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Introduction:-

The 500 MWe Prototype Fast Breeder Reactor (PFBR) at Kalpakkam,
Tamil Nadu, operated by Bharatiya Nabhikiya Vidyut Nigam Limited
(BHAVINI)under the Department of Atomic Energy (DAE), represents
the technological cornerstone of Stage II of India’sThree-Stage Nuclear
Power Programme. This paper presents a comprehensive technical study
of the PFBR encompassing reactor core physics, the three-circuit
sodium thermal-hydraulic architecture, passive and active safety
systems, fully digital instrumentation and control (I&C) design, and the
complete electrical power generation and grid integration chain from
the 588 MVA synchronous generator through the 400 kV Southern
Regional Grid interface. The Methodology section details the analytical
treatment of the reactor’s breeding process, thermodynamic energy
conversion pathway, shutdown mechanism diversity, and electrical
subsystem design. Results and Discussion presents key design paramet

er data, a quantitative comparative analysis against conventional coal-
fired generation, and an assessment of the PFBR’s grid stability
contribution. India’s PFBR, with a breeding ratio exceeding 1.05 and
near-zero lifecycle CO. emissions, is conclusively shown to be a
strategically vital, environmentally superior, and technically mature
baseload power source that bridges India’s Uranium-economy to its
vast Thorium reserves.

"© 2026 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed
with credit to the author."”

The global energy crisis and the escalating environmental impact of fossil fuel combustion have made the transition
to clean, sustainable, and high-density energy alternatives a matter of urgent national and strategic priority for India.
India’s energy challenge is structurally unique: the nation holds only approximately 2% of the world’s Uranium
reserves, yet commands nearly 25% of the global Thorium reserves—estimated at 360,000 tonnes—the largest in the
world [5]. This asymmetry is the very foundation of India’s Three-Stage Nuclear Power Programme, conceived by
Dr. Homi Jehangir Bhabha in the 1950s as a scientifically grounded roadmap to long-term energy self-sufficiency

using an abundant domestic resource.
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The 500 MWe Prototype Fast Breeder Reactor (PFBR) at Kalpakkam, Tamil Nadu—operated by Bharatiya
Nabhikiya Vidyut Nigam Limited (BHAVINI)—is the first large-scale, indigenous fast reactor built entirely on
Indian design, engineering, and manufacturing capability. It is a pool-type, sodium-cooled reactor that uses
unmoderated “fast” neutrons to sustain a chain reaction in Mixed Oxide (MOX) fuel of PuO: and UO., while
simultaneously “breeding” more fissile Plutonium-239 than it consumes—achieving a Breeding Ratio (BR) greater
than unity. It also irradiates Thorium-232 blankets to produce Uranium-233, the fuel for India’s Stage III reactors.

India’s conventional coal-fired generation fleet contributes approximately 900 g CO./kWh and accounts for over
70% of electricity generation emissions. The PFBR, with a lifecycle emission under 15 g CO2/kWh, positions
nuclear fast breeder technology as a critical low-carbon baseload complement in India’s energy mix, consistent with
its Nationally Determined Contributions (NDC) to the Paris Agreement—targeting 50% non-fossil electricity
capacity by 2030.This paper is structured as follows: Section II covers prior work and global benchmarking. Section
[II—Methodology—presents the analytical treatment of the PFBR’s reactor physics, fuel cycle, thermal-hydraulic
system, safety architecture, I&C design, and electrical generation systems. Section IV—Results and Discussion—
presents design parameters, comparative data, and grid stability analysis. Sections V and VI present conclusions and
future research scope.

