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Abstract

Design and operational aspects of nuclear fuel cycle facilities have several features mat distinguish
them from nuclear power plants. These are related to (i) the nature of operations which are chiefly
mining, metallurgical and chemical (ii) die nature and type of radio-active materials handled, dieir specific
activities and inventories and (iii) die physical and chemical processes involved and die associated
containment provisions. Generally the radioactive materials are present in an already highly dispersible
or mobile form, in die form of solutions, slurries and powders, often associated widi a wide variety of
reactive and corrosive chemicals. There are further marked differences between die front-end and back-
end of die fuel cycle. Whereas die front-end is characterised by die presence of large quantities of low
specific activity naturally occurring radioactive materials, die back-end is characterised by high specific
activities and concentrations of fission products and actinides. Radioactive characteristics of waste arisings
are also different in different phases of the nuclear fuel cycle. Potential for internal exposure in die
occupational environment is anodier distinguishing feature as compared wim die more common designs
of nuclear power reactors. Potential for accidents, their phenomenology and me resulting consequences
are also markedly different in fuel cycle operations. The non-radiological hazards in fuel cycle operations
are also of significance, since die operations are mostly mining, metallurgical and chemical in nature.
These aspects are examined and evaluated in this paper, based on die Indian experience.

1. INTRODUCTION

India has established full-fledged nuclear fuel cycle facilities in support of its civilian nuclear power
programme. These are being further expanded in stages with die objective of meeting die additional
requirements for die 10 000 MW(e) installed capacity targeted to be achieved by die turn of die century.
In view of its limited resources of natural uranium, the programme envisages plutonium recycle in thermal
as well as fast reactors and die utilization of its vast resources of tiiorium in 233U fuelled breeders in me
long run. On account of this, India's nuclear fuel cycle activities and programmes are diverse and wide-
ranging. The operations include mining and milling of uranium and diorium ores, production of nuclear
grade uranium and diorium oxides, fabrication of fuel elements bom for LWRs and PHWRs, spent fuel
storage and reprocessing. It has established facilities for die manufacture of mixed-oxide and mixed-
carbide fuel elements for plutonium recycle in tiiermal/fast reactors and has acquired pilot plant experience
in me extraction of 233U from irradiated diorium and die manufacture of ^ U - Al alloy plate-type fuel
elements for a low-power research reactor. In addition, facilities have been established at all sites for die
processing, conditioning, handling and disposal of die different categories and types of radioactive wastes
that arise in die different phases of die nuclear fuel cycle. With die exception of die long-term disposal
of high active waste arising from die back-end of die fuel cycle, die nuclear fuel cycle in India can be
considered to be fully operational and constitutes a unique experience among die developing countries.

Simultaneously with die above activities, an on-going programme for die assessment and monitoring of
die radiological impact of these diverse operations bom in die occupational and public environment has
been operating successfully for a number of years and die radiological burden of die various components
of die fuel cycle has been assessed in both diese domains.
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2. QUANTITATIVE EVALUATION OF HEALTH AND ENVIRONMENTAL IMPACTS

Quantitative evaluation of health risks and environmental impacts from radioactivity associated with the
different stages of the nuclear fuel cycle will offer much needed insights for (i) comparison of these risks
with similar risks in non-nuclear fuel cycle operations for the production of electricity (ii) within the
nuclear fuel cycle itself, the contribution of radiological impact to the overall health and environmental
impact arising from those aspects not related to radioactivity since most of these operations - mining,
metallurgical and chemical, have several features in common with conventional industrial operations and
(iii) within the nuclear fuel cycle, considering only die radiological impact, die need for assigning priorities
in radiation protection for die different components based on a systems approach and optimization.

