
 1 

An Approach to Energy Sustainability 

Baldev Raj, FNAE, Distinguished Scientist and Director, IGCAR, Kalpakkam 603102, India 

Vice President (Academic, Professional and International Affairs), INAE 

P.Chellapandi, FNAE, IGCAR, Kalpakkam 603102    

CAETS 2009 Calgary – July 15, 2009 
Abstract: 

India is planning to enhance the electricity generation capacity by about 10 times in the next 

fifty years to meet its target of 5000 KWh per capita energy consumption with limited energy 

import. Various energy sources are examined carefully addressing comprehensively all the 

issues related to sustainability, which leads to the conclusion that nuclear energy is an 

inevitable option for the country to supply large amount of energy. Towards this, a three 

stage programme is conceived to exploit fully the indigenous uranium and thorium 

resources through water reactors and fast reactors, that has been accepted by the 

government and public.  With these, the nuclear share would be ~ 25% by 2050. India 

already possesses and is building reactors and further fine-tuning the necessary 

technologies needed for exploitation of nuclear energy resources. Currently, 17 water 

reactors are in operation and 5 are under construction. Further, India is launching Advanced 

Heavy Water Rector of 300 MWe and associated closed fuel cycle technology to build 

deployment capabilities for thorium based fuels. Successful operation of 40 MWe/13 MWt 

capacity fast breeder test reactor  over  23  years,  construction  of 500 MWe prototype fast 

breeder reactor (to be commissioned in 2011), strong science based R&D executed in 

multidisciplinary domains and extensive collaborations with academic and R&D institutions 

have provided high confidence on the success of sodium cooled fast reactors (SFR). 

Nuclear strategy is enhancement of PHWR Programme through advanced uranium 

exploration, import of natural uranium and pressurized water reactors from outside under 

safeguards, energy security through indigenous SFRs in the immediate horizon, thorium 

based nuclear energy cycles and fusion energy on long term horizon. Establishing techno-

economic viability through sodium fast reactors with mixed uranium plutonium oxide (MOX) 

fuel and closed fuel cycle, design for long design life nuclear reactors (100 years), 

significant reduction of capital cost and fuel cycle cost (200 GWd/t burnup), metallic fuel 

with high breeding to achieve shorter doubling time (<10 y), construction of a series of large 

size reactors (1000 MWe) with co-located fuel cycle facilities adopting mega park concept 

are some of the calibrated priorities for India.  
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1.  Introduction 

Citizens of the planet earth with a population of more than 6 billion, over periods 

of civilization in different parts of the world, have progressively endeavored to provide 

and search for better quality of life.  It is important that energy, water, health, land and 

food are to be considered in a comprehensive and interlinked fashion for sustainable 

options to provide better quality of life (Fig.1). The quality of life can be measured in 

terms of Gross Domestic Product (GDP) and other indices of socio-economic 

development like literacy, longevity and human development. These are directly 

dependent upon the per capita energy consumption of a country. The energy has also a 

profound impact on the other critical aspects of human development including access to 

irrigation, pollution-free indoor lighting, education and communications. Thus, the 

energy is a crucial input to propel the economic growth. Hence, generation of cost 

effective energy, sustainable over centuries for various parts of the world; with strong 

base in science & technology along with addressing the issues of global warming and 

sustaining and enhancing bio-diversity are the key issues for ensuring high quality of life 

of the world population.   

Fig.1 A developed civilization scenario 
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As far as India is concerned, the current population in the year 2009 is 1.166 

billions. The growth rate has been decreasing for the last many decades.  The long-term 

objective of the Government of India is to stabilize the population by the year 2050 at 

the level of 1.5 billion, which constitutes one-sixth of the global population. India  is on 

the rapid economic growth path.  Dominic Wilson and Purushothaman (2003) of Gold-

man Sachs in their paper write, "India has the potential to show the fastest growth over 

the next 30-50 years. Growth could be higher than 5% over the next 30 years and close 

to 5% as late as 2050 development proceeds successfully."  An impressive average 

GDP growth rate of about 8% per year that has been achieved in succession over the 

last 4-5 years, justifies such speculation. However, the growth rate has to be sustained 

at high levels over the next 10 years to address the challenges developed in India. The 

current per capita energy consumption in India is 23 GJ/a, which is significantly low 

compared to 332 GJ/a in USA and 220 GJ/a in OECD (Organization for Economic 

Cooperation and Development) countries.  Out of this, the per capita electricity is still 

low (about 660 kWh/a = 2.4 GJ/a), compared to 13000 kWh/a (47 GJ/a) in USA and 

8204 kWh/a (50 GJ/a) in OECD countries.  Hence, the demand for a rapid rise in the 

electricity generation capacity in the coming decades is beyond a matter of debate, for 

India to realize its dreams of a sustained growth in economy backed by strong industrial 

development. 

Realising its requirements and potential, India is aiming to reach at least a per 

capita energy consumption of about 2400 kWh/a with 8% growth rate by 2031-32. This 

calls for the electricity generation capacity of about 778 GWe by 2031-32 with the 

projected population of about 1.468 billion by that time. It is worth mentioning that the 

present energy scenario is not satisfactory and the persistent shortage, unreliability and 

high prices for industries need to be eliminated, on priority. Raising the electricity 

availability by about 4 times in the next twenty years calls for a careful examination of all 

issues related to sustainability including relative abundance of available energy 

resources, diversity of sources of energy supply and technologies, security of supplies, 

self sufficiency, security of energy infrastructure, effect on local, regional and global 

environment and demand management.  
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The paper starts with the potential of long term energy resources in the country. 

