities needed for such a facility.

Volume reduction techniques alone are not enough for the management of these

wastes. The waste concentrates are required to be appropriately solidified or

conditioned. Solidification immobilizes the waste, thereby diminishes the potential for

migration of radioactivity. Cement and cement composites in view of their amenability

to simple processing have been utilized as immobilization matrices for relatively

medium level active concentrations. Whereas for batch operations, in-drum mixing of

cement and waste concentrate is widely used at Trombay and Rajasthan; a semi-

continuous mode is used at Tarapur extensively. Being easy to pump in slurry form,

cement and their composites have been found to be useful for in-situ immobilization of

waste concentrates in specific cases.

Since commercially available cement did not meet the criteria of relatively higher

resistance to leaching of radioactive elements, bitumen had been chosen earlier for

fixing the intermediate level alkaline wastes arising from reprocessing plants. This

process was adopted in the first Waste Immobilization Plant (WIP) at Tarapur. The

operation of this plant has brought to focus attention of the difficulties encountered

while handling this process continuously and remotely. Studies undertaken in active

collaboration with research and development wing of a leading cement manufacturing

company have helped in arriving at new formulations. With additives and polymer

impregnation, cement composites have acquired characteristics like long term

durability, very low leach rates and ideal physico-chemical and mechanical properties.

This process is presently adopted in cementation process.



Treatment of High Level Liquid Waste

The highly radioactive liquid waste stream from reprocessing unit is presently stored in

high integrity stainless steel tanks. These tanks are located in stainless steel lined

underground vaults which provide necessary containment as well as biological

shielding. A three-stage program has been drawn for the management of high level

wastes viz: (i) immobilization of the waste in solid matrix; (ii) engineered storage of

the solidified waste for a period of about 25 years; and (iii) permanent disposal of the

solidified waste. The immobilization plant utilizes a borosilicate glass process involving

calcination followed by melting in the processing vessel, heated by an independently

controlled multi-zone induction furnace. After homogenization, the freeze valve

indicator of the processing vessel is energised and the molten glass is cast into a

separate high integrity stainless steel container. The canister filled vitrified waste

product (VWP) is allowed to cool slowly in an insulated assembly. The vitrification

process data is given in Table 4.7.

Interim Storage of VWP

The need for the interim engineered storage for VWP under constant surveillance has

already been recognized. Among the various alternative cooling options, a stack

induced natural draught air cooling system has been selected for solid storage

surveillance facility (SSSF) at Tarapur. This facility would cater to the needs of the

storage of VWP produced in WIP at Tarapur and Trombay over a period of 25 years

with provision for continuous surveillance, cooling and monitoring.
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Table 4.1 Uranium content of ores in Singhbhum area

Name of mine

Jaduguda

Turamdih

Narwa

Bhatin

Rakha copper mine

Kendadih copper mine

Surdha copper mine

Badia copper mine

Uranium content (jig/g)

600

460

490

410

199

69

124

73

Table 4.2 Effluent activity from mill and mines

Location

Mines

Mill

U (>ig/L)
GM SD
327

924

1.8

3.3

Ra (Bq.m3)
GM SD
1035

2479

2.2

2.2

Mn (g/m3)
GM SD
3.6

1.1

1.8

3.7



Table 4.3 Characteristics of tailing discharges

Constituent

Uranium natural (ng/L)

""Th (Bq/m3)
226Ra(Bq/m3)

Mn (g/m3)

Cr (g/m3)

S<V2(g/m3)

Total hardness as CaCG3 (g/m3)

Concentration
GM GSD
100

592

1726

6

172

785

699

2.8

3.1

3.1

3.8

2.6

2.4

2.6
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Table 4.4 Dissolved manganese as a function of pH

pH

2-3

3-4

4-5

5-6

6-7

7-8

8-9

9-10

Concentration of Mn (mg/L)
Mean SD
467.3

351.0

397.8

390.2

264.0

123.5

47.2

0.8

176.2

165.7

131.5

131.2

127.7

92.6

60.1

2.2



Table 4.5 Radioactivity levels in surface streams as a function of
distance

Distance (km)

0 (Tailing pond)

2

2.5'

3.5+

6+

BKG

MPC*

Concentration (Bq/m3) or radionuclides

U

3.5xlO3

1.9xlO3

1.6xlO3

9.5xlO2

1.2xlO2

3.6x10'

2.5xl03

2.5xlO2

3.1xlO2

6.0x10'

5.0x10'

3.5x10*

4.0xl0l

l.OxlO3

2 2 6Ra

4.5xlO3

4.6xlO2

4.2xlO2

1.8xlO2

5.0x10'

6.0x10'

3.0xl02

Maximum permissible concentration in water (WHO, 1993)
+ Public domain

43



Table 4.6 Radioactivity levels in wells/tube wells in Jadugixda

Distance (km)

0.2 E

0.3 E

1.1 E

1.4E

2.0 E

4.5 SE

6.0 SE

7.0 SE

13.5 SE

16.0 SE

0.6 NE

WQS*

Identity

Jaduguda well

Jaduguda well

Dayal market well

HP unit tube well

UC1L colony tube
well
Matigora tube well

Digri tube well

Roam tube well

Kendadth tube well

Surda tube well

School tube well

Geometric mean concentration

pH

7 6

7.5

7.3

6.6

7.2

6.6

6.7

6.5

6.8

6.2

6.7

7-9

U
(lig/L)