In so far as die last mentioned aspect is concerned, it is becoming increasingly clear that mining operations
in die front-end of die fuel cycle and die management of low level wastes in all die phases of die nuclear
fuel cycle, not necessarily nuclear power reactor operations and high active wastes from die back-end of
die fuel cycle, are areas requiring attention in die current state of development in so far as radiological
impact from normal operations is concerned, especially in die light of die recent lowering of die
occupational exposure limits by ICRP. The simple reason, not so obvious, is that, although die specific
activities of die materials handled are small, die quantities involved are large and die concept of
containment, shielding etc. that are so readily applied and applicable to other phases of die nuclear fuel
cycle where die quantities are far smaller, are not so readily applied in so far as these operations are
concerned. Augmented mine ventilation, mechanized and automated material handling systems, better
containment provision during fuel manufacture and for low level wastes, are examples of solutions diat
will require examination. A similar situation is likely to occur in die long-term management of high active
and alpha-emitting wastes arising from me back-end of die fuel cycle in resorting to schemes such as
recovery of actinides from waste solutions, converting mem to solid elements and meir subsequent
transmutation to short-lived species in fast reactors if die entire scheme is not viewed in its totality and
consideration is not given for die risks involved in operating additional plants, generation of secondary
effluents and wastes and die need for decommissioning of these plants etc. Adopting a systems approach
to safety will also mean diat there has to be at least a national consensus on die monetary valuation of
healm determent in all fields of human activity lest a totally distorted approach towards risk reduction is
applied in a few sectors such as nuclear power resulting in valuable monetary resources becoming
unavailable for other vital areas of safety, health care and well-being both of workers and the public and
the ALARA philosophy is applied not in its true spirit but used for rationalizing unjustifiable expenditures
in die name of 'risk perception' [1].

3. DISTINGUISHING FEATURES OF FUEL CYCLE OPERATIONS

From die point of view of healm and environmental impact nuclear fuel cycle operations have features diat
distinguish mem from nuclear power plants both from die point of view of normal operations and
accidents. These are related to (i) me nature of operations which are chiefly mining, milling, metallurgical
and chemical (ii) the nature and type of radioactive materials handled, their specific activities and
inventories and (iii) die physical and chemical processes involved and die associated containment
provisions.

Unlike in nuclear reactors, generally the radioactive materials are present in an already highly dispersible
or mobile form, in die form of solutions, slurries and powders often associated with a wide variety of
reactive and corrosive chemicals. There are further marked differences between die front-end and die
back-end of the fuel cycle. Whereas the front-end is characterised by die presence of large quantities of
low specific activity naturally occurring radioactive materials, the back-end is characterised by high
specific activities and concentrations of fission-products and actinides. Further in the normal operation
of the reactors most of die activity is well contained within die fuel element and die radiation hazards
mainly arise from die activation products and die small quantities of fission products diat leak from die
reactor core into die primary coolant. In a fuel reprocessing plant however, these are present in very high
concentrations along with actinides often in die presence of highly corrosive and reactive chemicals [2, 3].
In die waste vitrification plant, die concentrated fission product solutions are again subjected to high
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TABLE I Radiological and Non-Radiological Hazards in the Nuclear Fuel Cycle

Occupational

Fuel Cycle Activity

1. Mining & Milling

(i) Uranium ore

(ii) Thorium ores

2. Fuel Fabrication

(i) Zirconium plants

(ii) Fuel plants

Radiological

Ext: not significant
exp:

Int: Significant
exp: 222Rn

Ext: Significant
Int: 220Rn

2 2 8Ra, Th

Nil

Ext: Negligible
Int: U02

Non-radiological

Silica dust
Heat

Noise
Vibration

Silica dust
NaOH

NO2, HF, Cl2, HCI
Cl2, NO2H2SO4

NO2, NH3, HF

Environmental

Radiological

222Rn from mine exhaust
and tailings pond

U, 230Th, 226Ra,
210Po in aquatic releases

228Ra, in aquatic releases

insignificant

Non-radiological

SO2 - atmospheric

Mn, SO4, chlorides in
aquatic releases

P, Po4, Pb in aquatic
releases

Fluorides, Nitrates

Chemical effluents
containing sodium nitrate,
sodium silicate,
ammonium nitrate,
ammonium sulphate,
sodium fluorides are
generated in significant
quantities



to

TABLE I (cont.)