Subsequently, it discusses the relative assessment of the various energy resources in 

the backdrop of the current energy scenario and future projections and approaches 

including R&D issues. In view of important role to be played by nuclear power in India, it 

is described in more details. in particular, the sodium fast reactors (SFRs) which is 

considered to be the  essential option in providing sustainable energy in the Indian 

context.  The challenges and achievements in the development of SFR are brought out 

with particular reference to 500 MWe Prototype Fast Breeder Reactor (PFBR).   

 

2.   Potential of Long Term Energy Resources 

 India has large reserves of coal and is the third largest coal producing country of 

the world. As per the Geological Survey of India, the total gross in situ coal reserves in 

India are 245.53 billion tonnes, of which economically mineable reserves are only 37.86 

billion tonnes. Lignite reserves are too small a quantity to make a significant contribution 

towards long-term energy security. The mineable reserves for lignite turn out to be 

about 3 billion tonnes out of the total 34.61 billion tonnes. The proven reserves of coal 

at the current level of consumption can last for about 130 years. Of course, coal and 

lignite consumption will increase in the future and the reserves would last for a limited 

period. If the domestic coal production continues to grow at 5 % per year, the total 

(including proven, indicated and inferred) extractable coal reserves will run out in 

around 45 years.  

India's recoverable reserves of crude oil and natural gas have been estimated to 

be 740 million tonnes of crude oil and 920 bcm of natural gas as on 2003. Considering 

that India is one of the least explored countries for oil and gas and the high emphasis 

given by government for strengthening the explorations, it is possible to achieve the 

cumulative availability of hydrocarbons nearly 12 billion tonnes by the year 2052. 

The hydroelectric potential in India has been estimated to be 600 billion kWh 

annually, corresponding to a name-plate capacity of 150 GWe at 46 % capacity factor. It 

is mostly located in the northern and north-eastern regions of the country. Other than 

hydro, non-conventional renewable contribution includes: wind 45 GWe, biomass 

power/Co-gen 19.5 GWe and waste to energy 1.7 GWe, etc. The net potential capacity 
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factor is 0.33. Good progress has been made in the field of wind power and installed 

capacity additions in the recent years have been quite impressive. However, the 

windmills, so far, have reported very poor capacity factors (<15%). Bio-waste is a good 

option for us while biomass should be carefully considered to ensure that this option 

does not conflict with the food cycle for human beings, cattle and other species.  The 

renewable energy resources will be increasingly used in future especially in remote 

areas. However, for a country like India having a high density of population, non-

conventional renewable energy resources would continue to be important, but they may 

not contribute to a large share to the total energy mix.  

Regarding the nuclear power, India has limited uranium and abundant thorium 

resources (Fig.2). The uranium resources reasonably assured plus inferred in India is 

84,600 t (< 2% of world resource).  However, 

the thorium resource in the country is 

225,000 t (second largest reserve in the 

world), which has an energy potential 

155,000 GWe-y. The uranium resource 

available in the country can feed 10 GWe 

capacity of PHWRs for ~ 50 years with 

thermal efficiency of 30 %.  Since SFRs can 

extract more than 70 times thermal energy 

from the same quantity of uranium and generate electricity with higher thermal efficiency 

(40 %), the available uranium can also feed 275 GWe for about 200 years, when used 

in SFR after reprocessing. Thorium can feed 275 GWe capacity power plants for about 

550 years. 

Fusion is another attractive long-term energy option and R&D on fusion is being 

done worldwide including in India at the Institute for Plasma Research, Gandhinagar. 

Fusion-based reactor systems may become a reality by the middle of the century. India 

has joined in International fusion reactor research programme (ITER) that would help to 

strengthen its own programme. 

 The summary of India’s energy source base is given in Table-1 and detailed in 

Fig.3.  

Fig.2 Resource position in India 
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Table-1:  India’s energy resources 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Current Indian energy resources   



 7 

3.  Current Energy Scenario   

At the time of independence of India in 1947, the total installed electricity 

generation capacity was 1.363 GWe, which has increased to 148 GWe in the current 

fiscal year, as shown in Table-2. 

 Table-2: Installed capacity (Mar’ 2009) and electricity generation (2008-09) 

Plant Installed capacity (MWe) Generation (BU) 

Thermal 93,726 590 

Hydro 36,878 113 

Nuclear 4,120 15 

Renewable 13,242 - 

Total  147,966 718 

 

4.  Assessment of Long Term Energy Resources 

 India is planning to enhance the electricity generation capacity, by about 4 timed 

in the next 20 years and about 10 times in the next fifty years, with the limited energy 

import. That is, the installed capacity in India would have to be increased from the 

current level of 3.5 % to about 12 % of world capacity by 2030. This would be a 

significant fraction of global electricity generation. In order to achieve this, it is required 

to take a closer look into all associated aspects of energy resources, such as improved 

use of the traditional energy,  energy saving, re-use and/or recycling of materials and 

social systems and combinations or overviews of the above issues, for which various 

committees have been formed; to name a few, Integrated Energy Resources 

Committee, Eminent Panel Committee on Renewable Energy Sources by Ministry of 

New & Renewable Energy, Climate Change Committee and Steering Committee on 

Nuclear energy by Department of Atomic Energy. The most important aspects which 

have strong bearing on the choice of the energy options are environmental impact and 

economy, which are highlighted below.  