4.0

1.7

3.1

0.8

23.3

<0.5

0.7

2.4

0.8

0.7

3.1

100

Ra
(mBq/L

)
17.0

10.6

7.3

10.0

23.5

19.5

18.4

24.5

9.7

19.4

6.3

300

Mn
(mg/L)

0.4

0.3

<0.01

0.08

0.04

0.02

0.14

0.06

<0.01

0.08

0.11

0.1



Table 4.7 Vitrification process data

Total time in a cycle

Waste throughput/cycle

Average feed rate

Product throughput/cycle

Percentage of waste oxides

Average density of product

Activity content

Specific heat generation rate

50 hr

1000 L

20 L/hr

125 kg

15

2.8 g/cm3

0.6 MCi

40W/L
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Fig 4.3 Liquid discharges from NPPs: Tritium
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Fig 4.4 Liquid discharges from NPPs: Gross Beta
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Fig 4.5 Gaseous discharges from NPPs: tritium
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Fig 4.7 Gaseous discharges from NPPs: fission product gases
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5. Disposal Options For Solid And Solidified
Radioactive Waste

Basic Policy

Due to the vastness of the country with widely varying environmental conditions of

different NPP sites, it is necessary to evaluate the specific characteristics of each site

and adopt norms both for discharge of radioactivity to the environment and also for

containment of wastes that cannot be discharged.

In principle, the Indian waste management programme envisages two distinct modes of

final disposition in respect of radioactive wastes:

(i) Near-surface engineered extended storage for tow and intermediate level wastes,

and

(ii) Deep geological disposal for high level and alpha bearing wastes.

The broad outlines of the policy are:

-The discharge of radioactive liquid or gaseous waste to the environment should

follow ALARA principle,

-Conditioned primary solid wastes and waste products, resulting from conditioning

of liquid wastes generated due to operation of reactors and research laboratories,

are to be stored in near-surface disposal facilities specially engineered for this

purpose. Conditioned low and intermediate wastes along with trace quantities of

alpha contamination from operation of fuel reprocessing units are also permitted

for storage in such facilities.

-High level liquid wastes from reprocessing plants are initially stored for an interim

period of underground in Jiigh integrity stainless steel tanks prior to their

conditioning. These wastes will be vitrified and these solidified wastes products
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will be provided intciiin storage in nearly surface engineered facilities. The interim

storage will allow reduction in heat level and also facilitate quality assurance of the

waste products prior to their transportation and emplacement in a centralised

repository.

-Conditioned high level and alpha wastes are to be disposed in a suitable deep

geological formati n forming the centralised repository.

Near Surface Disposal Facility

Near surface disposal facilities are mainly used for storage/disposal of wastes before or

after conditioning, requiring isolation for a period upto a few hundred years. These are

normally constructed upto a depth of about 10 m depending on the site conditions and

biological shielding requirements. These facilities include earth and re-inforced

concrete (RCC) trenches, tile holes, tanks and vaults.

Multi-barrier Concept

Near surface disposal facilities for low and intermediate level wastes are designed to

provide long term isolation of wastes from human environment by means of a system

of barriers both natural and man-made. Radioactive waste treated, solidified with

cement and packaged in metal drums is buried in these facilities. The multi-barrier

system includes the engineered barriers such as top cover, waste container, waste

form, backfill material, bottom cover and the natural barrier in sequence. The facility,

the top cover and the bottom cover are constructed with re-inforced cement. The

backfill material may include soil mixed with clay. The natural barrier is the

undisturbed geological formation between the facility and the biosphere. The basic

principle of isolation through these multi-barriers is based on concentration and

containment upto a minimum period of 300 years during which period major fraction

of radioactivity disposed of would decay down to innocuous levels. Some of the

important features of near-surface facilities are described herein.
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Earth Trenches

Earth trenches are used for disposal of solid wastes with negligible or suspect

radioactivity. The depth of the trenches depends upon the water table in the area and

are generally 2 m deep. Other dimensions of the trenches are decided upon the role of

waste generation. When filled, the top of the trench is provided with soil cover of

appropriate thickness which isolates the waste from atmosphere, protects from animal

and human intrusion and also provides biological shielding. Typical earth trench

schematic is shown Fig 5.1.