Occupational

Fuel Cycle Activity

3. Spent Fuel
Reprocessing and
high active waste
immobilization

4. MOX/MC fuel
fabrication

5. Heavy Water Plants

Radiological

Ext: Significant

Int: 239Pu

Ext: neutron/soft X-ray
gamma exposures from
high burnup fuel
Plutonium
Int: Plutonium

Nil

Non-radiological

NO2, hydrazine,
formaldehyde
TBP/Kerosene, ammonia,
styrene

NH3, H2S

SO2

Environmental

Radiological

85Kr, 3H
1 2 9 I , 106Ru, 137Cs
Actinides

Pu-atmospheric

long-lived actinide
bearing solid waste

Non-radiological

NO2, NH3

TBP

H2S
SO2

NH3



TABLE II Reactors and spent fuel reprocessing plants • Relative Hazards

Feature

Inventory of long-lived fission
products in dispersible form

Inventory of volatile/gaseous
radio-active species

Specific activity of solutions
handled

Medium

Access to radio-active
material/availability

Problems with long-lived alpha
emitters

Potential for skin exposure

Potential for internal exposure

Operating conditions

Potential energy available for
dispersal of radio-activity

Time constants for energy
release transients

Dispersal mechanisms

Reactor

Low

Very high

//Ci/ml

Water

Not very significant

None

Little

Not significant
(except in PHWRs)

High temperature and
pressures

Very high

Low

Power excursion,
loss of coolant
results in sudden
overheating of fuel

Reprocessing Plant

High

Orders of magnitude less

Ci/ml

reactive and corrosive
chemicals, acids, alkalis,
organic solvents

Significant

Significant

Significant

Significant

Low temperature.
operations generally under
vacuum

Low

High

Fires, exothermic chemical
reaction involving reactive
chemicals/flammable
substances, pyrophoric
powders
Criticality incidents
involving fissile solutions
Loss of cooling to high
active liquid wastes
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TABLE III Potential accident scenarios in fuel cycle facilities

Facility

Mining and milling

Fuel fabrication

Spent fuel reprocessing

Waste immobilization

Waste storage

Radiological

—

Exothermic run-away
chemical reactions, during
dissolution, evaporation or
conditioning of process
solutions

Fires involving loaded
solvents/ion exchange
resins

Cask drops, dropping of
other heavy loads in spent
fuel storage bay

Loss of cooling to high
active liquid waste storage
tanks

Criticality excursions

Fires in plutonium powder
handling facilities

- Fires during
bitumenisation

- Runaway chemical
reactions during
polymerization

- Waste canister drops;
active glass spillage

Ground water incursion
Natural calamities
Human intrusion

Non-radiological

Mine fires, explosions,
flooding, conventional
mining accidents

Fires involving pyrophoric
materials (e.g. Zirconium
sponge, scrap,
magnesium); Toxic gas
release

Conventional fires
involving solvents and
diluents, or other reactive
chemicals
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temperature processes and converted to a solid form suitable for ultimate disposal. In the mixed
oxide/mixed carbide fuel fabrication plants die problem is one of handling large quantities of highly toxic
and pyrophoric powders [4]. Although the larger inventory of die short lived fission product noble gases
and volatile species such as iodines are largely absent, certain other long lived species such as 14C, 129I,
3H and KKr and the actinides make their appearance and become available. Radioactive characteristics
of waste arisings are also different in different phases of the nuclear fuel cycle. Potential for internal
exposure in the occupational environment to radon and thoron daughters as well as to the long-lived
components such as uranium, radium and thorium in the front-end of the fuel cycle and the long lived
actinides in die back-end is another distinguishing feature when compared with die more common designs
of nuclear power reactors.

