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Introduction

In the present time, global energy market volatility has increased due to supply chain 
disruptions triggered by geopolitical conflicts. This, among other factors that require 
reliable baseload power, has placed nuclear energy back at the centre of long-term 
energy planning. Homi Jehangir Bhabha’s remark that “no power is as expensive as 
no power”¹ remains highly relevant in today’s geopolitical context for the world and 
India in particular. Notably, interest in nuclear power is no longer confined to traditional 
operators, but it is expanding across emerging economies seeking energy security, grid 
stability and decarbonisation. In this context, India’s achievement of criticality in the 
Prototype Fast Breeder Reactor (PFBR) marks a significant technological and strategic 
milestone. It also reinforced its commitment to a closed fuel cycle and the three-stage 
nuclear programme. 

On April 06, 2026, India entered the second stage of its nuclear programme with 
500 MWe (1250 MWt) PFBR at Kalpakkam, Tamil Nadu.² The PFBR was built and 
commissioned by Bharatiya Nabhikiya Vidyut Nigam Limited (BHAVINI), under the 
overall guidance of the Department of 
Atomic Energy (DAE) units, including 
BARC, NPCIL, and several indigenous 
industries. The technical design 
inputs and R&D support were carried 
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Prototype Fast Breeder Reactor (PFBR) 
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out indigenously by the Indira Gandhi Centre for Atomic Research (IGCAR).³ This 
development positions India as a key actor in shaping the future of advanced nuclear 
systems and resilient energy transitions. India becomes the second country, after 
Russia, to have an operational Fast Breeder Reactor (FBR).⁴

Against this backdrop, this brief examines the strategic significance of the PFBR within 
India’s three-stage nuclear power programme. It traces India’s technological journey 
from the Fast Breeder Test Reactor (FBTR) to the PFBR, analysing the key challenges 
and achievements encountered in this transition and underscores the centrality of safety 
as a foundational pillar in the development and operation of India’s PFBR programme.

India’s Three-Stage Nuclear Power Programme

India’s three-stage nuclear power programme was conceptualised by Homi Jahangir 
Bhabha in the 1950s as a long-term strategic response to the country’s resource 
constraints and energy security concerns. The fundamental rationale behind this 
programme lies in India’s limited uranium reserves and its abundant thorium deposits. 
Domestic uranium resources are not only scarce but also of low-grade (0.02–0.045 per 
cent U3O8),⁵ making them insufficient to sustain a large-scale nuclear power programme. 
This structural limitation has compelled India to rely on uranium imports since 2008 
from countries such as Russia, Kazakhstan, Canada, and France.⁶ This import poses 
geopolitical vulnerabilities, as supplier nations retain a degree of strategic leverage.

To address these challenges, the three-stage programme was designed, which 
aimed at maximising energy extraction from limited uranium while transitioning towards 
self-reliance. The ultimate objective of the programme lies in the third stage, which 
envisages the large-scale deployment of thorium-based reactors. This stage is critical 
because India possesses one of the world’s largest reserves of thorium,⁷ particularly 
in monazite sands along the coasts of 
Kerala, Tamil Nadu, Odisha, etc.⁸ By 
converting thorium into fissile uranium-
233(U233), India aims to achieve long-
term energy sustainability and near-
complete independence from external 
fuel supplies. In this context, the PFBR 
serve as a crucial technological bridge, 
linking the uranium-based stages to a 
thorium-driven future. 
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The Three-Stage Nuclear Programme

 The first stage of this programme is based on Pressurised Heavy Water Reactors 
(PHWRs) that use natural uranium as fuel and heavy water (deuterium oxide) as both 
moderator and coolant. This design choice was strategic, as it eliminated the need 
for uranium enrichment, an area which was historically controlled by a few advanced 
countries. In the PHWR reactors, the natural uranium contains a small fraction of 
fissile U235 (about 0.7 per cent), which undergoes fission to produce energy, while 
the more abundant U238 (about 99.3 per cent) absorbs neutrons and is transmuted 
into plutonium-239(Pu239).⁹ Thus, beyond electricity generation, the first stage serves 
a critical function: the production of plutonium, a fissile material that does not occur 
naturally in significant quantities, which will serve as fuel for the second stage. India 
has already achieved mastery in the first stage, and at present, it has 20 operating 
PHWR reactors. 

