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Abstract

Spent fuel reprocessing in India started with the commissioning of the Trombay Plutonium Plant in 1964. This plant
was intended for processing spent fuel from the 40 MWth research reactor CIRUS and recovering plutonium required for the
research and development activities of the Indian Atomic Energy programme. India's nuclear energy programme aims at the
recycle of plutonium in view of the limited national resources of natural uranium and abundant quantities of thorium. This is
based on the approach which aims at separating the plutonium from the power reactor spent fuel, use it in the fast reactors to
breed 233U and utilise the 233U generated to sustain a virtually endless source of power through thorium utilisation. The
separated plutonium is also being utilised to fabricate MOX fuel for use in thermal reactors. Spent fuel treatment and
extracting plutonium from it makes economic sense and a necessity for the Indian nuclear power programme. This paper
describes the status and trends in the Indian programme for the reprocessing of power reactor fuels. The extraction of
plutonium can also be seen as a far more positive approach to long-term waste management. The closed cycle approach
visualised and pursued by the pioneers in the field is now steadily moving India towards the goal of a sustainable source of
power through nuclear energy. The experience in building, operating and refurbishing the reprocessing facilities for uranium
and thorium has resulted in acquiring the technological capability for designing, constructing, operating and maintaining
reprocessing plants to match India's growing nuclear power programme.

1. INTRODUCTION

The need for power generation to meet the growing energy needs of a vast and developing
country like India needs no emphasis. In comparison, the energy demand in the advanced countries is
nearly saturated. Nuclear power presents itself as a proven technology and a viable alternative to the
depleting fossil fuels besides providing a cleaner environment. India has made steady and substantial
progress in all aspects of nuclear power generation following a planned strategy to evolve a balanced
programme of development of the complete nuclear fuel cycle. Spent fuel reprocessing is one of the
vital areas of this programme in which India has achieved considerable success. Closing the nuclear
fuel cycle through reprocessing and recycling the plutonium is not only prudent from the point of
optimal utilization of our resources but is also a responsible option because reprocessing separates the
long-lived actinides from the fission product waste, thus addressing a major long-term safety concern
of high level waste disposal.

At present, India has two BWRs and eight PHWRs under operation with a modest installed
power capacity of 1840 MWe. India opted for PHWRs as the first stage reactors of its three stage
nuclear power programme, taking into account the availability of the natural uranium resources and
the industrial infrastructure in the country. Four more units of 220 MWe are in an advanced stage of
construction. The design of two units of 500 MWe to be set up at Tarapur is ready, two PWRs units of
1000 MWe each are being set up at Kudankulam, in the South of India as an Indo-Russian joint
venture. A Fast Breeder Test Reactor (FBTR) using mixed uranium-plutonium carbide fuel core has
been built at Kalpakkam. Development of a 500 MWe Prototype Fast Breeder Reactor (PFBR) is
under way. Utilisation of thorium in the research reactors and power reactors for the production of
233U has been established along with the facilities for its separation.

The planned growth of nuclear power demands a sustained and accelerated reprocessing
activity to support this programme and to treat the fuel arising from these reactors.

2. REPROCESSING IN INDIA - A PERSPECTIVE

2.1. Plutonium plant, Trombay

The beginning of the spent fuel reprocessing activity in India goes back to nearly four decades,
when a decision was taken in the late 1950s to build the first plutonium separation plant at Trombay,
Mumbai (earlier known as Bombay). When embarked on this front-line technology, India did not have
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a strong industrial or R&D infrastructure. The challenge was, however, met when this plant was
designed, constructed, tested and commissioned during 1964. The first spent fuel rod from CIRUS
was charged into the dissolver by Dr. Homi Bhabha, the visionary in the Indian nuclear history. This
plant was operated successfully for a number of years.

The Trombay Plant adopted the Purex flowsheet using mechanically pulsed solvent-extraction
columns with 30% tributyl phosphate as solvent. To achieve the desired quality of the products, two
cycles of co-decontamination with final purification cycles for uranium and plutonium were adopted.
As the fuel was uranium metal with aluminium cladding, the dejacketing was carried out by chemical
means. Plutonium was purified by anion exchange and the uranium was subjected to final purification
by solvent extraction. The purified plutonium nitrate solution was further converted to oxide or metal
as required.