Literature Review:-

FBTR: Predecessor and Design Heritage:-

The 40 MWth Fast Breeder Test Reactor (FBTR) at Kalpakkam, operational since 1985, was the essential
experimental predecessor to the PFBR [4]. It provided irreplaceable operational data on liquid sodium
thermodynamics, fast-flux neutron physics, fuel pin performance under irradiation, and sodium pump reliability.
Uniquely, the FBTR operated on mixed carbide fuel (UC-PuC)—a first in the world—providing India with
exclusive knowledge of this high-performance fuel type. PFBR design choices for coolant flow rates, fuel pin pitch-
to-diameter ratios, core geometry, and passive safety systems were all quantitatively derived from FBTR experience

[4].

Global Fast Reactor Experience:-

Russia’s BN-600 (600 MWe, operational 1980) and BN-800 (800 MWe, operational 2016) at Beloyarsk provided
critical benchmarks for commercial-scale sodium fast reactor reliability and fuel cycle performance [3]. France’s
Phénix (250 MWe) and Super-Phénix (1200 MWe) reactors contributed knowledge on sodium-water reaction
management and seismic qualification. Japan’s Monju and China’s CEFR add further data points on operational
challenges. India’s PFBR is distinct in incorporating a Thorium-232 radial blanket for U-233 production—a feature
absent in all other operating fast reactors—making its fuel cycle uniquely aligned to India’s domestic resource base

[5].

Safety and Materials Research:-

Post-Fukushima safety assessments by IGCAR confirmed that the PFBR’s inherently negative temperature and void
coefficients of reactivity ensure the reactor self-limits its power under all postulated accident scenarios without
operator action [2]. Studies validated that D9 austenitic stainless steel—used for fuel pin cladding—withstands void
swelling below 1% at end-of-life doses exceeding 100 dpa (displacements per atom), and retains adequate ductility
and creep resistance at core operating temperatures [6][7].

I&C and Electrical Systems Literature:-

BHAVINI and IGCAR publications describe a fully digital I&C system compliant with IEC 61513, incorporating
diverse and redundant protection channels and fail-safe actuation logic for all safety-class functions [2]. Published
electrical design data confirm a 588 MVA, 21 kV synchronous generator interfaced with the 400 kV Southern Grid
via a Generator Transformer, with Power System Stabilizer (PSS) loops for grid oscillation damping [3][7].

Methodology:-

The methodology of this paper is analytical and design-descriptive in nature, synthesizing published technical data
from BHAVINI, IGCAR, and DAE. The PFBR system is decomposed into five analytical domains: (A) reactor
physics and fuel cycle, (B) thermal-hydraulic energy conversion, (C) safety system design, (D) instrumentation and
control architecture, and (E) electrical generation and grid integration. Each domain is analyzed for its operating
principles, design parameters, and interdependencies. A comparative analysis with conventional coal-fired
generation is performed using published lifecycle data.
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Reactor Core Physics and Fuel Cycle Analysis:-

The PFBR core is designed around a fast neutron spectrum with a median neutron energy of approximately 200 keV.
The core contains 217 hexagonal fuel subassemblies, each housing 217 fuel pins (D9-clad MOX pellets). The core is
radially divided into an inner zone (Pu enrichment ~21%) and outer zone (~28%) to flatten the neutron flux profile
and achieve uniform power density. Surrounding the active core are 84 depleted UO: radial blanket subassemblies
and, beyond those, Thorium-232 blanket assemblies specifically positioned for U-233 breeding.The fast fission of
Pu-239 releases an average of ~3.0 neutrons per fission, versus ~2.5 in thermal reactors. This surplus of ~0.5
neutrons per fission is the physical basis of breeding: after sustaining criticality, these excess neutrons are absorbed
by U-238 in the blanket to produce Pu-239 (via beta decay of Np-239), and by Th-232 to produce U-233 (via beta
decay of Pa-233). The Breeding Ratio (BR > 1.05) confirms more fissile material is produced than consumed per
cycle, making the fuel supply self-expanding.