The second stage marks a technological shift to Fast Breeder Reactors (FBRs), 
which is exemplified by the PFBR. These reactors use mixed oxide (MOX) fuel 
composed of Pu239 (derived from Stage I) and U238.¹⁰ In FBRs, Pu239 undergoes fission 
to generate energy while producing additional Pu239 through the transmutation of 
the core blanket of U238.¹¹ Th232 is abundant in India, but it is fertile rather than fissile 
material; it cannot directly sustain a nuclear chain reaction, which is why there was 
a need to convert it into fissile U233. Once an adequate stockpile of Pu239 is achieved, 
Thorium-232(Th232) will be introduced as a core blanket material, where it is converted 
into U233 (fissile isotope) through transmutation in a fast breeder reactor.¹² This process 
forms the core of the second stage of India’s nuclear programme, which focuses on 
the commercial deployment of FBRs. FBRs operate with fast neutrons, which enable 
them not only to sustain fission but also to “breed” more fuel than they consume.¹³  
As a result, FBRs generate both energy and additional fuel, which is why they are 
termed “breeders.” This breeding capability enhances fuel utilisation and addresses 
India’s uranium scarcity. The recent criticality of PFBR represents a major milestone, 
signalling India’s entry into the second stage at a commercial scale. 

The third stage focuses on utilising India’s abundant Th232 by converting it into fissile 
U233 through neutron absorption. Thorium acts both as a fuel and a breeding material 
with U233/Pu239, continuously generating more U233 through neutron absorption.¹⁴ This 
stage aims to establish a self-sustaining fuel cycle using advanced reactor systems. The 
parallel research is going on the Advanced Heavy Water Reactor (AHWR), designed 
to use thorium-based mixed oxide (MOX) fuels such as Th232–Pu239 and Th232–U233.¹⁵  It 
operates on a closed fuel cycle, in which U233 is recovered through reprocessing, enabling 
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efficient recycling and maximising the utilisation of thorium. Key technologies for thorium 
fuel fabrication, reprocessing and waste management are being developed at Bhabha 
Atomic Research Centre. In addition, the AHWR-LEU (Low Enriched Uranium) variant 
uses thorium mixed with LEU (MOX) with U235 enriched up to 19.75 per cent.¹⁶  Unlike 
the standard AHWR, it follows a once-through fuel cycle,¹⁷ with provisions for long-term 
spent-fuel storage and the option of future reprocessing. 

“India's closed fuel cycle option is based on multi-recycling of plutonium in FBRs 
with recovery of plutonium from SNF of mixed oxide (MOX) fuel of each cycle for its 
use in the next reactor for energy production. This results in maximum utilisation of 
fertile uranium by converting it into fissile plutonium.”¹⁸

Thus, the three-stage programme is not merely a technological roadmap but a 
strategic framework designed to overcome resource constraints, minimise external 
dependence, and secure a sustainable energy future for India over the long term.

From Fast Breeder Test Reactor to Prototype Fast Breeder Reactor

The recent criticality of the PFBR must be understood in the context of India’s long-
standing journey in fast reactor technology, which began with the FBTR. The FBTR was 
commissioned in 1985 at Kalpakkam, which is a 40 MWt/13.6 MWe sodium-cooled, 
loop-type fast breeder reactor that achieved grid connectivity in 1997.¹⁹  As India’s first 
experimental fast breeder system, FBTR enabled mastery over critical technologies 
such as liquid sodium coolant handling, steam generator systems, mixed plutonium–
uranium carbide fuel fabrication and development of stringent safety protocols for high-
temperature operations.²⁰ ²¹ It also served as a vital research platform for irradiation 
studies and materials testing. 

“FBTR has been a fountainhead of nurturing of competent personnel for the design, 
construction and operation of subsequent FBRs”.²² Building on decades of FBTR 
experience, PFBR marks the transition to industrial-scale deployment within India’s 
second stage of its three-stage nuclear programme. PFBR uses uranium–plutonium 
mixed oxide (MOX) fuel because of its proven performance in safe operation at high 
burnup, operational stability, ease of fabrication, and compatibility with established 
reprocessing technologies.²³ Due to the earlier non-availability of enriched uranium for 
the MOX fuel option²⁴ the carbide fuel was adopted in the FBTR.