 

4.1  Environmental Impact  

The concerns vis-à-vis the threat of climate change has always been an 

important issue in formulating the energy policy of India. Environmental concerns are 
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associated with all forms of energy including fossil fuels, nuclear energy and 

renewables, throughout the energy chain from exploration/mining, transportation, and 

generation to end-use. Carbon dioxide from fossil fuel combustion accounts for about 

40 % of the global warming. A 1,000 MWe coal fired station consumes 3 million tonnes 

of coal per year producing 7 million tonnes of carbon dioxide, 120 thousand tonnes of 

sulphur dioxide,  20 thousand tonnes of nitrogen oxide and three quarters of a million 

tonne of ash. These emissions produce much of the environmental damage including 

global warming through the green house effect. Similarly for hydel projects, large 

environmental effects and loss of land occur.  

 Though India is a signatory to the United Nations Framework Convention on 

Climate Change (UNFCC), it is not required to contain its green house gas emissions. 

India’s policies for sustainable development, by way of promotion of energy efficiency, 

renewable energy, changing the fuel mix to cleaner sources, pollution abatement, 

afforestation, mass transport, accelerated development of nuclear and hydro-electricity, 

technology missions for clean coal technologies, besides differentially higher growth 

rates of less energy intensive services sectors as compared to manufacturing, results in 

a relatively green house gas benign growth path.  

 Focused R&D efforts are planned on many climate friendly technologies. 

Government of India has been very proactive and several steps have been taken. 

These include policy initiatives as well as planning and launching of projects aimed at 

improving energy, transport and communication infrastructure. The Electricity Act 

notified in June 2003 is one such important initiative. Further, the environmental 

implications of various resources are critically analyzed by intergovernmental panel on 

climate change chaired by the Prime Minister himself.  

Overall assessment has established that the nuclear energy is the most preferred 

option for the country, from the environmental considerations.  

 

4.2  Economy 

 The comparative economics of various modes of power generation depends on 

local conditions, discount rates and availability of cheap fuels like coal and gas. 

Wherever fossil fuels are available at reasonable prices, setting up of thermal power 
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plants is an option to be considered in any techno-economic analysis. Gas prices are 

subject to fluctuations due to market forces and form a sizable fraction of electricity cost 

produced from gas-fired plants. An internal study done by Nuclear Power Corporation of 

India Ltd. (NPCIL) indicates that nuclear power is competitive compared to coal-fired 

thermal power, when the coal-based plant is about 1000 km from the pit-head. There 

are several regions in the country where such haulage is involved. This conclusion is 

derived from economic data pertaining to PHWRs being constructed and operated by 

NPCIL.  For Indian conditions, where the cost of natural uranium is significantly above 

that in the international market, the cost of plutonium-based reactors would be very 

competitive. To comply this, a specific study carried out at DAE indicates that the cost of 

SFR will be comparable to, if not less than, PHWR cost. 

 

4.3  Assessment of Fast Spectrum Reactors  

Even though, the fissile isotopes are likely to fission in both thermal/fast 

spectrum, the fission fraction is higher in fast spectrum. This is due to the fact that FRs 

have favorable neutron economy with respect to thermal neutron spectrum reactors. 

This is illustrated in Fig.4 which shows fission-to-absorption ratio for PWR and SFR.  

Moreover, a significant (up to 50%) fission of fertile isotopes takes place in a fast 

spectrum. 
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In view of possibility of higher operating temperatures in SFR, it is possible to 

have high thermodynamic efficiency. With the use of advanced materials for the fuel 

clad and wrapper, higher burn up can also be achieved. These two aspects lead to 

significant economic advantages. High thermodynamic efficiency has additional 

advantage of less thermal pollution to the environment. In order to provide a feel of 

operating conditions, Table-3 is presented, where principle parameters are compared.  

 

A fast reactor is ‘flexible“ in the sense that, it can be used as breeder or burner or 

sustainable reactor. There are potential benefits of a closed fuel cycle based on fast 

reactors for waste management. It is easier to transmute TRU or MA in a fast reactor 

core and there is less impact on the fuel cycle (e.g. at fuel fabrication). It is then 

possible to have a sustainable close cycle, with reduced burden on a deep geological 

storage (Fig.5). Certain elements (plutonium, americium, cesium, strontium, and curium) 

are primarily responsible for the decay heat that can cause repository temperature limits 

to be reached. Large gains in repository space are possible by processing spent nuclear 

Table-3: Comparison between typical Thermal and Fast Reactors 
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fuel to remove those elements 

(Fig.6). Related to treatment of 

recovered elements, cesium 

and strontium can be stored 

separately for 200-300 years 

and plutonium, americium, and 

curium can be recycled for 

transmutation and/or fission by 

irradiation in fast reactors. 

These advantages had been 

envisaged as early as in   1946 

by Enrico Fermi, who demonstrated the breeding principle and stated that “the people 

who will develop SFR technology will lead the world in the future”. Further, in 1951, the 

world’s first nuclear-generated electricity in EBR-1. In 1964 at 3rd Geneva Conference, it 

was stated that "full-sized SFR stations will probably be commissioned in the early 70s". 

Against this backdrop, it is an unfortunate scenario that the SFR development has gone 

Fig.6  Repository space requirements 

Fig.5  Benefits of closed fuel cycle 
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to standstill for many years. It is comforting now that the importance of SFRs is being 

felt by various countries and systematic plan of actions for the future growth have been 

formulated. 

 The above assessment of long-term energy resources in the Indian context, 

indicates that the nuclear power, in particular fast reactors, has to play an increasing 

role in the electricity generation plans.    

 

5.0  Energy Projection 

 The energy projection planned in XI and XII plan periods can be seen in Table-4. 

The contribution of fossil energy shows a decline trend, while the renewable and 

nuclear contributions are increasing.   