RCC Trenches

Re-inforced concrete trenches have better containment integrity and are used for

disposal of solid waste with associated radiation field upto 50 R/h. The waste is

normally conditioned by incorporation in a suitable matrix like cement, polymer etc. as

discussed earlier, prior to disposal. In order to prevent possible ingress of groundwater

into the trenches, water proofing is provided on external surfaces. The interior walls of

the concrete trenches are coated with acid-alkali resistant asphalt/paint. When the

trench is filled, the top cover is covered with RCC slabs and is finally sealed with

concrete followed by water proofing to prevent infiltration of water. A typical

schematic of RCC trench is shown in Fig 5.2

Tile Holes

The tile hojes are high integrity structure and are used for confinement of solid wastes

with associated radiation field more than 50 R/h. These are cylindrical structures of

about 0.7 m diameter and 4 m deep. Spun concrete pipes are used for primary

construction and these pipes are lined with 6 mm thick mild-steel plates which are

sandwiched between layers of concrete. Water proofing treatment is given to all

external surfaces for additional protection against ingress of groundwater. The steel

lined concrete pipes are embedded in a pad of re-inforced concrete at the bottom, with,

a mild steel plate welded at the bottom at each pipe. When the tile hole is filled with

waste, the concrete plug is put into position and sealed with concrete cast in-situ to

provide shielding. A typical schematic of tile hole is shown in Fig 5.3.
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Borehole Monitoring

The trenches and tile holes are made in a controlled area near the source of waste

generation within the exclusion zone. To conserve disposal space, volume reduction

methodology like compression or incineration are resorted to wherever applicable.

Water table and bearing capacity of the soil strata are taken into consideration while

designing trench and tile holes. The walls of the RCC trenches are designed as

uncracked section' or for crack width within the limits specified by prevailing codes.

The bottom of trenches and tile holes is kept above the expected water table. Some

bore holes are provided in the area when the trenches and tile holes are located for

surveillance and monitoring purposes. The construction of trenches is taken upon a

modular fashion in the area ear-marked depending upon annual requirements.

Alternate Options

Simple trench burial of LLW has been practised in many countries in the past notably

in the USA and the UK. The tendency now is to upgrade the engineering so as to

improve long term containment Thus, the nr'^gs site in the UK has moved into a

system of container boxes stored within concrete area (Jhonson, 1989). The centre de

la Manche in France accepts short-lived ILW, where they are placed in deep trenches

lined with concrete and filled in terms of monoliths (NEA, 1987). This then forms the

base for a tumulus of LLW packed into drums, which are internally capped with a thick

layer of impermeable clay and earth All the LLW in Germany is sent to the Konrad

mine along with ILW. Switzerland plans to dispose LLW in cavern driven into a

mountain side with horizontal access, while caverns in granite rocks will be used in

Finland (Oliver, 1989). The London Dumping Convention (LDC) specifies levels of

radioactivity content above which disposal at sea is prohibited. The scientific

background to these definitions is described by Templeton and Preston (1982) and

with these terms some 142 kilotons of packaged solid waste has been dumped on to

the ocean floor from 1949-82, with the major part on one site at a depth of 4000 m in

Northern Atlantic. The history, choice, characterisation of the site and radiological

impact were summarised by Nuclear Energy Agency (NEA, 1984; 1985). Despite the

favourable reports on safety of the operation, a majority of signatories to LDC voted
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for an indefinite moratorium on this practice.

High Level Radioactive Waste

Transuranic content in high level and alpha bearing wastes can pose a hazard for

extended periods of time. Hence the basic philosophy for the management of this kind

of wastes relies on containment and isolation from the biosphere. Although a variety of

engineering concepts have been reviewed and a range of potential options are

available, disposal in deep underground geological formations is one of the options

which has received wide attention in many of the countries. In India, the choice is

restricted to igneous rock formations and some selected sedimentary deposits.

Siting Considerations

Storage of vitrified high level waste in metallic containers in shallow underground

vaults is only an interim arrangement as discussed earlier. Different alternatives are

being considered for their ultimate disposal. Geological formations which are known

to be physically and chemically stable for millions of years offer maximum potential to

locate deep geological repositories for these wastes. Such wastes will retain their

hazardous nature for extended periods of time, and once disposed cannot be retrieved

for manipulation in future. In view of this, repositories in geological formations assume

great importance and warrant critical considerations with respect to siting, design,

construction and sealing aspects

Siting is the first and most important step for setting up of a repository. It is essential

to ensure that the disposal of waste in it will not result in radiation exposure to the

public, either from direct contact or via critical pathways in the ecosystem, exceeding

the applicable dose limits at any time upto extended periods. While choosing the

location, the factors to be considered are: (i) seismicity, (ii) geological and structural

stability, (iii) proximity to mineral potential zones, (iv) rainfall, (v) vegetation and land

type, (vi) groundwater conditions, (vii) population density and (viii) accessibility. On

the basis of these factors, certain possible locations cam b* identified for further

detailed evaluation and screening. Such evaluations include surface and sub-surface

studies such as geological and structural mapping, geophysical studies, test drilling,
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hydrological studies, thermal and thermo-mechanical studies, effect of blasting and

drilling on host medium, effect of radiation on host medium and interaction of waste

and host medium. The above studies aid in identifying the best possible locations for

taking up of a pilot repository and subsequently the actual repository.

Experimental Research Station

The Indian programme currently envisages investigation of candidate sites for a

repository in peninsular geniuses and granite formation which are homogenous and

massive. In this connection, an experimental research station has been set up in an

unused portion of an underground mine at 1000 m located at Kolar near Bangalore.

The studies carried out are oriented towards investigations of the suitability of these

formations for final repository through in-situ experiments for examining the thermal,

mechanical, hydrological and chemical behaviour of the host rock under simuki

conditions.