Surrounding the core of the PFBR reactor is a blanket of U238, which will absorb fast 
neutrons to breed additional fissile material Pu239 from U238.²⁵ In future configurations, 
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Th232 will be used in the FBR as a core blanket to produce U233.²⁶  A key feature of 
PFBR is that it generates more fissile material than it consumes. So, this indicates the 
“breeding” capability of PFBR, which underpins the conceptual analogy of an “Akshaya 
Patra” of energy, where output exceeds input, offering the prospect of long-term 
sustainability.²⁷ The defining characteristic of a “fast” reactor lies not in construction 
speed but in neutron physics: unlike thermal reactors, which slow (thermalise) neutrons, 
fast reactors utilise high-energy neutrons to sustain fission and enable breeding, which 
is why they are called fast. Thus, Fast breeder reactors play a crucial role in generating 
the plutonium inventory and later shift to the uranium inventory for the third stage. This 
transition to the third stage will only be possible after the large-scale deployment of 
FBRs in the coming years. 

Parallel institutional and infrastructural developments are being pursued by 
India to ensure a reliable and sustainable fuel supply for fast breeder reactors. The 
Integrated Nuclear Recycle Plant (INRP) at Tarapur and the Fast Reactor Fuel Cycle 
Facility (FRFCF) at Kalpakkam are both designed to operationalise a closed nuclear 
fuel cycle.²⁸  These facilities aim to reprocess spent fuel and recover valuable fissile 
materials. These will also support waste management and the fabrication of advanced 
fuel (MOX). India is also focused on the technology development and demonstration 
efforts towards the third stage, so that a mature technology for Thorium utilisation is 
available in time. 

India’s Challenges and Achievements 

India’s journey in developing the second-stage PFBR has been marked by a complex 
interplay of technological challenges and strategic compulsions. At the core of these 
challenges lies the use of liquid sodium as a coolant. Unlike water, which slows neutrons 
and reduces reactor efficiency, sodium allows neutrons to retain high energy, thereby 
sustaining fast fission and enabling breeding. However, sodium is highly reactive: it ignites 
upon contact with air and reacts explosively with water.²⁹ Managing large volumes of 
molten sodium at temperatures exceeding 500°C requires exceptional precision in material 
selection, leak detection systems, and safety protocols.³⁰  It is precisely this difficulty that 
led nations to scale back or abandon their breeder reactor programmes. Several nations 
have historically developed or operated 
experimental fast reactors, specifically 
the USA, UK, France, Japan, Germany, 
and China, but most of these programmes 
are currently shut down³¹ due to political 
and economic factors, and the high risk of 
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handling complex sodium.

Despite these global setbacks, India persisted with the FBTR, which enabled India 
to develop critical expertise in sodium handling, plutonium fuel fabrication, and reactor 
safety under high-temperature conditions.³² Over four decades, Indian scientists and 
engineers indigenously developed specialised materials capable of withstanding sodium 
corrosion, advanced monitoring systems for detecting leaks, and dedicated firefighting 
techniques using sodium bicarbonate-based dry chemical powders tailored for sodium 
fires.³³ These efforts were not limited to laboratory conditions but were validated through 
long-term operational experience, thereby India gained confidence in liquid Sodium 
handling. 

Second, despite the earlier test reactor, PFBR construction was marked by 
substantial delays, which extended from an initial target of 2010 to over two decades. 
The transition from FBTR to PFBR required scaling up from a 13.6 MWe experimental 
reactor to a 500 MWe commercial-scale system. This necessitated the development 
of numerous first-of-its-kind components.³⁴ India largely had to build this capability 
from scratch, encompassing reactor design, fuel cycle technologies, and reprocessing 
infrastructure. India had to evolve through iterative learning, akin to progressing from 
foundational experimentation to full-scale deployment. The PFBR thus represents a 
significant technological and strategic milestone. 

Third, over the years, the PFBR project budget has also increased from INR 3492 
crores³⁵ to approximately INR 8,181 crores,³⁶ but this must be understood in the context 
of pioneering a highly complex and globally contested technology. One can’t compare 
the cost of the first-of-its-kind reactor to that of a mass-produced, mature energy source. 
The price and construction period will likely decrease with mass production of the same 
type of reactor. India’s PFBR represents a maturation of an indigenous capability built 
over four decades. 