The Three-Stage fuel cycle logic is as follows:-

1. Stage I — PHWRs (Operational): Natural Uranium fuels Pressurized Heavy Water Reactors at Rajasthan,
Madras, Kakrapar, and Narora. Spent PHWR fuel is reprocessed at BARC (Trombay) and IGCAR (Kalpakkam)
to extract Pu-239 for PFBR MOX fuel fabrication.

2. Stage I — PFBR (Current): MOX fuel undergoes fast fission. Surplus neutrons breed Pu-239 from U-238
blankets (BR > 1.0) and U-233 from Th-232 blankets (via Th-232 — Pa-233 — U-233 decay chain). The bred
Pu-239 and U-233 are recovered by reprocessing spent PFBR fuel.

3. Stage IIl — AHWRs (Planned): U-233 bred in Stage II fuels Advanced Heavy Water Reactors (AHWRs), which
are self-sustaining on a Th-U233 fuel cycle, unlocking centuries of energy from India’s 360,000-tonne Thorium
reserve [5].

Thermal-Hydraulic Energy Conversion:-

The conversion of nuclear fission heat to electrical energy in the PFBR uses a three-circuit architecture that provides

absolute thermal and radioactive isolation between the reactor and the power-generating side. Each circuit is

analyzed below:

* Primary Sodium Circuit (Radioactive): Two main centrifugal sodium pumps circulate ~4.3 m®/s of sodium per
pump at 670 K (inlet) through 217 fuel subassemblies. Sodium exits the core at 820 K, absorbing 1250 MWth of
fission heat. The Na-24 isotope (t%2 = 15 h), produced by neutron activation, makes primary sodium radioactive.
The entire primary circuit—pumps, pipes, and four Intermediate Heat Exchangers (IHXs)—is submerged in the
sodium pool inside the main vessel (pool-type design), eliminating any external primary sodium piping and
greatly reducing the risk of primary circuit leaks.

* Intermediate Heat Exchangers (IHX): Four shell-and-tube IHXs, each rated ~312 MWth, transfer heat from
radioactive primary sodium to clean secondary sodium through stainless steel tube walls. The secondary sodium
circuit operates at a marginally higher pressure, ensuring that any tube leak results in clean sodium entering the
primary side, not the reverse, preventing radioactivity escape.

* Secondary Sodium to Steam (Tertiary Circuit): Secondary sodium at 670-798 K flows through eight once-
through, counter-flow Steam Generators (SG), each transforming demineralized feedwater into superheated
steam at 16.6 MPa and ~763 K (490°C). Continuous hydrogen monitors on each SG detect any sodium-water
reaction immediately; detection triggers isolation of the affected SG and nitrogen purging. The resulting steam
drives the main turbine.

Safety System Design and Analysis:-

The PFBR’s safety design follows the defense-in-depth principle with four physical barriers to fission product
release: fuel matrix, cladding, primary circuit boundary, and reactor building containment. Safety systems are
classified as passive (no external power or actuation required) and active (powered, signal-actuated).Passive Safety:
The Doppler coefficient (fuel temperature reactivity coefficient) is strongly negative in the PFBR. As fuel
temperature rises during a transient, U-238 resonance absorption broadens (Doppler broadening), capturing more
neutrons and reducing reactivity—automatically pulling the reaction back to equilibrium. The sodium void
coefficient is also negative by design (achieved through careful core height-to-diameter ratio optimization), ensuring
that any partial sodium boiling reduces rather than increases reactivity. These two passive feedback mechanisms
prevent any power excursion from becoming self-sustaining, even without SCRAM.The Passive Decay Heat
Removal System (PDHRS) consists of four independent sodium-to-air natural convection loops, each capable of
removing ~8§ MWth of decay heat. After shutdown, residual decay heat (~7% of full power at t=0, declining by the
AN-1 decay curve) is removed entirely by thermosiphon action—hot sodium rises, transfers heat to air in elevated
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finned-tube heat exchangers, cools, and returns by gravity. PDHRS requires no pumps, no power, and no operator
action, and maintains safe core cooling for over 72 hours during a complete Station Blackout (SBO)—a requirement
imposed after the Fukushima Daiichi accident [2].