Table I provides a summary of radiological and non-radiological hazards tiiat prevail in die different phases
of die nuclear fuel cycle from mining and milling of uranium and thorium ores to spent fuel reprocessing.
It can be seen that chemical pollutants present significant healdi risks bodi to occupational workers and in
die public environment, unless careful attention is paid for their control and abatement. This is an aspect
diat distinguishes most fuel cycle operations from nuclear power plants.

Table D brings out diose features in me design and operation of a spent fuel reprocessing plant having an
influence on health and environmental impact assessment as compared widi nuclear power reactors.

Table III provides a brief summary of accident scenarios mat can be considered credible in various fuel
cycle operations. Generally the consequences in die off-site environment are minimal and impact if any,
will be confined to plant premises. This has been borne out by experience.

While dealing with probable events widi potential for exposure, it will be advantageous to adopt common
criteria for all me phases of die nuclear fuel cycle, inclusive of power reactor operation. Indeed, in die
context of acceptable risks from accidents, it would be necessary to arrive at and adopt common criteria
for all types of accidents - chemical, transportation, mining and metallurgical operations, manufacturing
etc. in order to ensure common approach towards risk reduction in all forms of industrial activity.

4. RADIOLOGICAL IMPACT OF THE NUCLEAR FUEL CYCLE - THE INDIAN
EXPERIENCE

The following sections deal with an assessment of die radiological impact of die different operations in die
nuclear fuel cycle based on operational experience in India.

4.1. Uranium mining and milling

4.1.1. Occupational exposure

In India, die major uranium mine is an underground mine located at Jaduguda in die State of Bihar. The
ore is of low grade, about 0.04%. Data for external radiation exposure and internal exposure from radon
and its daughters are given in Tables IV, V. Based on die uranium requirement of 152 Te per Gw(e) - y
for a Pressurized Heavy Water Reactor (PHWR) die total collective dose from bom mining and milling
works out to 19.5 person - Sv per Gw(e) -y out of which 17% is from milling and extraction and die
overall internal dose contribution from radon and daughters is 82%. Internal dose contribution from ore
dust is negligible in view of die low grade of ore [5].

4.1.2. Exposure to members of die public

Exposure to members of die public from uranium mining and milling arises from diree sources namely:

i) inhalation of radon daughters from mine and mill exhaust
ii) radon from tailings pond
iii) ingestion dose due to 226Ra
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TABLE IV Occupational exposure in uranium mining - Jaduguda underground mine

Year

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Annual amount of
uranium extracted (t)

124
121
128
140
130
144
141
173
163
157

Annual collective
effective dose
(person-Sv)

22.8
19.2
22.5
24.0
25.1
28.5
25.2
25.6
17.7
19.1

Average annual
effective dose per
worker (mSv)

20.8
17.5
20.5
17.8
18.6
21.1
18.7
19.0
13.1
13.8

TABLE V Occupational exposure for uranium milling and extraction - Jaduguda

Year

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Annual amount of
uranium extracted (t)

124
121
128
140
130
144
141
173
163
157

Annual collective
effective dose
(person-Sv)

4.9
5.0
5.1
5.1
5.2
4.2
6.4
4.1
3.9
3.1

Average annual
effective dose per
worker (mSv)

10.8
10.0
10.2
10.2
10.3

7.0
10.6
6.9
6.5
5.4

Using the UNSCEAR model for estimating the collective dose due to inhalation of radon daughters from
mining and milling and demographic data for India, the collective dose up to 2000 km radius is estimated
as 1.8 person Sv per Gw(e)-y. Radon from tailings pond comes mainly from the long-lived 23OTh in
addition to the small quantities of unrecovered uranium. Using parameters such as uranium content of ore
50% of which is used as back-fill, recovery efficiency and the utilisation of about 1 ha per Gw(e)-y for
the tailings pond, the radon emanation rate considering the nature of the top cover and the truncated
collective effective dose equivalent commitment model of UNSCEAR, a value of 0.7 person Sv per Gw(e)-
y is obtained. The total dose to a member of tile public has therefore been estimated as 2.5 person Sv per
Gw(e)-y, the dose integration being done over a period of 70 years [6].