Table-4.: Capacity additions in XI and XII plan periods 

Plan Hydo Coal Oil Nuclear Renewable Total 

XI 16.6 .40.0 18.6 3.4 14.0 92.6 

XII 20.0 30.0 10.0 6.0 33.0 99.0 

 

Government of India has envisaged capacity addition of 93 GWe fossil power 

plants by 2012 to meet its mission of power to all. There are plans for the construction 

of nine ultra mega power projects each of 4000 MWe.  The coal consumption of new 

and existing plants shown in Fig.7 clearly indicates that the contribution from coal is 

expected to decline beyond 2050.  

Fig.7 Coal consumption of existing and new plants 
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The Central Electricity Authority of India has completed the preliminary ranking 

study of hydroelectric schemes to harness the balance hydroelectric potential in the 

country. It recommended achieving cumulative hydro installed capacity of 115 GWe by 

the year 2021-2022 and the full 150 GWe by the year 2025-2026. Out of the total 

potential of 100 GWe of non-conventional energy, 10 GWe is planned to be added by 

2011-2012. Assuming same rate of growth, about 56 GWe will be reached by 2022-

2023. The remaining potential is assumed to be attained by 2052-2053.  

At present, India imports about 30% of its commercial energy. It is desirable that 

in future also the import content is kept limited to about the same level. India is 

importing coal, hydrocarbons as well as enriched uranium. Possibilities for importing 

gas through a pipeline from Central Asia or Middle East are being examined, but in view 

of strategic constraints no firm plans are in place. 

It can be summarized that approximate percentage contributions of various 

resources towards electricity generation in the year 2052-2053 will be: coal-47%, 

hydrocarbon-16%, hydro-8%, non-conventional renewable-4% and nuclear-26% (Fig.8). 

Installed capacity distribution will be coal-46%, hydrocarbon-15%, hydro-11 %, non-

conventional renewable-7%, and nuclear-20%. 

Fig.8 Energy projections   
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5.1  Advanced Energy R&D 

 In the domain of fossil power, development of sub-critical power cycle with higher 

efficiency, super critical power cycle,  technologies for the recovery of coal bed methane 

and mine mouth methane, achieving enhanced oil and gas recovery and recovery of 

hydrocarbons from abandoned and isolated fields are import R&D activities in progress 

in the country.  Though coal reserves are vast, they are relatively poor quality (high ash 

content), which might prove uneconomical for extraction beyond 300 meter depth using 

conventional technologies.  Hence, India has to take the lead to develop gasification 

technology. Fluidised bed boilers and advanced circulating bed fuildised boilers should 

be promoted. This technology would provide energy from deep seated coal with the 

high ash content. For washing of coal, well-established technology needs to be 

adopted.  India has been pursuing the research on Integrated Gasification Combined 

Cycle (IGCC), for the last 3 decades. These efforts should be brought under a mission 

to establish efficacy and commercial viability. If crude settles at above 45 $ / barrel on 

long term-term basis, adopting the technology to covert liquids and/or gasified coal to 

liquids could enhance India’s energy security.This technology was successfully 

deployed in South Africa using South Africa coal. It has been confirmed that the 

technology works for the Indian coal also. Generation of electricity though wood 

gasifiers or burning surplus biogas from the community bio-gas plants can reach 

villages sooner than the grid. India’s energy mix will remain by coal at least to 2032 and 

possible beyond. In order to grow sustainable manner, the technology of carbon capture 

and sequestrations would become critical.  

 Achieving higher energy efficiency and energy conservations is important for the 

GDP growth and energy security. India’s energy intensity of growth has been falling and 

is about half what it used to be in the early seventies. Currently, India consumes 0.19 

kilogram of oil equivalent per dollar of GDP expressed in purchasing power parity terms. 

This is equal to the energy intensity of the OECD and better than the 0.22 kilograms of 

the US. However, there are several countries in the Europe at or below 0.12 with Brazil 

0.14 and Japan at 0.15. Thus, clearly there is scope to improve with the current 

commercially available technologies. Specialists committee formed on the subject feels 

that up to 25 % reduction is possible over current levels.  
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 The efficiency of fossil plants in India has been relatively low compared to many 

countries (Fig.9). The increase of coal use efficiency in power generation from the 

current average of 30.5 % to 39 % to all new power plants is the major thrust R&D area.  

 

 Fig.10 summarizes the advances in the fossil power plants to achieve higher 

cycle efficiencies. The cycle efficiency of even 53 % is possible with introduction of 

advanced technologies in ultra super critical plants as seen in Fig.10.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Efficiency record  of fossil power plants 

Fig.10 Advances in fossil power plants to achieve improved efficiencies 
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To achieve higher efficiency of fossil plants, mechanisms have been identified. Towards 

this, it is required (i) to establish benchmark of energy consumption for all energy 

intensive sectors; (ii) disseminate information, support training and reward best 

practices with national level honors in achieving energy efficiencies and energy 

conservations and (iii) institute specializations in the subject in all technical colleges and 

commence certification of such experts 

  India’s energy mix will remain dominated by coal at least to 2032 and possibly 

beyond. In order to grow in a sustainable manner, the technology of carbon capture and 

sequestrations would become critical. Three types of geological formations are being 

considered for sequestering carbon dioxide, viz. depleted oil and gas fields, deep salt 

water filled formations (saline formations) and deep unminable coal formations.   