Design

Adequate data is not yet available for the design of deep underground repository.

Hence a pilot repository may have to be designed in one of the best locations as

identified under siting above, in order to generate necessary data base. Normally a

repository construction is planned at a depth of about 500 m or more. The designs will

have to take into consideration various mining aspects . thermal, thermo-mechanical,

hydrological, chemical and radiation effects, movement of heavy shielded containers

and heavy vehicles inside the repository.

Indian Concept of Repository

Indian concept of deep geological repository is an underground mined structure at a

suitable depth between 500-900 m in massive granite pluton or genesis granite devoid

of ground water. The facility will include shafts, galleries, disposal rooms having a

number of waste emplacement bore-holes, bentonite-sand-rock powder buffer with

provision for back filling and final sealing of the repository.

A few tentative sites have been identified for intensive investigations after carrying out
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preliminary screening of the geological formations. The experiences of underground

research station facilitated to study the thermo-mechanical behaviour of the rock

consequent to heating using electrical heaters. Some locations in granite formations are

being considered for taking up geological, geophysical and bore-hole investigations. A

conceptual design of a pilot repository is shown in Fig 5.4. The pilot repository

essentially consists of three shafts, each upto a depth of approximately 650 m with

interconnecting galleries and experimental chambers The cross-section of the shaft is

about 6 m diameter and that of galleries is around 5 m x 5 m The depth of the pilot

repository is chosen > 500 m since the granite formations are expected to be free from

fractures, joints and ground water at such depths. The dimensions and spacing of the

shafts, galleries and rooms depend upon the vertical and horizontal stresses of the rock

and the piesence of geological features like fold, faults, joints and fractures, if any

Alternate Options

The strata being investigated in various countries include crystalline rocks, salt domes

and bedded salt deposits, clays and other sedimentary rocks, basalt and tuff (NEA,

1984, IAEA, 1998) Underground experiments in granite rocks are in progress in

Canada, Sweden, Switzerland, Germany and the USA (W1PP) in evaporites; and in

Belgium (NEA, 1988b) in clays. In USA, sites on salt, basalt and tuff were selected for

preliminary investigations (Smiley, 1985)

These different formations have their own strengths and weaknesses when judged

against the ideal requirements of a repository. Salt deposits are easily mined and are

generally dry, though deposits can contain pockets of brine. Halites are plastic, which

allows formations under pressure to reseal boreholes and fractures. Salt has a high

thermal conductivity. Granites have great structural strength and can be mined upto

1000 m with existing technology However, they are liable to faulting and fracture, and

fracture zones provide a short circuit path for ground water flow.

Disposal of HLW in the sub seabed sediments has been investigated extensively. An

international effort of ten countries and the EEC has been co-ordinated by the seabed

working group of the NEA. Fifteen study areas in the Atlantic and Pacific oceans were
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identified and studied in detail. A comprehensive review was published by the NEA

(NEA, 1988a). The base radiological calculations indicated very low individual and

collective doses, but more work has to be done on the hydrology of the system after

disturbance to ensure that the vertical pore water velocity will be low. The use of sub

seabed option has not yet attracted attention especially in view of the position taken by

the majority of the signatories to the LDC
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Fig. 5.1 Earth trench schematic
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Fig. 5.4 Conceptual layout of pilot repository in granite



6. Radiological Impact Assessment

Methodology

The radiological impact assessment due to radioactive disposal practices are achieved

through safety assessment methodologies. The potential for radiological impacts may

arise following the closure of the facility from either gradual degradation of multi-

barriers or due to disrupter events which may affect the waste isolation. Thespotential

for human intrusion can be assumed to be negligible while active institutional controls

are fully effective. The radiological impact assessment for a radioactive disposal facility

is a regulatory mandate and it requires a quantitative estimate of the maximum

radiological burden to the present and future generation. Safety assessment models are

employed to derive this estimate which could be compared with the regulatory criteria

to ensure the safety of the public.

Safety assessment methodology for different kinds of radioactive disposal facilities

such as near surface or deep geological repositories have many common factors. The

fundamental methods are similar for both of them; however components of safety

assessment model such scenario generation and formulation of mathematical models

are different for both the facilities. The safety assessment model involves several

components viz: system description; development and justification of scenarios,

implementation of conceptual model; use of appropriate models for the evaluation of

system performance through calculations; uncertainty analysts and sensitivity analysis;

and verification of compliance of the assessment results with designed goals.

Safety Assessment of Near Surface Disposal Facilities

The safety assessment methodology for near surface disposal facilities mainly

comprises of three components such as flow model, source release model and solute

transport model. The flow model generates the ground water velocity field as a

65



function of space and time based on Darcy's law. If constant velocity is used, it is not

necessary to simulate the flow model.