Later, the plant underwent a complete decontamination and decommissioning cycle and was
refurbished with enhanced processing capacity incorporating improved features and has operated
since 1983 with interruption on two occasions. The direct maintenance concept was adopted for the
Trombay Plant and this proved highly successful as, during operation, many parts of the plant could
be approached after decontamination as and when required in order to effect modifications to suit
operational requirements.

This plant has helped a great deal in generating expertise and trained manpower in the design,
execution and operation of future reprocessing plants in the country and has fulfilled all the
requirements for which it was built.

2.2. Prefre-1, Tarapur

Meanwhile, a plant to process zircaloy clad uranium oxide fuel was built at Tarapur on the
basis of experience at the Trombay Plant and extensive development studies carried out on a pilot
scale. Design of this first Indian Power Reactor Fuel Reprocessing Plant (Prefre-1) incorporated
features based on the experience gained from the plutonium plant, Trombay. This plant was
commissioned during 1974. This plant, like the plant at Trombay, also adopted the Purex process with
the direct maintenance concept. The plant has been designed to handle zircaloy clad oxide fuel. The
chop-leach method has been chosen for the head-end treatment in preference to the chemical
decladding, in view of the excessive corrosion problems expected form the chemicals required and the
resulting waste management problems. As against this, the mechanical chopping of the fuel into small
pieces before dissolution involves a number of mechanical operations. These operations must be
carried out remotely and good performance of the equipment has been experienced. The Prefre plant
introduced, for the first time, some of the problems unique to the processing of ceramic fuels of
relatively higher burnup. These problems were satisfactorily resolved in course of time by innovations
made in the process steps adding to Indian confidence in the R&D strength built-up over the years.

A special feature of this plant was its design meeting the requirements of international
safeguards. This plant has so far carried out several reprocessing campaigns with fuels from RAPS
and MAPS, the former under IAEA safeguards.

2.3. KARP Kalpakkam (Prefre-2)

This is the second oxide fuel reprocessing plant built to provide a reprocessing base in the
southern region of India. This plant has been completed and has undergone extensive cold
commissioning trials with natural uranium. The plant is now ready for hot processing. The plant
design has taken into account our operation and maintenance experience and has been built with an
upgraded technology. The plant also has provision to process the spent fuel from the FBTR in a
separate set of cells. A hybrid maintenance concept has been followed in the design of KARP in
which the maintenance of failure-prone hardware, such as metering pumps, in the high active and high
plutonium circuits will be carried out in hot cells using remote handling equipment, like servo
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manipulators. All other process systems in medium and low active cycles will have contact
maintenance.

The fuel handling area has a spent fuel storage pool with provision for horizontal storage of
fuel, a pool-water purification system and associated mechanical handling equipment like over-head
crane, pool bridge with motorized tong assembly unit, etc. It is from this area that the spent fuel is
charged through a transfer port embedded in the head-end cell wall into a fuel magazine with an
automatic pusher for feeding the fuel to the chopper. The chopped fuel pieces are then dropped into a
dissolver through a distributor. In addition, the head-end cell is equipped with an in-cell crane, a pair
of master-slave manipulators, shielded viewing windows, closed-circuit television camera, etc., for
operation and maintenance. After the dissolution of the fuel, the undissolved hardware like zircaloy is
transferred remotely to a drum mounted on a motorized trolley for retrieval through an underground
tunnel extending to the fuel-handling area into a shielded cask for suitable disposal as radioactive
solid waste.

The solution from the dissolver is moved out for further processing by solvent extraction. The
process equipment and piping are installed in seven concrete cells of varying thickness. The first cell
houses the conditioners for the feed solution and the co-decontamination-cum-partition cycle with
associated evaporators, scrubbers, etc., for separation of the bulk of the fission products. The
maximum activity is handled in this cell. Equipment for the uranium purification cycle is installed in
the second and third cells. Equipment for the final plutonium purification cycle are housed in the third
cell, from which the purified product solutions are taken out into the plutonium re-conversion facility
for further processing. In this area, the plutonium nitrate solution is processed in a series of glove-box
trains for conversion to plutonium oxide through the continuous oxalate precipitation step. The
depleted uranyl nitrate solution from the third cell is moved to a separate area for further purification,
if necessary, by passage through a silica gel column and then precipitation to ammonium diuranate,
de-watering and calcination to uranium oxide. To ensure safety, the utmost care is taken of ventilation
to maintain the desired pressure gradients and airflow patterns. For this purpose, the whole plant is
divided into different zones, each identified according to the radiological status of the areas involved.
The air from the active areas is exhausted through absolute filters before discharging through a tall
stack.