 Bio-mass based systems are the only energy systems, which have combined 

benefits of renewability, decentralization, and availability on demand without the need 

for separate storage. Hence, bio-mass for power generation has been recognized as an 

important component of renewable energy program in India. The bio-mass research 

covers three distinct areas: (1) bio-diesel from non-edible oils such as Jatropha and 

Karanj; (ii) cellulosic ethanol and (iii) energy plantations.  

 Storage technologies are important for using intermittent sources of power and 

for the automotive sector. Super conducting storage devices and super battery 

technology should be focused on, since the cost and high capacity to weight ratios are 

still big challenges in solar technology. 

 Development of hydrogen as an energy carrier is being pursued in many 

countries. Hydrogen can be used to generate electricity in fuel cell or it can be burnt 

directly in internal combustion engines. Hydrogen, however, has to be produced by 

expanding another primary or secondary form of energy. Production and application of 

hydrogen is depicted in Fig.11. If hydrogen production is economically viable, it could 

become a clean and endless option. Hence huge investment has been in USA, Canada, 

Japan and Europe on the R&D towards hydrogen production. Relatively small 

programmes are in progress in India and China. India is pursuing a large research 

programme in eminent academic and research institutes with a mandate to obtain 

scientific breakthroughs, which would enable us to choose technology options.   
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 A technology mission for assessment and exploitation of gas hydrates is justified 

given India’s abundant gas hydrate reserves in deep waters. 

 Solar is the only renewable energy source in India that has sufficient potential to 

yield sustainable energy. High priority is being given to development and adaptation of 

frontier technologies for large scale deployment of photovoltaic and thermal plants. A 

technology mission has been mounted to break barriers to wider use of solar thermal  

and for bringing down the cost of solar photovoltaic by a factor of five as soon as 

possible. 

 

5.2  Summary 

 India faces an enormous challenge in meeting its energy requirement over the 

coming years to support the targeted growth rate. This challenge should be met with a 

coherent approach which develops all energy resources. The main areas, for which 

actions are being taken are promoting coal imports, accelerating power sector reforms, 

cutting cost of power, rationalization of fuel prices to mimic free market prices that 

promote efficient fuel choice and substitution. Promoting energy efficiency and 

Fig.11 Production and application of hydrogen 
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conservation,  augmentation of energy resources and supply, encouraging renewable 

and local solutions, enhancing energy security, promoting and focusing energy R&D, 

promoting energy security through entitlements for the poor, gender equity and 

empowerment, creating an enabling environment and regulatory oversight for 

competitive efficiency. R&D efforts should be continued to achieve economy in nuclear.  

   

6.0  Nuclear Power Programme 

 Currently, two boiling water reactors, viz. TAPS-1 and 2 and 14 pressurized 

heavy water reactors (PHWR) are under operation and one under maintenance.  Six 

nuclear power plants: three PHWRs viz. RAPS 5&6 (2x220 MWe) and KAIGA 4 (220 

MWe), two PWRs viz. KUDANKULAM (2x1000 MWe) and one SFR i.e. PFBR (500 

MWe) are under construction. These reactors will add 3.16 GWe. The operating 

performance of nuclear power plants is tabulated below (Table-5). It is worth noting that 

the lower capacity factor is due to temporary shortage of fuel.    

:    
Table-5: Operating Performance of Indian NPPs (2008-09) 

 

 

 

 

 

 

 

 

 

 

The present indigenous nuclear power plants are of pressurized heavy water 

type (PHWR) having heavy water as moderator and coolant and working on the once 

through cycle of natural uranium fuel. Based on such reactors nearly 330 GWe-yr of 

electricity can be produced from domestic uranium resource. This is equivalent to about 

10 GWe installed capacity of PHWRs running at a lifetime capacity factor of 80% for 40 

years. As mentioned earlier, this uranium on multiple recycling through the route of 

Unit Capacity factor -  % (average) 

TAPS-1&2 84 

TAPS-3&4 42 

RAPS  (4 units) 63 

MAPS (2 units) 40 

NAPS  (1 unit) 38 

KAPS (2 units) 52 

KAIGA (3 units) 46 

Net average 52 
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SFRs, has the potential to provide about 42,200 GWe-yr assuming utilization of 60% of 

heavy metal. SFR generation potential indicated above is equivalent to an installed 

capacity of about 530 GWe operating for 100 years at a lifetime capacity factor of 80%. 

The thorium reserves, on multiple recycling through appropriate reactor system, have 

the potential of about 150,000 GWe yr, which can satisfy Indian energy needs for a long 

time. 

Taking cognizance of India’s nuclear resource profile, Dr. Homi Bhabha 

formulated a ‘Three Stage Nuclear Power Programme’ for achieving energy 

independency. This is illustrated in Fig.12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first stage of this programme comprising setting up PHWRs is now in the 

industrial domain. 14 PHWRs and 2 Boiled Water Reactors (BWRs) are in operation 

now and 3 PHWRs and 2 Light Water Reactors (VVER) are under construction. The first 

540 MWe PHWR unit at Tarapur has commenced commercial operations about 7 

months ahead of schedule.  Unit–1 of Kakrapar Atomic Power Station has been 

operating continuously for more than a year. This is an Indian record.  As a part of 

development of higher burn-up fuel for PHWRs, 25 MOX bundles were successfully 

irradiated to a target burn-up of about 11,000 MWd/t. Construction of five PHWRs is 

Fig.12 Three stage Indian Nuclear Power Programme 
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progressing on schedule.  These along with the two 1000 MWe VVERs, presently under 

construction at Kudankulam in collaboration with Russian Federation, would contribute 

3420 MWe additional carbon-free electricity to the national grid in about 3 years time. 

Department of Atomic energy has taken up development of sites for new nuclear power 

units and have commenced work to identify additional sites for further expansion of the 

programme.   