Solute Transport Model

The concentration of radionuclides in ground water due to their migration from near

surface facility is usually very low and difficult to measure. Consequently,

mathematical models are used for assessing the safety performance of the wqstc

disposal system. The basic principle of mathematical model is to simulate the

dispersion and dilution characteristics based, on the physical, chemical and biolqeipal

processes in the concerned environment when a/pollufqpt is released into it. The major

processes for dispersion and dilution are advection, mojepular and turbulent {jiffî iRfy

interaction with soil and physical or chemjc$i removal rajes,. The genera) math r̂ntytfyflj

model incorporating the above processes is based on mass ponseryatiotv ajnd. 0QntP$

volume approach. The objective is to compute the concenttjatipn of* radionuclides in the

pore water of the medium as a function of space and time. The general mathematical

model approach is based on the differential equation given below:

The fast term on the left hand side of this equation represents the rate of change o,f

concentration in a satur^ed medium. The terms on the right hand side represent

dispersion, advection and, radioactive decay processes sequentially. The last term on

the right hand side represents the source term. The retardation factor, R, repres.en.ts the

sediment interaction processes, especially adsorption by sediment particles. This

general mathematical model 9&n be reduped to simplified forms dqpencjiijg o,n; the

assumptions and scenarios developed. Depending on the scenario development, \hs

model can use either point, line or area source as input term. The possible scenarios

associated with near surface disposal facility (Nair and Krishnamoorthy, 1997) are

related to the activity disposal mode (ADM), source release mode (SRM), type of

burial facility (TBF), geohydrology of the site (GHS) and region of modelling (ROM).
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Source Release Models

The activity disposal mode can be of two types viz: single dump mode and multiple

dump mode. The former is used mainly to consider accidental scenario while the latter

represents the realistic practice of radioactive waste management operations. The

source release mode depends on the waste form characteristics and ranges from simple

instantaneous dissolution mode to complex diffusive leach release mode. The different

types of source releases generally considered are: (i) instantaneous dissolution; (ii)

leach release, (iii) diffusive release; and (iv) diffusive and surface wash release. The

instantaneous dissolution of the waste form is the most conservative assumption,

however it facilitates simple formulation and quick evaluation of the models. The

leach release mode is a function of the leach rate coefficient, K| (y1), which is defined

as the ratio of mass release rate and surface mass density. A wide range of

experimental data on mass release rate and surface mass density for different materials

such as cement, glass and titanites are available in literature (NRC, 1983). The

radioactivity release rate from the waste form by leach release mode, \\>f (Bq/y) for

single disposal mode can be evaluated (Krishnamoorthy and Nair, 1994;

Krishnamoorthy et al, 1991) using the relation:

where M is the inventory of radionuclide in the waste form and \ is the radioactive

decay constant. The radioactivity release rate, \ym (Bq/y), for multiple dump mode

can be evaluated (Krishnamoorthy et al., 1991) using the relation:

where Q is the disposal rate (Bq/y) into the disposal facility for a period of T years

(dumping period).

The diffusive leach release is based on internal diffusion controlled kinetics for the

transfer of radionuclides from porous cylindrical waste forms. There exists several

studies on the leaching behaviour of radionuclides from cement waste forms (Jhonston
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and WHmot, 1992; Colombo and Nelsen, 1997; Atkinspn and Nickerson, 1988;

Krishnamoorthy et ai., 1993). The source term, V|/a(Bq/y), due to diffusive release of

radionuclides from the cylindrical cement waste form into the surrounding porewater

of the backfill materials (Krishnamoorthy et at., 1993) is of the form:

where M is the inventory of radionuclide in the cylindrical waste form, R is the radius,

a is the roots of Bessel function of the order zero and a is the retardation factor in

cement.

The diffusive and surface wash, is a combination of models that take into account the

radioactivity release due to diffusion and surface rinse process. The surface rinse

process is not a well understood release mechanism and is highly dependent on the

characteristics of radionuclides. This release mode is applicable to radionuclides such

as ^Co, 65Zn and t06Ru wliich are firmly absorbed by cement hydrates. Therefore,

their transport through interstitial water in the solidified waste may be considered

(Aoyama et al., 1977) to be insignificant.

Data Base

The main data base required for the safety assessment pertain to type of disposal

facilities and their characteristics; geology and hydrology of the site; climatology,

population around the site; and land and water use by the critical group.

Applications of Safety Assessment Models

The migration of radionuclides from the near surface disposal facilities mainly depends

on the transit time to reach the user's point which is governed by their retention

capacity and half-lives; and ground water velocity. In general, the radionuclides of

interest from long term point of view are l4C, 59Ni, 79Se, "Tc and I129 due to their high

migration rates in soil and long half-lives. The transuranics do not represent a problem

by this route as they display very low migration rates and high sorption in soil.

63



However, the transuranics and short-lived radionuclides having high K<i values may

deliver significant inhalation exposure and external exposure respectively for

inadvertent human intrusion scenarios after the institutional control period. A typical

migration characteristics of important radionuclides are presented in Fig 6.1 in terms of

concentrations in ground water, for disposed activities ranging between ixlO7 and

ixlO10 Bq. Probabilistic safety assessment methodology can be used to evaluate the

potential risk due to disposal facilities as shown in Fig 6.2 wherein the range of annual

effective doses to a member of the critical group is generated through uncertainty

analysis based on random variation of important parameters.