Fourth, a key contributions in the PFBR came from domestic public and private sector 
entities such as BHAVINI, IGCAR, Bharat Heavy Electricals Limited (BHEL) provided 
the turbine island and associated motors; Kirloskar Brothers Limited supplied the critical 
primary and secondary sodium pumps that circulate liquid sodium coolant; MTAR 
Technologies manufactured high-precision core components such as the grid plate 
assembly, fuel transfer systems and control rod drive mechanisms; Walchandnagar 
Industries executed the complex sodium piping systems along with associated mechanical 
and instrumentation work and Larsen & Toubro (L&T) built the reactor vessel and core 
structural systems, making them all integral to the successful construction and operation 
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of the PFBR.³⁷

In a comparative perspective, India’s persistence stands out. While many 
technologically advanced nations retreated from breeder programmes due to safety 
concerns, economic constraints, or reduced urgency given their relatively abundant 
uranium supplies, India’s energy realities left little room for withdrawal. A critical factor 
distinguishing India’s approach to FBR from that of other countries is its commitment to 
a closed fuel cycle. The sustainability of breeder reactors depends not only on reactor 
operation but also on the ability to reprocess spent fuel and recycle fissile materials 
such as plutonium. That’s why Indian engineers were compelled to develop indigenous 
solutions through iterative experimentation. This process, though time-consuming and 
costly, fostered deep technical self-reliance. 

Safety as the Central Pillar of India’s PFBR Programme

Safety considerations have remained paramount in India’s PFBR programme. Indian 
scientists and engineers have incorporated enhanced safeguards into the PFBR to 
withstand extreme external events, including flooding and seismic disturbances.

The PFBR adopts a pool-type configuration, a design choice driven by its inherent 
safety advantages.³⁸ The large volume of sodium provides high thermal inertia, and 
the pool-type configuration facilitates effective decay heat removal. It also employs 
a simple vessel design without penetrations, enhancing structural integrity and 
minimising radiation damage.³⁹ This configuration also reduces the number of external 
piping systems, thereby minimising the potential for leakage and enhancing structural 
robustness. Complementing this is a comprehensive “defence-in-depth” strategy that 
integrates multiple, redundant layers of safety.⁴⁰ These include conservative design 
margins, continuous monitoring for early detection of anomalies, and engineered systems 
for mitigating accident consequences.

Second, the reactor incorporates redundant, diverse and independent shutdown 
mechanisms capable of rapidly terminating the nuclear reaction under abnormal 
conditions. Passive decay heat removal systems, based on natural circulation, ensure 
continued cooling even in the absence of active power.⁴¹ Additional safeguards address 
beyond design basis events (BDBEs), including 
the provision of a core catcher to contain 
molten material in the unlikely event of a severe 
core disruption.⁴² The containment structure, 
constructed of reinforced concrete, is designed 
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to limit radiation exposure within permissible 
levels, even under extreme accident scenarios.

Third, given sodium’s chemical reactivity, 
special design provisions have been implemented 
to prevent and manage sodium leaks and sodium-
water reactions, particularly in steam generators. 
Double-walled piping systems with inert nitrogen 
atmospheres reduce the risk of sodium fires, 
while advanced leak detection systems enable 
rapid response.⁴³  Under the application of a “leak-before-break” philosophy, systematic 
measures have been incorporated for leak detection and for mitigating the effects of any 
sodium fire.⁴⁴  Seismic safety is also rigorously addressed, with the reactor designed 
to withstand both operating basis earthquakes (OBE) and safe shutdown earthquakes 
(SSE) to prevent sodium fires.⁴⁵

In sum, the PFBR exemplifies a safety-first approach shaped by necessity, experience 
and innovation. While delays and cost overruns reflect the complexity of pioneering 
such advanced technology, they also underscore the rigour with which safety and 
reliability have been prioritised. 

Conclusion

The operationalisation of PFBR underscores a sustained commitment to strategic 
autonomy, technological self-reliance, and the pursuit of an energy-secure future. India’s 
ability to design, build and secure such a reactor largely through indigenous efforts 
marks a significant achievement in the global nuclear landscape. India’s FBR programme 
illustrates how necessity can drive technological resilience. The PFBR not only 
strengthens India’s capability to produce more fuel than it consumes but also facilitates 
the gradual buildup of the fissile inventory required for large-scale thorium utilisation in 
advanced systems such as the Advanced Heavy 
Water Reactor. Despite technological, safety and 
regulatory challenges, the PFBR programme 
reflects significant progress in indigenous reactor 
design, fuel cycle management, and strategic 
autonomy. In essence, the PFBR is not merely a 
reactor project but a cornerstone of India’s long-
term energy strategy, paving the way for a closed 
fuel cycle, reduced dependence on imported 
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uranium and the eventual transition to a thorium-based, self-sustaining nuclear energy 
regime
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