Liquid effluents from both the mine and the mill are substantially less important in the context of public
exposure. Dose due to ingestion of 226Ra is very small and is hence not considered. The pathway
identified is soil-grass-milk and the transfer factors are very small. Proposed topping of tailings pond with
added vegetation cover is expected to reduce exposures further.
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4.2 Monazite separation and thorium extraction

4.2.1. Occupational exposure

The mineral deposits in the West coast of India in the States of Kerala and Tamilnadu are extensively
exploited for recovery of monazite such as illemenite, rutile, zircon etc. The monazite is further
chemically processed to extract thorium and rare-earths. The major monazite recovery plant is located
at Manavalakurichi in Tamilnadu. Individual external exposures vary, depending on whether the worker
lives and works in a high background or low background area or vice versa and varies from 1 mSv/y to
3.5 mSv/y. The collective dose is estimated as 0.2 person-Sv per 10001 of monazite produced. Inhalation
hazards are significant only in some operations such as screening, air and wind tables where localised
concentration up to 50% DAC are sometimes seen to occur [7].

The monazite sand is further chemically treated at the Rare Earths Plant at Udyogamandal, Alwaye. The
per capita exposure per worker from external exposure as well as internal exposure is estimated 13 mSv/y
and the collective dose at about 1 person-Sv per 10001 of monazite processed for recovery of thorium.
The total collective dose is estimated as approximately 0.12 person-Sv per tonne of thorium concentrate
produced.

4.2.2. Public exposure

With respect to environmental impact, chemical processing of monazite gives rise to liquid effluents
containing low levels of 228Ra and phosphates and fluorides. Treatment of these effluents with lime and
calcium chloride has resulted in very low concentrations in the effluent receiving water body. The
exposure resulting from this source is estimated as 0.5 jiSv/y [9].

4.3 Fuel fabrication

Fuel fabrication facilities are located at Hyderabad in the State of Andhra Pradesh. Occupational exposure
has been estimated as 0.75 person-Sv per Gw(e)-y. The main hazard in this operation arises from potential
inhalation exposure to uranium oxide dust and chemical pollutants. These are however controlled by
ventilation and use of protective equipment. Collective dose to the public has been found to be negligible.
Effluents contain chiefly chemical pollutants that need careful handling and treatment.

4.4 Spent fuel reprocessing

Data on occupational exposures and environmental releases have been obtained from the Power Reactor
Fuel Reprocessing Plant located at Tarapur, having a design throughput of 100 Te/y. It has so far
reprocessed PHWR spent fuel both from the Rajasthan Atomic Power Station and the Madras Atomic
Power station with an average irradiation of about 6000 Mwd/t and cooling time of 3-5 years. The
experience with respect to occupational exposures and environmental releases has been very satisfactory
as seen from Tables VI,VEUThe occupational exposure for higher capacity plants is estimated at not more
than 10 person - Sv per Gw(e)-y. The total contribution from effluents, both liquid and gaseous is
estimated as 0.08 person - Sv per Gw(e)-y.

One of the important parameters that influences safety and technical options in the different phases of the
back-end of the fuel cycle is the 'cooling time' of the spent fuel prior to its reprocessing for die recovery
of fissile material. The advantages of allowing a reasonably long cooling time for spent fuel are:

a) Safer and less expensive transportation of spent fuel on account of lesser shielding and heat
dissipation requirements per unit weight of fuel transported.

b) Elimination or minimization of troublesome fission products like ruthenium and zirconium during
reprocessing from the point of view of decontamination efficiency in solvent extraction cycles.
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TABLE VI Collective effective dose and per capita radiation exposure at Power Reactor
Fuel Reprocessing Plant (PREFRE), Tarapur

Year

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

Collective dose Equivalent
(person-Sv)