Active Shutdown — Diverse Dual SCRAM Systems:-

* System 1 — CSRDM: Eighteen B“C-absorber control and safety rods are held above the active core by
electromagnets. On SCRAM signal, electromagnet power is cut; rods fall into the core by gravity within 1
second, absorbing neutrons and achieving subcriticality. Actuation triggers include: high neutron flux, high flux
rate-of-rise, primary pump trip, low coolant flow, over-temperature, loss of grid power, or seismic signal.

*  System 2 — DSRDM: Nine additional diverse shutdown rods employ a hydraulic latch release mechanism—a
completely different physical actuation principle—processed by a separate, independent signal chain. This
diversity ensures no single common-cause failure (hardware, software, or environmental) can simultaneously
disable both shutdown systems, satisfying the nuclear safety criterion of independence and diversity.

Confinement: Primary sodium is enclosed in the main vessel (MV) surrounded by a safety vessel (SV) as the second

containment boundary. Both sit in a nitrogen-filled reactor vault preventing sodium-air contact. The reactor building

is a reinforced double-containment structure designed for internal pressure retention and resistance to external
hazards including aircraft impact and the Safe Shutdown Earthquake (SSE).

Instrumentation and Control Architecture:-

The PFBR I&C is a fully digital, four-level hierarchical system compliant with IEC 61513 (Nuclear Power

Plants — I&C Important to Safety):

1. Field Level: Sensors, transmitters, and actuators throughout the plant—thermocouples, electromagnetic
flowmeters (EMFs), fission chambers, pressure transmitters, and position sensors.

2. Control Level: Distributed Control System (DCS) handles normal plant regulation—rod position control,
feedwater control, turbine speed governor, and steam bypass valve modulation.

3. Supervisory Level: Plant-wide data acquisition, alarm annunciation, trend monitoring, and operator information
system (OIS) displays in the main control room.

4. Safety Level: The Safety Instrumented System (SIS) is physically and logically segregated from the DCS. It
processes redundant (2-out-of-4 voting logic) sensor signals for the Reactor Protection System (RPS) and
actuates SCRAM, PDHRS initiation, and SG isolation on detection of any safety limit violation.

Key protection parameters continuously monitored by the RPS include: neutron flux (source, intermediate, and

power ranges via fission chambers and BFs detectors), primary sodium temperature at each of 217 subassembly

outlets (thermocouples), primary circuit sodium flow (EMFs), delayed neutron activity in primary sodium (DND
system for fuel clad failure detection), steam generator hydrogen levels (Na-water reaction), seismic acceleration

(triaxial accelerometers at the reactor building foundation), and containment atmospheric activity.Reactor power

during normal operation is regulated by digital rod control computers adjusting the eighteen control rod positions.

The plant operates in Base Load Control mode (constant reactor power, turbine output matched to thermal output) or

Load Dispatch mode (steam bypass valves divert excess steam to condenser for rapid electrical output reduction

without reactor power change), enabling fast response to grid frequency deviations.

Electrical Generation and Grid Integration:-

The PFBR’s electrical power generation system converts thermal energy into 500 MWe of grid-quality
electricity through the following subsystems:-

Turbine-Generator Set: The main steam turbine is a tandem-compound, impulse-reaction type operating at 3000
RPM, consisting of one double-flow High-Pressure (HP) cylinder and two double-flow Low-Pressure (LP)
cylinders. Between the HP and LP stages, all steam passes through a Moisture Separator-Reheater (MSR)—a critical
feature of nuclear steam cycles, where steam is only mildly superheated compared to supercritical coal plants. The
MSR eliminates entrained moisture droplets that would otherwise cause LP blade erosion. The turbine shaft is
directly coupled to a 588 MVA, hydrogen-cooled Synchronous Generator rated at 21 kV, 50 Hz, 0.85 p.f. lagging.