The highly radioactive and intermediate level liquid waste solutions are concentrated and stored
in waste storage tanks for an interim period before being sent for immobilization. All low level
effluents are suitably treated, monitored and discharged after ensuring that the activity is within the
permissible limits stipulated in the radiological health and safety regulations.

The Plant Control Room is located in a separate adjoining building with all the instrumentation
connections brought out from the process building. This building also houses the plant room,
consisting of the compressed air plant, air-conditioning plant, equipment for the air ventilation
system, electrical switch-gear room, etc. Personnel entry into the process building is through the
change rooms provided in this building.

India now possesses the expertise which covers various aspects of the reprocessing technology
starting with the conceptual plant design to the detailed engineering, fabrication, installation,
commissioning, decommissioning and operation of the reprocessing plants handling different types of
spent fuel. In the fulfilment of these objective, a strong R&D base has also been built-up in diverse
fields encompassing engineering, instrumentation, process chemistry, computer applications, robotics,
corrosion studies etc.

Thus, the journey from the plutonium plant, Trombay to Kalpakkam reprocessing plant
represents a progressive evolution in the plant design, based on a better understanding of the
complexities of the technology. The safety performance of the plants has improved significantly and a
reduction in occupational exposures, environmental releases and the waste volume, as a direct
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outcome of various design improvements, could be achieved. Experience gained in these plants will
be useful in introducing fully integrated remote maintenance features of future plants.

Another encouraging achievement over these years has been the evolving close interaction of
the Indian industry with the quality standards demanded by the nuclear sector. When the plutonium
plant was constructed at Trombay, almost all the fabrication and installation works were carried out
in-house. In the case of KARP, many major fabrication and erection jobs have been carried out by the
Indian industry both in the private as well as in the public sectors. This partnership approach is crucial
for the success of the Indian programme in the future.

In the context of the projected spent fuel arising from the PHWR programme, need exists for
enhancing the reprocessing capacity to create a plutonium base for the fast breeder programme and
also for fuelling the thermal reactors with MOX.

3. TECHNICAL ASPECTS

3.1. Oxide fuel processing

The well established Purex process has been used in all the reprocessing plants with suitable
head-end treatment depending on the fuel type. The aluminium cladding for the metal fuel used in the
research reactors is removed by dissolving it in sodium hydroxide. In the case of zircaloy clad power
reactor oxide fuel, the chop and leach method has been adopted. This is followed by dissolution in
nitric acid, solvent extraction and final processing of plutonium by oxalate precipitation, filtration and
calcination.

The main steps in the reprocessing of the oxide fuels are:
• Chopping the fuel bundle by a fuel chopper;
• Dissolving the exposed fuel in hot nitric acid;
• Feed clarification to remove the suspended particles prior to solvent extraction;
• Feed valency adjustment;
• Isolation of major quantities of fission products from uranium and plutonium and the

separation of plutonium from uranium;
• Further purification by independent solvent extraction cycles for uranium and plutonium;
• Conversion of U and Pu product solutions to their oxide forms.

The other process steps include the evaporation and acid destruction to reduce the waste
volume storage requirements, off-gas treatment for the gaseous effluents, solvent treatment, acid
recovery and their recycle etc. Interim waste storage facilities for acidic and alkaline waste have been
provided in all the plants before their treatment by way of immobilisation in glass matrix and
cementation.

3.2. Fast reactor fuel processing

The Purex flow sheet is time tested and has established itself as a reliable and efficient
separation route. Even though there has been a rich experience in the reprocessing of thermal reactor
fuel, there is yet to gain experience in the treatment of fast reactor fuel which is a highly challenging
area in view of the higher levels of plutonium, irradiation levels and fission products involved. It
appears that the Purex flow sheet will be quite adequate even for the fast reactor fuel if centrifugal
contactors are utilised to shorten the residence time which can minimise the operational problems
associated with the solvent/diluent degradation products.