Waste Acceptance Criteria

The safety assessment model coupled with a radiological model can be used to assess

the potential risk from existing as well as future disposal facilities. It can also be used

to derive the radioactive waste acceptance criteria as disposal rate limits (DRL, Bq/y)

and activity concentration limits (ACL, Bq/g) for near surface burial facilities. These

limits are evaluated based on the assumption that some fraction of the radionuclides

would eventually reach man through some release scenarios and exposure pathways.

The activity concentration limits will ensure the minimum potential risk to individual

for those pathways whereby direct exposure to individual occur. The disposal rafe

limit will become important when the radioactivity reaches man through hydrological

pathways. Different pxposure pathways viz: migration through groundwater,

excavation, natural erosion and occupation at the site have been used (Krishnamoorthy

et al., 1997) to evaluate these limits for the Trombay site based on an institutional

control period of 100 year. These limits are segregated for major specific radionuclides

on the basis of 'a critical scenario/critical pathway concept indicating signatory

radionuclides for monitoring purposes (Table 6.1).

Safety Assessment of Deep Geological Repository

The Indian programme currently envisages investigation of candidate sites for a

repository in peninsular geniuses and granite formations which are homogeneous and

massive. The basis of this option lies on the availability of a suitable geologic barrier

interposed between HLW and the biosphere which would isolate the waste for long
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periods of time. The safe disposal is based on multiple containments; a number of

barriers those act to ensure isolation of the waste from the biosphere. For disposal in

deep underground repositories, these barriers include: (i) the stability and durability of

solidified waste form; (ii) the container surrounding the waste form; (iii) absorption or

trapping of radionuclides in packing materials; (iv) engineered repository structures;

and (v) adsorption of radionuclides in host rock matrix and surrounding geosphere.

The multi-barrier concept for a typical granite repository is shown in Fig 6.3.

The granite rock has been considered as a potentially suitable matrix because of its

stability and low permeability. However, most potential host rocks can have fractures

at greater depths and the permeability of such fractures could be much higher than the

rock matrix when the geological layers are fully saturated. These fractures can act as

the most plausible pathway for carrying the radionuclides from HLW repository to the

biosphere. Hence, performance assessment is required (IAEA, 1993) indicating each

step towards the repository realisation including site selection, site characterisation,

barrier design, operation and closure.

Several models have been used for studying the migration of radionuclides in the

porous media in the far field around the repository. Neretnieks (1980) and Grisak and

Pickens (1980) proposed coupled equations which describe the behaviour of nuclides

both in the fracture and in the host matrix. Both these models were based on analytical

solution for the migration of nuclides neglecting dispersion and sorption in the fracture.

Tang et al., (1981) developed transient as well as steady state analytical solutions with

consideration of dispersion in the fracture. Sudicky and Frind (1982) extended the

solution lp a system pf p^llel fractures. Since then, several studies have appeared

(RasmusqtQ, 1984; Mpieno and Rasmuson, 1986; Moreno et al, 1988; Sudicky, 1989)

relating to specific microscopic features of the host rock. The basic processes used in

most of the models are advection, dispersion, radioactivity decay, and sorption on the

surface of the fracture; and diffusion, radioactivity decay and sorption in the porous

host matrix. The boundary conditions either describes the situation for a nuclide that is

governed by solubility considerations and constant inlet concentration or envisages a

decrease in the inlet concentration due to physical decay. However, experimental

evidence (Russel, 1978) points out dependence on the rate of leaching from the waste
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form. Hence, a method has been developed to evaluate the concentrations in the

fracture water assuming two component leach flux from the vitrified waste form based

on material balance in the entire space of fracture and in the microfissures of host rock

for the radioactivity that has entered into them (Krishnamoorthy et al., 1992; Nair and

Krishnamoorthy, 1995; Nair and Krishnamoorthy, 1997). The efficacy of the

repository system in terms of diffusivity in host matrix, porosity, fracture flow velocity

and fracture radius has been studied (Fig 6.4). The performance assessment of

geological isolation systems project (PAGIS, 1989) supports the soundness of the

geological disposal concept which assumes that the geosphere will act as a barrier over

geological periods of time. These safety assessment model including PAGIS are pre-

regulatory analysis and a full scale assessment would require more data which will

become available when site selection activities are completed.
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Table 6.1 Disposal rate limit (DRL) and activity concentration limit
(ACL) for Trombay near surface disposal facility

Radionuciides

p, y nuclides (Tin < 5 y)

3H
2 4 1Pu
wSr
137Cs

P,Ynuclides(T,,2S:100y)

a nuctides

DRL
(TBq/y)
for 50 y.
1.5xlO2

4.0x10'

8.0xl02

2.0x103

8.0xl02

8.0x10*

2.0x10"2

ACL(Bq/g)

l.OxlO4

2.0xl02

2.0x10s

7.0xl05

2.5xlO5

4.0x103

2.0x101

Critical pathway/
huclide

External exposure

rco)
Well water-drinking

Dwelling-inhalation

Dwelling-inhalation

External exposure

Well water-drinking

C29I)
Dwelling-inhalation

(*9Pu)
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7, Indian Nuclear Power Programme

Three Phase Programme

Since the beginning, the nuclear power programme has been conceived as a three

phase programme with the ultimate objective of utilising India's vast resources of

thorium. The three phases are:

-Setting up of natural uranium reactors for producing electricity and plutonium,

-Use of plutonium in fast breeder reactors to breed more plutonium from '"'U and
233 U from thorium, and

-Use of a 3U to sustain breeder-reactors converting thorium to 233U.