Power Evacuation: The generator terminal voltage (21 kV) is stepped up to 400 kV by the Generator Transformer
(GT) for transmission through the Southern Regional Grid (managed by POSOCO/NLDC). A Unit Auxiliary
Transformer (UAT) taps at the generator bus to supply plant auxiliary loads at 6.6 kV: sodium pumps, feedwater
pumps, compressed air, I&C UPS systems, and ventilation. A Station Transformer (ST) connected to the 400 kV bus
supplies auxiliary power when the unit is shut down or during startup.
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Excitation and Voltage Control: The Advanced Static Excitation System (ASES) uses thyristor-controlled rectifiers
fed from the generator terminals to supply the rotor field winding. The Automatic Voltage Regulator (AVR) loop
maintains generator terminal voltage within +5% of rated 21 kV under all load conditions. A Power System
Stabilizer (PSS) superimposes a stabilizing signal—derived from rotor speed deviation—on the AVR reference to
damp low-frequency (0.2—2.0 Hz) electromechanical oscillations between the PFBR generator and the Southern
Grid’s other generators. The generator is capable of supplying or absorbing up to +250 MVAR of reactive power,
making it a significant voltage-support resource for the regional grid.

Grid Synchronization: Before the Main Generator Breaker (MGB) is closed to energize the generator onto the live
400 kV bus, an automatic synchronizer continuously monitors and matches all four synchronization parameters: (1)
frequency: generator at 50.00 Hz +0.10 Hz; (2) voltage magnitude: £5% of 400 kV; (3) phase angle difference: < 5°;
(4) slip frequency (rate of phase angle change): < 0.1 Hz. The MGB close command is issued only when all four
criteria are simultaneously satisfied within their tolerances. This process ensures the generator connects to the grid
with zero current or power transient, protecting both the generator windings and the grid’s stability.

Results and Discussion:-

PFBR Design Parameters:-

Table I presents the consolidated reactor, thermal-hydraulic, and electrical design parameters of the PFBR as derived
from published BHAVINI and IGCAR specifications. These parameters collectively define a reactor that is
thermodynamically efficient (~40%), electrically substantial (500 MWe, 588 MV A), and operationally mature.

PFBR Consolidated Desiin Parameters

TABLE I

Thermal Power Output 1250 MWth

Net Electrical Output 500 MWe
Thermodynamic o

Efficiency 0%

Primary Na Inlet Temp. 670 K (397°C)
Primary Na Outlet Temp. | 820 K (547°C)
Primary Na Flow Rate ~4.3 m*/s (per pump)
Steam  Pressure  (SG

Outlet) 16.6 MPa

Steam Temperature ~763 K (490°C)
Generator Rating 588 MVA

Terminal Voltage 21 kV (3-phase, 50 Hz)
Grid Transmission 400 KV

Voltage

Core Neutron Flux ~3.5x10" n/em?'s
Fuel Subassemblies

(Core) 2l

Breeding Ratio >1.05

Fuel Type MOX (PuO:—-UQO:z)
Pu  Enrichment (Inner 1%

Core)

Pu  Enrichment (Outer 289

Core)

Cladding Material D9 Austenitic Stainless Steel
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Coolant Liquid Sodium (Na)
Rated Power Factor 0.85 lagging

The thermodynamic efficiency of ~40% is notable: it is achieved despite the steam being only mildly superheated
(490°C, 16.6 MPa) compared to a supercritical coal plant (600°C+, 25+ MPa). This is because sodium’s excellent
thermal conductivity and high boiling point (883°C at atmospheric pressure) allow it to transfer large amounts of
heat without requiring high pressure in the primary circuit, enabling a simpler, thinner-walled primary vessel design.
The breeding ratio of >1.05 implies that for every 100 atoms of fissile material consumed in the core, more than 105
atoms are produced in the blankets—a positive fuel balance sustained over the reactor’s operating life.