The second stage of India’s nuclear power programme envisages setting up of 

SFRs, backed up by reprocessing plants and plutonium based fuel fabrication plants. 

India started SFR programme by constructing a 40 MWt/13.5 MWe loop type fast 

breeder test reactor (FBTR), which is in operation since 1985. The indigenously 

developed unique Pu-rich mixed carbide fuel used in FBTR has performed extremely 

well crossing a burn-up of 155,000 MWd/t, without a single fuel pin failure. One of the 

important achievements was closing of the fuel cycle of FBTR. The FBTR fuel 

discharged at 100,000 MWd/t has been successfully reprocessed. This is the first time 

that the Plutonium - rich carbide fuel has been reprocessed anywhere in the world.  

With the PHWR programme well on its growth path and having established 

comprehensive expertise in SFR Technology through successful operation of FBTR 

over 24 years, India is now earmarked on the development of SFR- based second stage 

of the programme with the start of construction of the 500 MWe Prototype Fast Breeder 

Reactor (PFBR) launched in October 2003.  PFBR  is scheduled for completion in 2011. 

It is envisaged that four more such units,  similar to PFBR, will be constructed by the 

year 2020 as a part of the programme to set up about 20 GWe by the year 2020. 

Subsequently, 1000 MWe metallic core SFRs will be constructed.   

The third stage envisages exploiting the vast resources of thorium through the 

route of fast or thermal critical reactors and/or the accelerator driven sub-critical re-

actors (ADS). An Advanced Heavy Water Reactor (AHWR) designed to draw about two-

thirds of its power from thorium fuel is under regulatory examination and will generate 

experience in all aspects of technologies related to thorium fuel cycle (Fig.13). 

Development of a Compact High Temperature Reactor (CHTR) with the aim of 

producing hydrogen, which could be the most important energy carrier in the future 

(Fig.14) as well as development of Accelerator Driven Systems (ADS) that could sustain 
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growth with thorium systems and enable incineration of long lived radioactive wastes 

are progressing well. A beginning of third stage has also been made by commissioning 

30 kWt thorium based 233U fuelled research reactor, KAMINI at Kalpakkam.   

Enhancement of PHWR programme through advanced uranium exploration, 

import of natural uranium for PHWRs, import of water reactors from outside under 

safeguards are the current plan of the department. An import of reactors having an 

installed capacity up to 8000 MWe is expected by 2020. It is also planned to establish 

mega nuclear parks with co-located fuel cycle facilities. 

 

7.0  Role of SFRs and their Challenges 

In the Indian context, SFRs are important from efficient utilization of uranium. 

SFRs are essential for converting thorium to 233U required for third stage. SFRs would 

provide critical liquid metal technology and high temperature design inputs for the ADS, 

fusion and high temperature reactor systems. These apart, they can provide electricity 

at competitive costs over long periods. Hence, SFRs are considered to be the the most  

suitable options for providing sustainable and environmentally acceptable energy 

systems and would be the mainstay of nuclear power programme in India.  

 However, there many challenges in science, design, safety and technology which 

have been comprehensively addressed in PFBR. PFBR is a pool type reactor with 2 

Fig.13  Advanced Heavy Water Reactor (AHWR) Fig.14 CHTR 
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primary and 2 secondary loops with 4 steam generators per loop. The overall flow 

diagram comprising primary circuit housed in reactor assembly, secondary sodium 

circuit and balance of plant (BoP) is shown in Fig.15. The nuclear heat generated in the 

core is removed by circulating sodium from cold pool at 670 K to the hot pool at 820 K. 

The sodium from hot pool after transporting its heat to four intermediate heat 

exchangers (IHX) mixes with the cold pool. The circulation of sodium from cold pool to 

hot pool is maintained by two primary sodium pumps and the flow of sodium through 

IHX is driven by a level difference (1.5 m of sodium) between the hot and cold pools.  

The heat from IHX is in turn transported to eight steam generators (SG) by sodium 

flowing in the secondary circuit. Steam produced in SG is supplied to turbo-generator.  

 

 

 

 

 

 

 

 

   

 

 

   

In the reactor assembly (Fig.16), the 

main vessel houses the entire 

primary sodium circuit including core. 

The sodium is filled in the main 

vessel with free surfaces, blanketed 

by argon. The inner vessel separates 

the hot and cold sodium pools. The 

reactor core consists of about 1758 

subassemblies including 181 fuel 

Fig.15 PFBR flow sheet 

Fig.16   Schematic of PFBR  Assembly 
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subassemblies.   The control plug, positioned just above the core, houses mainly 12 

absorber rod drive mechanisms. The top shield supports the primary sodium pumps, 

IHX, control plug and fuel handling systems. PFBR uses mixed oxide with natural 

uranium and approximately 30 % Pu oxide as fuel. For the core components, 20 % cold 

worked D9 material (15 % Cr- 15 % Ni with Ti and Mo) is used to have better irradiation 

resistance. Austenitic stainless steel type 316 LN is the main structural material for the 

out-of-core components and modified 9Cr-1Mo (grade 91) is chosen for SG. PFBR is 

designed for a plant life of 40 y with a load factor of 75 % which would be increased 

gradually up to 85 %.   

High temperature design for long reliable operation of components operating at 

temperatures around 550oC for a design life of 60 years, design of mechanisms and 

rotating equipment operating in sodium and argon cover gas space, handling the 

sodium leaks and sodium water reactions in the steam generators, seismic analysis of 

interconnected buildings resting on the common base raft, seismic design of thin walled 

vessels, pumps and absorber rod mechanisms and in-service inspection of reactor 

internals within sodium are a few challenging issues addressed in the design. High 

neutron flux in SFR causes high material damage due to irradiation, compared to 

thermal neutron reactors. Sodium, because of its opaqueness poses problems for ISI. 