However, non-aqueous and pyrochemical processes also appear attractive alternatives. These
methods provide: (a) shorter doubling time achievable with such fuel, since these processes can
withstand higher levels of irradiation and thus can be used with shorter cooled fuels; (b) compact
process and waste volume arising in such processes; and (c) actinides present in the fuel can be
separated along with the plutonium stream and by virtue of their having favourable fission cross
sections can be recycled as fresh fuel along with the plutonium. The long-term storage hazard of the
vitrified waste product is also thereby reduced.

36



3.3. Design considerations

High intensity radioactive materials and highly corrosive reagent are encountered in a spent
fuel treatment facility. These, along with nuclear criticality considerations impose several safety
related requirements in the design, operation and maintainability aspects of the facility. Equipment
sizing, spacing, ease of decontamination, access for replacement, nuclear criticality control,
meticulous nuclear material accounting and control being some of these considerations. Mechanical
systems in the head-end part of the facility are handled by remote maintenance. For rest of the process
systems, the direct maintenance philosophy has been adopted and provisions exist for extensive
decontamination. Redundancies have been provided by way of duplicate equipment, transfer modes
etc.

In order to prevent premature failure of equipment by corrosion, care has been taken to select
the proper materials and fabrication techniques. Nitric acid grade stainless steels with very low
corrosion rates and special alloys like titanium etc. are being adopted as the material of construction
for the process equipment which encounter high temperatures and high nitric acid concentrations.

Currently, uranyl nitrate is being utilised as reductant for Pu partitioning. However, this results
in an increase in the processing load on the plant equipment. Development work is in progress to
introduce an in-situ electrolytic reduction technique or some other suitable methods in future
facilities.

Metering pumps of hydraulically actuated diaphragm type have been used in the reprocessing
plants for many years. The most frequent problems with such pumps have been the diaphragm
rupture. Use of filters on the pumped streams and modified suction piping have reduced their
recurrence. Alternate solution transfer modes utilising the airlift principle and flow-metering devices
have been developed.

The plants use perforated plate air pulsed columns as the solvent contactors and the
performance of both the columns and the air pulsing systems have been satisfactory. A modified type
of mixer-settler contactor has been developed utilising a combined air-lift and static mixing principle
which eliminates the need for maintenance prone components.

4. DEVELOPMENT ACTIVITIES

A number of development studies are under way in the field of reprocessing with a view to
improve the performance of the plant systems in the currently operating plants and also to develop
new or modified equipment and processes for use in future plant projects. Studies are being conducted
to develop modified solvent contactors, continuous processes in place of batch processes,
development of system components like column pulsing, pulsed pumps/fluidic devices, introduction
of enhanced automation in the plant and process control to improve the productivity of the existing
and future plants. These efforts include development of equipment for fuel chopping, feed
clarification, continuous dissolvers for zircaloy clad power reactor uranium/thorium oxide fuel,
improved reduction methods of partitioning by electrolytic or other suitable means, robotisation of
sampling system etc. Efforts are also going in for the development of flowsheets for routing specific
nuclides within the process and to minimise generation of waste streams. Development activities have
continued in the synthesis of suitable extractants for actinide separation and to study their
effectiveness. Development work on solvent purification for recycle within the plant by vacuum
distillation has been taken up. The subsection below describe briefly the extent and scope of the
planned development activities.

4.1. Head-end systems

This head-end process, being totally mechanical, consists of a large number of moving parts, is
maintenance intensive and is a batch process. Superior methods of chopping/decladding and
dissolution and a high degree of automation in the operation of the entire head-end process including
fuel charging and transfer and continuous dissolution are now being explored. These include
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hydraulic transfer of the spent fuel, development of a single pin chopping facility, improved blade
design for the integral fuel assembly and hull compaction.