Comparative Analysis: PFBR vs. Coal:-

Table II provides a direct comparison between a 500 MWe conventional coal-fired thermal power station and the
PFBR across eight critical performance dimensions. The data quantifies the scale of environmental and operational
advantage offered by the fast breeder technology.

TABLE 11
Comparative Analysis: 500 MWe Coal Plant vs. PFBR

~2.5
Fuel / Year MillionTonnes ~1.5 Tonnes
CO:z Emissions ~900 g/kWh Near Zero
Energy Density Low Extremely High
. Low-vol
Waste Output Massive Fly Ash Radioactive
Base Load Cap. Good Excellent (24/7)
. Yes (Pu-239 & U-
Fuel Breeding None 233)
Carbon Footprint | Very High Negligible
Water .
Consumption Very High Moderate

The fuel mass differential is extraordinary: a coal plant of equivalent capacity requires ~2.5 million tonnes of coal
annually, involving a vast logistics infrastructure of mines, rail networks, and ash lagoons. The PFBR requires only
~1.5 tonnes of MOX fuel per year—a factor of ~1.67 million difference in mass. This difference arises from nuclear
energy’s energy density: 1 kg of MOX fuel liberates thermal energy equivalent to approximately 2,700 tonnes of
coal, or about 45 million kWh of heat. This makes nuclear fuel supply chain logistics trivially simple compared to
coal.The CO: comparison is equally decisive. A supercritical coal plant emits approximately 900 g CO./kWh,
meaning a 500 MWe plant running at 80% capacity factor emits approximately 3.15 million tonnes of CO- per year.
The PFBR’s lifecycle emission (including construction, fuel fabrication, and decommissioning) is less than 15 g
CO2-eq/kWh—a factor of 60 improvement. Over a 40-year operating life, the PFBR avoids approximately 126
million tonnes of CO: compared to a coal equivalent.

The radioactive waste comparison is more nuanced but still favors the PFBR. A 500 MWe coal plant produces
~200,000 tonnes of fly ash and bottom ash annually—a massive solid waste stream requiring large ash ponds with
documented groundwater contamination risks. The PFBR produces a compact volume of high-level radioactive
waste (spent fuel assemblies) that, although requiring careful engineered storage, is physically small,
containerizable, and ultimately destined for a deep geological repository. Furthermore, the PFBR’s spent fuel
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contains valuable bred Pu-239 and U-233 that is reprocessed and recycled—making nuclear “waste” a resource
rather than a liability.

Grid Stability and Power Systems Impact:-

From a power systems engineering standpoint, the PFBR’s 500 MW firm, dispatchable output is of significant value
to the Southern Regional Grid. Unlike variable renewable energy sources (solar and wind), which have capacity
factors of 20-25% and produce power only when the resource is available, the PFBR achieves a capacity factor
exceeding 85%, limited only by planned annual refueling outages and scheduled maintenance. This firm output
provides grid inertia—a physical property (rotor kinetic energy of the 588 MVA synchronous generator) that resists
instantaneous frequency deviations—which is increasingly scarce as inverter-connected renewable sources (which
contribute no inertia) grow as a fraction of the grid.

The PFBR’s load-following capability (40—100% rated output via steam bypass control) and reactive power range
(¥250 MVAR via the ASES/AVR) make it a multidimensional grid asset: active power for frequency regulation,
reactive power for voltage support, and synchronous inertia for rate-of-change-of-frequency (ROCOF) limitation.
As India’s grid moves toward 500 GW of renewable capacity by 2030, the role of firm, synchronous baseload
generators like the PFBR will become more—not less—critical.Furthermore, the strategic location of the PFBR at
Kalapakkam strengthens the Southern Regional Grid's voltage profile, reducing transmission losses by providing
power close to high-demand industrial centers. This integration serves as a blueprint for the multi-unit "Nuclear
Parks' envisioned in India's long-term energy strategy. By balancing the intermittency of localized solar and wind
farms, the PFBR ensures that the transition to a carbon-neutral economy does not compromise the operational
reliability or the power quality of the national electrical infrastructure.