Sodium leak is also of concern for the operation and maintenance of SFRs. However, 

low operating pressure in SFR offers advantage over thermal neutron reactors in terms 

structural integrity.  

In the domain of manufacturing technology, considerable R&D activities were 

completed. The manufacturing of such thin, but large dimensioned shell structures with 

the possible minimum manufacturing deviations (less than wall thickness, dictated by 

functional requirements and seismic considerations) call for many challenging and 

innovative manufacturing techniques. Further, development of large size bearings, 

inflatable seals, high temperature fission chambers, machining and assembly of grid 

plate with close tolerances are some of the challenging issues which have been 

successfully resolved through detailed technology development exercise.  
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8.0  Construction Status of PFBR 

Bharatiya Nabhikiya Vidyut Nigam Limited (BHAVINI), a Government Company 

was incorporated for implementing the India’s first commercial SFR project. The nuclear 

Island housing a total of 17 buildings including safety related structures is under 

construction. Out of seventeen buildings, eight buildings namely  reactor containment 

building,  two SGB, two electrical buildings, control building, radwaste building and fuel 

building are connected together as a single structure which is called Nuclear Island 

Connected Buildings (NICB).  The NICB is supported on a common raft foundation 

which covers an area of approximately 102 X 93m. The reactor vault is in advanced 

stage of construction. The excavation works for the balance of plant (BOP) has been 

started and completed. Fig.17 shows the status of civil constructions. 

 

 

 

 

 

 

 

The nuclear steam supply system components are being manufactured 

successfully by the Indian Industries, based on the experience gained through 

technology development and including the feed back from the in-sodium testing. 

Manufacture of large size components like safety vessel, main vessel, inner vessel and 

thermal baffles are completed meeting the stringent tolerance requirement. The safety 

vessel, incorporated with delicate thermal Insulation panels, is the first major nuclear 

equipment that has been erected successfully in June 2008 (Fig.18).  

 

 

 

 

 

 

Fig.17 Status of civil constructions 

Fig.18 Erection of safety vessel on the reactor vault  
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 As the manufacturing tolerances are very crucial for meeting the functional and 

structural integrity considerations, tighter values have been specified for the same. 

Better tolerances (form tolerances less than the half of the wall thickness) have been 

achieved consistently for all the large size components.  This has been possible due to 

the extensive manufacturing development work completed as a pre-project activity as 

well as well co-ordinated efforts of task forces involving IGCAR and BHAVINI 

constituted for these purposes. Elegant methodology has been finalized for the 

subsequent erection of main vessel along with internals and top shield, respecting 

various erection tolerances giving due considerations to time and economy. Fig.19 

shows the manufacturing status of a few important components.  

 

9.  Fuel Cycle   

Nuclear Fuel Cycle for fast reactors has been a subject of intense R&D in a 

number of countries. Besides development of indigenous technologies for the various 

steps in the fuel cycle such as fuel fabrication, reprocessing and waste management, 

R&D in fuel cycle is important for 

establishing a robust fuel cycle for fast 

reactors which would not only address 

economy, safety and proliferation 

resistance, but also address the main 

concerns to the public which relate to the 

presence of high concentration and 

quantities of plutonium and fission 

products in the reprocessing and waste 

management steps for fast reactors. Indian 

approach of closed fuel cycle concept is illustrated in Fig.20. The important component 

Fig.20 Closed fuel cycle: Indian Approach 

Fig.19  Manufacturing status of a few important PFBR components 

GP-Drilling GP-Handling PSP-Handling CSS-Handling Roof slab 
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in the fuel cycle is reprocessing of spent fuel. The approach followed for PFBR is 

highlighted below.    

While the fast reactor fuel reprocessing programme has gained heavily from the 

large experience available in the country on thermal reactor fuel reprocessing, many 

special features of the reprocessing of fast reactor fuels with high plutonium content, 

high burn-up and low cooling time have been identified and addressed through a 

comprehensive R&D programme in Chemistry, Chemical Engineering, Materials and 

Instrumentation.  One example is an in-depth study of the phenomenon of third phase 

formation which takes place during the extraction of high concentrations of plutonium by 

tributyl phosphate.  Extensive modeling of various steps of the reprocessing flow sheets 

have provided immense confidence on the performance of the implemented processes 

and also understanding of the effect of various parameters. 

To reprocess the fuel 

discharged from FBTR, a small scale 

reprocessing facility (CORAL) has 

been set up at IGCAR (Fig.21).  Fuel 

discharged from FBTR up to a burn-

up of 150 GWd/t has been 

successfully reprocessed in this 

facility. The reprocessing scheme is 

based on the PUREX process and 

has yielded product with adequate purity with minimum loss of fuel material. 

 The experience in reprocessing of the FBTR fuel has provided necessary inputs 

for completing the Demonstration Fuel reprocessing Plant (DFRP) for reprocessing of 

fast reactor fuels.  This plant would be commissioned by the year 2010.  Using the 

feedback from the reprocessing campaigns, the flow sheet is being modified to simplify 

the same making it robust.  The development of a variety of equipment for reprocessing 

including the titanium alloy dissolver, centrifugal extractors, special manipulators, 

robotic inspection devices, etc. are being pursued and these devices will be tested on a 

pilot plant scale in the DFRP, in order to finalize the design of the equipment for the 

commercial scale reprocessing plants to follow.  