4.2. Process systems

a. Developing alternate methods for Pu reduction: The partitioning of uranium and plutonium
is currently being practised by employing uranyl nitrate. While the method is effective, it requires a
large excess of uranyl solution, which loads the subsequent processing steps having to handle this
uranium. Technique capable of in-situ reduction of process solution can overcome this drawback. The
in-situ reduction technique, as well as the equipment specially designed and fabricated for this
purpose, have been extensively tested. Some preliminary work has been carried out on this subject.

b. Reduction of waste types and volumes: The present methods and techniques employed in the
reprocessing plants still generate a significant amount of waste of different levels and types. It is
proposed to develop flow sheets, processes and techniques whereby the net production of this waste
can be further reduced from the reprocessing plants operations. This will not only result in economy
in waste treatment, but will also enhance the safety levels of the plant operations.

c. Recovery of solvents: The solvent undergoes degradation due to exposure to high radiation
levels and harsh chemical environment. The solvent requires periodic washing with chemicals to
remove the degradation products. This results not only in increased costs of operation, but it also
generates high volumes of waste. It is therefore proposed to study and develop processes whereby
these solvents can be purified by techniques like vacuum distillation and reused in the plant.

d. Separation of actinides: It is well known that separation of actinides from high level waste
would reduce their long-term storage hazard in their immobilisation in the form of a vitrified matrix.
It would also reduce the active surveillance period to a few hundred years. Laboratory scale studies
for determining the suitability of various solvents and methods of actinide separation are being carried
out. A plant scale facility, to test various flow sheets with actual high level waste from reprocessing
plants, is now being planned.

e. Flow sheet development for of alternate fuels: Current development in the field of reactor
system design considers alternate fuel schemes utilising mixed oxides of uranium and plutonium, as
well as fuel utilising a combination of thorium, uranium and plutonium. This aspect has led to the
initiation of work on the development of the flow sheets and equipment for the dissolution and
processing of these fuels.

f. New solvent contactor: A modified type of mixer settler contactor has been developed which
utilises the static mixing principle by combining the air-lift and a mixing device. This contactor has
performed well for the uranium processing facility and is virtually maintenance free due to the
absence of any moving components for its functioning.

g. Liquid transfer/metering devices: To meet the requirements of higher capacity plants in the
future, high capacity airlifts with a combined on-line flow rate measurement facility have been
developed and extensively tested with encouraging results.

h. Remote maintenance: The current design philosophy follows the direct maintenance
approach which leads to unproductive plant outage and generation of additional waste and man-rem
exposure for repair jobs. Hence, attempts are made to develop the concept of an integrated remote
maintenance which calls for a new approach to the in-cell layout of equipment. For example, critical
components like pumps, valves etc. which require frequent in-service inspection and maintenance can
be installed in hot cells equipped with viewing windows, servo manipulators and robotic system to
facilitate maintenance remotely. Provision, to a limited extent, has been made in the new plant at
Kalpakkam.

/. Modelling and simulation: Optimal design and efficient control requires better
understanding of the process. This can be achieved through closer process modelling and simulation.
It is proposed to explore various computerised modelling and simulation techniques to afford better
agreement between theoretical process models and observed performance data. Further, since there is
a continuous need for skilled and trained operating man power, it is proposed to build a training
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simulator to provide hands-on training to fresh entrants without causing undesirable interference with
the existing plant.

5. SPENT FUEL STORAGE

India at present has mainly three types of reactors in operation in the context of fuel storage, i.e.
thermal research reactors, light water power reactors of BWR type and pressurised heavy water
reactors (PHWRs). Current practice in India is to store the spent fuel under water at-reactor (AR) or
away-from-reactor (AFR) for cooling prior to their transportation to and processing in the
reprocessing plant. Extensive experience now exists in the design, construction, operation and
maintenance of the spent fuel wet storage facilities. In the light of India's option to recycle the
plutonium in the thermal and fast reactors, the spent fuel storage for extended periods of more than
10-15 years is not envisaged.

India has participated in an IAEA co-ordinated research programme (CRP) on 'Irradiation
Enhanced Degradation of Materials in Spent Fuel Storage Facilities'. The study of the corrosion
mechanism and behaviour of materials of the fuels and pool becomes important when the fuel has to
be stored for extended periods.

The major conclusions as a result of the CRP are summarised below:
• Al-clad fuel is susceptible to crevice or pitting corrosion under conditions of galvanic

coupling even in a benign water chemistry storage. In contrast, Zr-2 and stainless steel
304/304L are resistant under such storage conditions;

• Existing crevices (e.g. between Al-clad fuel and storage racks) between two storage
racks can operate under even low conductivity water. This would be accelerated by
galvanic contact (e.g. with stainless steel racks);

• Stress corrosion cracking (SCC) of Zr-2 and of stainless steel pool lining is not a
probability during wet storage;

• The electro chemical potential (ECP) values show change in ionic concentration
around stored spent fuel which shifts the ECP to more active values. So, the uniform
corrosion rate is higher in presence of radiation, e.g. for aluminium/zircaloy
claddings, compared to those in the absence of radiation;

• ECP values show wide variation with surface conditions of materials, water chemistry
and also time period of immersion. A long-term study may be needed to ascertain this
observation.