1.15
1.17
2.10
2.62
3.50
3.17
2.26
2.44
1.62
1.26
3.41

Per Capita exposure
(mSv)

2.62
2.66
4.86
6.07
7.33
7.52
5.43
6.05
4.02
3.10
8.68

Table VII Environmental Releases from Power Reactor Fuel Reprocessing
Plant {PREFRE), Tarapur

A. Liquid Effluent

Year Alpha activity (mCi) Beta activity (Ci)

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

15.7
121.2
188.7
147.4
67.4
71.3

106.7
43.6
98.4
8.5

2.7
2.9
6.5
8.2
5.8
2.2
3.9
3.0
4.0
1.1

B. Atmospheric Releases of paniculate activity

Year Alpha activity (mCi) Beta activity (mCi)

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

0.2
0.4
0.05
0.1
0.3
0.2
0.7
0.6
0.07
0.05

2.0
6.2
0.6
1.4

10.5
5.6

76.5
28.0
4.0
0.7

Note: Operations include conversion of plutonium nitrate to oxide
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c) Possibility of direct vitrification of high active waste with minimum interim storage in liquid form.

d) Absence of volatile RuO4 in the waste vitrification process resulting in less complex off-gas clean
up systems.

e) Less stringent requirements for interim storage of vitrified waste (air cooling in place of water
cooling).

f) Reduced shielding and man-rem commitments in reprocessing and vitrification plants.

Against these potential benefits must be considered the necessity for treating the increased volume of
effluents that will result from longer storage of spent fuel. But this problem can be controlled by storing
spent fuel in leak-tight containers in the fuel storage pool.

Based on the experience gained so far, it would appear mat the following factors are extremely important
for a safe and efficient reprocessing technology:

a) Reliable chemical plant equipment with extremely low failure rates, requiring almost no
maintenance.

b) Development of a remote systems technology that will enable both in-service inspection and
surveillance of radio-active equipment and their maintenance with minimum direct personal
intervention.

c) Provision of redundant lines of production.

Large-scale reprocessing plants of die future would be expected to have also the following design features
or provisions [10,11]:

a) Provision for the removal, handling and disposal of solid fines or residues from dissolver
solutions.

b) Provision for recycling waste evaporator condensate to limit discharge of tritium to the
environment.

c) Systems for the removal of KKr and iodines from the dissolver off-gas.

d) Provision for separation of actinides (^'Am) from raffinate waste.

e) Design for decommissioning, especially the high-active liquid waste storage tanks.

Measurements have been carried out on the releases of long-lived radioactive species such as 129I, 14C and
HTO during spent fuel reprocessing. Out of the total inventory of 129I in the fuel 10% is released in low
level effluents with 8% appearing in the gaseous effluents, mostly during dissolution of the fuel and 2%
in the low level liquid effluents. The plant employed only simple water scrubbing for the off-gas. With
regard to tritium, it is observed that 25-35% is released to the environment with the major fraction of 20-
30% appearing in the low-level liquid effluents, mainly, the final evaporator condensate. In so far as UC
is concerned limited measurements indicate a release of 10% of the inventory in the gaseous effluent, with
no UC detectable in the liquid effluent.

4.5 Waste management

Definitive data on occupational exposures from waste management plants related to the back-end of the
fuel cycle are not yet available. But data from the operating waste management plants indicate that their
contribution is unlikely to be significant Data available with respect to shallow land disposal of low-active
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TABLE VIII Collective and per capita doses estimated for nuclear fuel cycle operations in
India

Occupational collective
doses person-Sv per
GW(e)-yr

Doses to members of the
public person-Sv per
GW(e)-yr

Uranium mining and milling

Radon from mines

Radon from tailings pond

Total to public

19.5

1.8

0.7

2.5

Fuel fabrication 0.75 Insignificant

Spent fuel reprocessing 10.0 0.08

TABLE IX Steps taken to reduce environmental impact of fuel cycle operations in India

Uranium mining and milling

Thorium extraction from monazite

Fuel fabrication

Spent fuel reprocessing

Effluent from tailings pond as well as those
arising from mining and milling operations
are treated with BaCI2 and lime to reduce
226Ra and manganese level to low values.
An effluent treatment plant has been in
operation for this purpose.
Topping of tailings pond and added
vegetation cover proposed for tailing pond
area.