The total thorium deposits in India are estimated at about 3.6xlO5 tons in comparison

to the modest estimate of 7xlO7 tons of uranium. Pressurised Heavy Water Reactors

(PHWR) were chosen for the first phase of the programme due to the advantageous of

neutron economy, economic use of natural uranium sources, amenable for indigenous

manufacture of major nuclear components, on-power refuelling capability and high

plutonium yield to sustain the second phase of power programme. Since the three

phase programme envisages use of plutonium and 233U as fuel materials for the breeder

reactors to be set up in the second and third phase respectively, it would require the

separation and recycle of the 233U produced in thorium blankets of plutonium fuelled

fast breeder reactors of the second phase. Separation of plutonium and 233U from

spent fuel would inevitably result in the generation of a stream of fission products that

would require treatment and disposal.

Thus, spent fuel reprocessing and high level waste management held the key to he

success of our long-term nuclear power strategy. This recognition led to our decision

to embark on fuel reprocessing as early in sixties. Simultaneously, the technology of

processing irradiated thorium fuel elements to recover 3 3U in them was also developed

in small experimental rigs. The fuel for experimental reactors like PURNIMA I & II
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and KAMINI was made out this 2"lJ source,

Minimisation of Waste Volume

In the partitioning cycle of the PUREX process, separation of Pu and U into two

different streams is obtained by preferential back extraction of Pu into the aqueous

phase while retaining U in the solvent phase. This is achieved by the change of

oxidation state of Pu by the addition of reducing agent. In the newly developed

technique, the Uranus nitrate required for reductive stripping of Pu is electrolytically

generated in the process stream and this could result in significant increase in

throughput and substantial reduction in waste volume. Efforts are on to use this in-situ

reduction technique on a pilot scale.

Spent Fuel Issue

Most of the reactors in operation today use either slightly enriched or natural uranium

as fuel. After its useful life, the spent fuel is removed and fresh one is introduced to

sustain the reactor operation. It could be argued that the spent fuel from nuclear

reactor is the ash equivalent of a conventional coal fired thermal power station, and

hence could be treated as a waste unlike in a conventional pile where the fossil fuel is

burnt completely to produce heat, the nuclear fuel in a power reactor is discarded

before complete utilisation of all energy contained in it. The unused uranium and

plutonium formed in the spent fuel are valuable energy sources and they constitute 97

% of the initial quality of the fuel. Hence, their recovery and reuse as fuel will effect

considerable savings of the raw material. Thus, consideration of fuel efficiency and its

impact on the economics of power generation dictate the need for recycling the fissile

material present in the fuel rather than disposing it as a waste.

Even if the spent fuel is treated as a waste to be disposed off, they have to be

encapsulated in canisters and isolated in underground deep geological formations

similar to that envisaged for vitrified high level waste matrix. The teachability of

radioactivity from this heterogeneous waste matrix such as the encapsulated spent fuel

could pose significant problem. On the contrary, if the actinides are separated, the

remaining wastes contain only relatively short-lived fission product radionuclides
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which would decay down to innocuous levels in a few hundreds of years, barring a few

exceptions like "Tc and 129I. Meanwhile, the actinides recycled as fresh fuels would in

turn be converted to short-lived fission products thereby considerably reducing the

isolation problem.

Fuel Reprocessing a Prudent Choice

Above mentioned facts clearly suggest that it is imperative to process the spent fuel

instead of disposing of as a waste. Thus, the reprocessing spent fuel and waste

treatment option is thoroughly investigated and accepted as the prudent choice. The

importance of reprocessing as a vital link in nuclear fuel cycle has been realised by

many other countries pursuing nuclear energy programme. Countries like UK, France,

Germany and Japan have realised reprocessing as fuel conservation measures. For

countries like India, not endowed with adequate uranium sources, reprocessing could

guarantee fuel resources to Support future nuclear power programme Closing the

nuclear fuel cycle with reprocessing and recycling of plutoniurri in fast breeder reactors

is the only responsible approach to meet the energy demands in the country especially

when the expertise exists within the country for safe handling and sound management

of the waste.

Waste Reduction at Source

So far the major thrust of the study has been towards adoption of a post-facto

pollution control technology. At present, studies have been undertaken for preventive

measures in the form of clean technology or measures for environmental management

by reduction/recycle of waste at the source or afterwards through promoting resource

conservation. For example, the. production of the bye-product actinides of mass

greater than 237Np in PHWR operating on ^ T h / ^ U fuel cycle is estimated as 3 orders

of magnitude lower than that in PHWR using 238U/239Pu fuel cycle. Thus, the third-

stage of Indian Nuclear Power Programme based on ^ T h / ^ U fuel cycle would have

the advantage of considerable reduction of actinide waste (IAEA, 1997). However,

the problem of ^'Pa produced in such systems needs to be addressed. In addition, the
232Th/233U fuel cycle would call for remote fuel fabrication and ^ U handling

techniques because of the presence of high energy p, y radiations associated with ^ U
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contaminant.