Iinside India’'s PFBR:
The Process of Generating
Power and Breeding Fuel
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Fig. 1: Functional block diagram of Prototype Fast Breeder Reactor highlighting the primary/secondary
loops and the steam water cycle for Electrical Power Generation
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Discussion: Strategic Significance:-

The PFBR’s commissioning marks a pivotal moment in India’s energy history. It is the physical embodiment of the
Three-Stage Nuclear Programme’s central promise: that a nation with limited Uranium can leverage fast neutron
technology to multiply its effective nuclear fuel supply by orders of magnitude and ultimately transition to a
Thorium-based energy economy. Every tonne of Thorium irradiated in the PFBR’s blanket generates approximately
200 kg of U-233—enough fuel for a Stage IIl AHWR to power tens of thousands of homes for a year.India is now
only the second country in the world, after Russia, to operate a commercial-scale fast breeder reactor—a milestone
that validates decades of patient, indigenous scientific investment by IGCAR, BHAVINI, BARC, and thousands of
engineers and scientists. The knowledge, supply chain, regulatory framework, and operational experience generated
by the PFBR programme will directly enable the accelerated deployment of FBR-1 and FBR-2, moving India toward
a fast breeder fleet that could ultimately supply a significant fraction of the nation’s baseload electricity needs in a
carbon-constrained future.

Conclusion:-

This paper has presented a comprehensive technical study of the 500 MWe Prototype Fast Breeder Reactor (PFBR)
at Kalpakkam, covering reactor physics, thermal-hydraulic architecture, safety systems, digital 1&C design, and
electrical generation and grid integration.

The following key conclusions are drawn:-

*  The PFBR’s pool-type, three-circuit sodium architecture provides inherent thermal and radioactive isolation,
enabling safe 500 MWe power generation with near-zero CO: emissions and a lifecycle carbon footprint 60
times lower than coal.

* A breeding ratio exceeding 1.05 confirms that the PFBR generates more fissile material than it consumes,
transforming India’s limited Plutonium stock into an expanding fuel supply and breeding U-233 for Stage 111
Thorium reactors.

* The defense-in-depth safety architecture—featuring inherently negative reactivity coefficients, dual diverse
SCRAM systems, and a fully passive decay heat removal system capable of 72-hour SBO endurance—meets
and exceeds post-Fukushima safety standards.

*  The fully digital I&C system (IEC 61513 compliant), with 2-of-4 voting logic protection channels and physical
segregation of the Safety Instrumented System from the DCS, establishes a robust and reliable safety and
control platform.

*  The 588 MVA synchronous generator with Advanced Static Excitation, Power System Stabilizer, and automatic
synchronization systems makes the PFBR a high-quality, multidimensional contributor to Southern Grid
reliability—providing active power, reactive power, and synchronous inertia.

The PFBR’s commissioning positions India as only the second country globally to operate a commercial-scale fast
breeder reactor, validating the entire Three-Stage Nuclear Programme and opening the path to India’s Thorium
energy future.Future Scope: Planned construction of FBR-1 and FBR-2 (600 MWe each) at Kalpakkam will triple
India’s fast breeder capacity. Priority research areas include: (i) IEC 61850-based digital substation and
cybersecurity hardening of the nuclear switchyard; (ii) Physics-Informed Neural Network (PINN) and digital twin
models for predictive maintenance of liquid sodium pumps, IHXs, and steam generators; (iii) grid-forming converter
control for multi-FBR parallel operation in high-renewable grids; (iv) techno-economic optimization of the Th-232—
U-233 breeding cycle; and (v) Al-assisted fuel management for simultaneous optimization of breeding ratio and fuel
burnup across the PFBR core.
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