An effluent treatment plant has been in
operation since 1981 for the removal and
retention of 228Ra, Po4 and F present in the
effluents by treatment with lime and
calcium chloride.

Liquid effluent contains chiefly sodium
nitrate, sodium silicate, ammonium nitrate,
ammonium sulphate, sodium fluoride etc.
These are handled in lined solar evaporation
ponds for recovery of salts.
Electrostatic precipitators for control of
uranium dust emission and scrubbers for
recovery of Cl2, NQ etc. from gaseous
effluents reduce pollutant levels in the
environment well below prescribed
standards.

Treatment of spent fuel storage bay water
with non-regenerable resins, recycling of
final evaporator condensate.
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wastes indicate negligible exposure to the public from these operations. No ground water contamination
has occurred so far in any of the sites, as a result of these facilities.

4.6 Radiological impact for the nuclear fuel cycle

Table Vm summarises collective and per capita doses presently estimated for fuel cycle facilities in India.
The Indian experience indicates that, as elsewhere in the world, uranium mining and milling is a
component of the fuel cycle which will require further attention from among the various fuel cycle
activities from the point of view of minimising die radiological impact both in the occupational and public
domain. Conventional hazards in uranium mining are also significant. Some of the steps taken to reduce
environmental impact from fuel cycle operations in India over the last few years are presented in Table
IX.

4.7 Non-radiological impacts in the nuclear fuel cycle

Healm and environmental impacts arising from chemical pollutants in the work environment as well as in
the public domain need to be quantified. Although concentrations of significant pollutants are being
routinely assessed and are well below prescribed industrial hygiene standards, these data cannot be easily
translated into health effects quantitatively. This is an area for further investigation.

Mention must be made here of the heavy water production plants that form an integral component of the
nuclear fuel cycle operations in India. Heavy water is the moderator and coolant and is an essential input
for a natural uranium fuelled Pressurized Heavy Water Reactor (PHWR), the mainstay of the first stage
of file Indian nuclear power programme. PHWRs require an initial inventory of about one tonne of heavy
water per MW(e) of installed capacity. The replenishment requirement is about 10% per year to make
up for losses. To meet this requirement, eight heavy water plants have been commissioned and are
operational in different parts of the country. The processes employed are chemical exchange between (I)
hydrogen sulphide and water and (ii) ammonia and hydrogen. These plants have large inventories of these
toxic and flammable gases and operate under very high pressures and carry significant hazard potential.

Data are available on occupational fatalities and lost-time accidental injuries in fuel cycle facilities for the
period 1971-1991. These are presented in Table X [12]. A scrutiny of the data enables a reasonable
comparison with radiological risks. It is observed that (I) fatality rate from conventional accidents works

TABLE X Facilities in fuel cycle operations in India ( 1 9 7 1 - 1 9 9 1 )

Activity No. of Fatalities

Mining and milling 14

Fuel fabrication 4

Heavy water production 5

Spent fuel reprocessing 1

Total 24

Note: The above works out to an actual fatality rate of 1.2 per year; if one adds the
contribution of lost-time accidental injuries based on the severity rate, the effective
equivalent fatality rate works out to 1.8 per year.
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out to 1.8 per year, taking into account lost-time accidental injuries also based on their severity rate
whereas the projected cancer fatality risk is about one per year based on the annual collective effective
dose of 20-25 person-Sv and applying the most recent ICRP-90 risk factors for cancer (ii) the main
contribution to both these components comes from uranium mining highlighting the fact that this is the most
important area where investment for safety improvements are called for and (iii) the rest of the fuel cycle
activities - most notably spent fuel reprocessing appear to be of lesser concern.
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