Transmutation

India has assessed the various options such as once through fuel cycle and permanent

disposal of spent fuels, delayed reprocessing and closed fuel cycle in the light of energy

demand and waste disposal requirements and decided that reprocessing and closing of

back end of fuel cycle is the responsible approach from fuel utilisation point of view.

The concept of closed fuel cycle is realised as the recycling of Pu and U and disposal

of minor actinides such as Np, Am and Cm in deep geological repositories. The

management of both short-lived and long-lived fission products as well as the actinides

in an environmentally safe manner is considered as an important issue and discussed in

earlier section. Partitioning of long-lived a emitting actinides from HLW originating

from fuel reprocessing operation is considered essential for the reduction of a activity

in the waste. Neutron transmutation of long-lived radioactive minor actinides by the

fission process, production of energy and conversion into short-lived nuclides, is being

intensively analysed and considered as a possible answer to reduce the radiological

burden of the repository. Similarly, neutron transmutation of selected long-lived

fission products is also envisaged. The recycling of minor actinides will introduce

further stages to the present fuel cycle such as the partitioning of minor actinides

(possible fission products also) from spent fuel, their fabrication into appropriate

targets and their transformation through an advanced reactor or accelerator. Research

and development activities for the improvement of existing processes and system in the

waste management include partitioning and separation of minor actinides and long-

lived fission products. The present day PUREX process technology generally yields

HLW solutions mainly in nitrate form. However, the earlier PUREX process utilised

ferrous sulphamate as a reducing agent for Pu partitioning and this resulted in the

generation of sulphate bearing HLW solutions. India is presently concerned with these

two types of waste. Solvent extraction and extraction chromatographic studies based

on indigenously prepared TRUEX solvent (CMPO) are in progress to propose suitable

extraction flow sheets for the removal of actinides from PUREX HLW solutions.

Laboratory studies with simulated waste solutions have shown nearly 100 % recovery
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of actinides from sulphate bearing HLW and also from the HLW waste arising from

PHWR fuel reprocessing. Separation of minor actinides from the trivalent rare-earths

which accompany CMPO process is under investigation.

Reduction of actinide components would ease requirements for final repository and

make them relatively less expensive and much more safe with respect to long term

safety. The time of active and passive institutional control for the repository wilJ be

significantly reduced. AH these aspects attract growing attention to the prospects of

neutron transmutation of minor actinides and, also of some selected fission products.

The proposed schemes include burning in advanced reactors, both thermal and fast,

and in accelerator driven sub-critical assemblies. In particular, there is considerable

interest in recent years in the accelerator driven sub-critical system scheme, which

promises to burn Pu and other minor actihides and long-lived fission products, and

produce power with a high degree of inherent safety and at a reasonable cost (See for

example Rubia et al., 1995, 1997 and IAEA, 1997). The minor actinides like Np, Am

and Cm can be effectively transmuted in a fast neutron flux since the ratio of their

fission to captive cross section is quite large (^Np—lOO, 24IAm~20, 244Cm~200) for

fast neutrons. The thermal neutrons are not considered for this purpose because of

lower, fission to captive ratio for the above primary constituents, although they are

suitable for the elimination by transmutation of fission products by neutron radiative

capture process. Bowmen et al., (1992) proposed transmutation of actinide waste in a

large thermal flux of accelerator produced neutrons in the range of lxlO16 n/m2 making

use of rapid successive neutron capture. Hence the proposed scheme of accelerator

driven sub-critical assemblies can be of fast or thermal neutron based systems. The

possibility of adopting cyclotron based compact and efficient accelerator (IAEA, 1997)

or the accelerator driven sub-critical (Kapoor and Ganesan, 1996) system for waste

transmutation applications need further studies on the development of high energy (1

GeV) and high current (10-100 mA) accelerator, nuclear spallation and particle

transport code and on the physical and engineering aspects of the spallation target

systems. The main technological challenge in adopting the accelerator driven scheme

is to develop a reliable accelerator capable of delivering proton beams at an energy of 1

GeV and beam currents of 10 mA or more, in parallel studies are also being made to

see if a way could be found to reduce the requirements of the beam currents (Kapoor
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and Ganesan, 1996; Degweker et al., 1998)

Conclusions

It was recognised quite early in India's nuclear power programme, that safe

management of radioactive waste is vital for its success. An entirely self-sustained fuel

cycle based on indigenous resources necessitated evaluation of hazard potential vis-a-

vis radioactive wastes at different stages of the cycle, starting from mining and milling,

fuel fabrication through the stages of reactor operation and finally reprocessing the

spent fuel. Emphasis was laid on studies related to impact of radioactivity in the

environment and developing technologies to effectively isolate and contain them.

Decades of experience has proved that the present practices are safe, yet there is a

constant endeavour to use new technologies to further restrict the releases so that the

ultimate goal of radioactive waste management should go beyond merely satisfying

prevailing regulations. Our efforts in the future will also be directed towards

demonstrations with field experimental data to establish an adequate degree of

confidence in deep geological disposal of vitrified products of high level wastes.
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