Fig.21  CORAL: Hot cell facility     
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The fuel discharged from PFBR in the initial stages is proposed to be 

reprocessed in the DFRP, which is designed to handle carbide as well as the oxide fuel 

in the head and steps.  However, a dedicated commercial scale reprocessing plant is 

proposed to be constructed as part of the Fast Reactor Fuel Cycle Facility (FRFCF) that 

will be co-located with the PFBR.  This facility will include a fuel fabrication plant, a 

reprocessing plant, assembly plants and the waste management facility.  It is obvious 

that the co-location of the fuel cycle facility with the SFR would provide tremendous 

advantages with respect to cost as well as safety by avoiding transport of irradiated / 

fresh fuel from and to the reactor. 

While the oxide fuel is reprocessed by the conventional PUREX process, the 

metallic fuels are more amenable for reprocessing by the non-aqueous pyrochemical 

schemes.  Development of the molten salt electro refining process is being undertaken 

with the goal of realising the technology by 2020 so that the metal fuelled fast reactors 

can be constructed by the year 2026, with closed fuel cycle. Facilities for fabricating test 

fuel pins of metallic fuels with sodium boding are also being established at a lab-scale 

and a test irradiation programme in PFBR is proposed to be initiated from 2009, to 

provide inputs for the design of the metallic fuel pin as well as provide experience in the 

fabrication of the sodium bonded metallic fuel. 

 

10.   Design and Development of Future SFRs  

As a follow-up to PFBR, it is planned to construct four 500 MWe commercial fast 

breeder reactors (CFBR), similar to PFBR with improved economy and safety during 

2013-20. In CFBR, MOX fuel and two loop concept would be retained. Towards 

improving economy, twin unit concept, optimum shielding, use of 304 LN in place of 316 

LN for cold pool components and piping, 3 SG modules per loop with increased tube 

length of 30 m (PFBR has 4 modules per loop with 23 m length), 85 % load factor, 60 

years design life, reduced construction time (5 y) and enhanced burn up (upto 200 

GWd/t to be achieved in stages) are being considered. Further, significant 

improvements would be introduced in the reactor assembly design (Fig.22). The 

improved design concepts under consideration are: (i) compact and symmetric welded 

grid plate without fuel transfer post, (ii) inner vessel having single curved redan 
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integrated with fuel transfer post, (iii) thick plate rotatable plugs, (iv) control plug 

integrated with small rotatable plug, (v) torus shaped thick plate roof slab, (vi) torus  

support skirt for reactor assembly with optimum support location to minimize the seismic 

moments, (vii) safety vessel made of carbon steel integrated with reactor vault liner and 

(viii) simplified fuel handling scheme with elimination of inclined fuel transfer machine 

(Fig.23).  

The improved design concepts have indicated significant economic advantages. 

Towards improving safety, passive safety features for the shutdown systems, 

combination of active and passive DHR systems, application of innovations and novel 

techniques to efficiently handle the sodium fire issues and treating the CDA as non-

energetic (however considering thermal 

consequences and post accident heat 

removal aspects), are under 

consideration.  One twin unit (2x500 

MWe) will be constructed at Kalpakkam 

adjacent to PFBR. The optimized layout 

proposed is shown in Fig.24. The site for 

another twin unit is being studied by the 

department.   

 
Fig.24 Twin unit layout of CFBR 

Fig.23 Fuel handling scheme for CFBR 
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11.  Summary 

To sustain and realize the current and future growth in GDP, corresponding 

growth in the demand for energy is quantified. Towards this, the available long term 

energy resources are assessed comprehensively. The current energy scenario in the 

country is highlighted. The energy projection for the future and government and 

department strategies to provide the necessary capacity additions are brought out. It is 

clear that all the energy resources need to be exploited and achieving a judicious mix is 

a challenge and opportunity. In terms of providing clean, viable and sustainable energy 

and effective utilization of available nuclear resources, the development of fast breeder 

reactor with closed fuel cycle is the inevitable option for India. Advancements required 

to exploit the fossil power and new energy systems are articulated in an understandable 

perspective.  

It is also observed that in order to limit cumulative energy import during the next 

50 years to about 30%, the nuclear contribution towards electricity generation has to 

increase from the present 3% to about a quarter of the total. For the nuclear power to 

play its role, the programme of the Department of Atomic Energy is to augment the 

nuclear installed capacity to 20 GWe by 2020 based on a mix of Pressurized Heavy 

Water Reactors (PHWRs), Light Water Reactors (LWRs) and Fast Breeder Reactors 

(FBRs). A systematic road map has been conceived towards gradual introduction of 

FBRs to generate about 2.5 GWe in 2020. Metallic fuel is planned to be introduced 

through 1000 MWe units beyond 2020. To achieve this mission, the challenges in SFR 

technology have been brought out. The operating experiences of FBTR, design and 

construction experiences of PFBR, R&D outputs and well planned R&D activities being 

carried out for the future SFRs to achieve targeted economy and safety, are highlighted. 

These provide high confidence on fulfilling the mission of SFR development.  SFRs will 

be an inevitable option, at least up to 2050. Beyond 2050, other potential options such 

as renewable energy options, especially for distributed energy resources, thorium based 

technology, fusion technology, economical and sustainable hydrogen based systems 

etc. are likely to emerge.  

Development of energy systems will be largely governed by economic as well as 

environmental considerations. Relevant scientific breakthroughs and deployment of 
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innovative technologies for meeting the challenges of long term energy sustainability 

has to be a success Mantra. 
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