6. WASTE STORAGE

Capacity of up to five years of interim storage is provided for the high and intermediate level
liquid waste arising from the reprocessing facilities. The acidic waste is concentrated and stored in
stainless steel high integrity tanks in underground vaults. The intermediate storage capacity
requirements for future facilities would diminish in view of the planned co-location of the
immobilisation facility with the reprocessing facility. Indian experience with the waste storage tanks
has been highly satisfactory. The storage vault internals and surrounding are regularly monitored to
ensure the integrity of the containment. Periodic agitation of the contents prevents sedimentation and
cooling provision for the high level waste tanks maintains temperatures below 40°C to keep corrosion
levels low. Some of the salient features for the waste storage facilities are:

a. Containment: The following barriers are provided in the design of waste storage
facilities:

# of Barrier
First Barrier:
Second Barrier:
Third Barrier:
Fourth Barrier:

Barrier
The SS tank shell
SS lining for vault
Reinforced concrete containment (RCC) vault
Peripheral RCC envelope for vault
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The fourth barrier i.e. the peripheral envelope for the vault is provided to enable detection
of seepage into or from the vault. This envelope has a sampling and pumping facility. An array of
bore holes with sampling provisions are provided to monitor contamination of sub-soil water
body as a result of the highly improbable event of breach of all the four barriers/containments.
An infiltration ring and well with a pumping arrangement shall be provided.

b. Off gas system: All the waste storage tanks constituting the primary containment are be
maintained at a negative pressure. The process air introduced in the system for sparging,
instrumentation as well as condensable and non-condensable vapours and gases are exhausted
from the tanks by means of an off gas system comprising scrubber, condenser, heater, fiber glass
filters and blowers. Stand-by off gas filters and blowers are provided to ensure the availability of
the off gas system at all times.

c. Process cooling: Continuous supply of process cooling water is provided to take away
decay heat from the waste and maintain low temperature to minimise corrosion. Two loops are
provided in the cooling water system, i.e. a primary and a secondary loop. The primary process
cooling water (PCW) system is a closed loop of de-mineralized water in which decay heat from
waste is absorbed and then transferred to the secondary PCW system through heat exchangers.
The heat is ultimately dissipated through cooling towers.

d. Ventilation and exhaust system: Concrete vaults housing the waste storage tanks are
exhausted through high efficiency particulate (HEPA) filters banks.

e. Instrumentation: This system is required to continuously monitor tank levels, sump
levels, density, temperature and pressure in the system. The radiation level and air activity of the
storage tank are also monitored.

/ Sampling system: Provision for sampling of the tank contents is required for analyses of
the contents. Samples from the tanks are drawn into sample bottles by means of a remotely
operated sampling system.

7. CONCLUSION

The reprocessing technology in India aims at meeting the challenge to sustain a power
generation programme based on plutonium or 233U fuelled breeder reactors. This calls for building
reprocessing plants of larger throughputs during the coming decades. Simultaneously, the facilities for
immobilising the waste arisings from these plants are planned for the safe interim storage of the
solidified waste before a repository site is chosen for the permanent safe containment. Towards this
aim, it is essential to upgrade the reprocessing and waste management technologies to result in cost
effective measures and reduced operator intervention. Some of these being the need to develop new
materials for the critical in-process equipment like dissolver, evaporators etc. and full scale mock-up
for performance evaluation of equipment prior to their introduction in the plant. Vitrification has been
accepted as an appropriate technology for immobilising high level waste to meet the long-term safety
requirements. This technology has now been successful developed in India and it is now possible to
carry out the vitrification operation concurrently, so that the waste product is also in the final solid
form. This would lead to tremendous cost savings by co-locating the vitrification and reprocessing
facilities. The technology has been undergoing an evolutionary change over the years and this has
found expression in the improvements which reflects the state-of-the-art in each successive facility.
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