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REACH stands for REsearch And CHallenges. After the success of first 

REACH symposium (Directions, Vol 8. No. 2, 2007), the institute decided to 
continue this activity on a regular basis. In the words of the Director, 
Professor S.G. Dhande The IIT K REACH symposium is essentially a brain 
storming activity that should hopefully become a flagship event of the 
research calendar of IIT Kanpur.  The aim of the symposium is to showcase 
the research being done at IIT Kanpur and promote interdisciplinary 

nd
collaboration among faculty and students. The 2  symposium in the series 
was held during March 15-18, 2008 in Khajuraho at hotel Taj Chandela.

Following the guidelines of last year, three themes were selected and these 
were: (i) Biomimetics: Designs Inspired by Living Systems, (ii) Futute of 
Energy, and (iii) Scientific Methodology of Forecasting. Each theme had 2-3 
co-ordinators who selected speakers and talks of their themes. The 
coordinators were: Ashutosh Sharma and Animangsu Ghatak 
(Biomimetics); Avinash  Kumar Agarawal, S. Sundar K. Iyer, and Prabhat 
Munshi (Energy); Pankaj Jain and D. Kundu (Forecasting). The selection of 
themes and co-ordinators received able advice of Sanjay G. Dhande 
(Director), Ashok Mallik, S.C. Srivastava, and R.C. Budhani.  The 1st theme 
(Biomimetics) had an external guest speaker (Pete Vukusic, Univ of Exeter), 
4 faculty speakers and 2 student speakers.  The 2nd theme (Energy) had one 
guest speaker (Baldev Raj, IGCAR Kalpakkam), 6 faculty speakers, and 3 
student speakers. The last theme (Forecasting) had 1 guest speaker (Rajeeva 
Karandikar, Cranes Software), 5 faculty speakers and 2 student speakers.  

The 2008 REACH Symposium



Besides these, there were supposed to be 3 evening talks by Dr. T. Ramasami 
(Secretary, Department of Science and Technology), Professor S. G. Dhande 
(Director, IIT Kanpur)  and Ashish Garg (IPS, PMO).  Due to  unavoidable 
circumstances, the evening speakers could not come for the meeting.  In this 
symposium, we had a total of 63 participants (44 faculty, 14 students, and 5 
external speakers). 

The symposium started with a brief welcome address by the Symposium 
Chair, Vinod Singh. For each theme, coordinators introduced the area 
followed by talks. All the speakers maintained time for their talks in a perfect 
manner.  In concurrence with the motto of the symposium, the Dean, R&D 
announced the award two grants of Rs 5 lakhs each for collaborative 
proposals stemming from REACH 2008. The past recipients of the award 
presented progress of their work. These were Jayant K. Singh (CHE) and 
Ishan Sharma (ME); Animangshu Ghatak (CHE) and Dhirendra Katti 
(BSBE). 

The concept of REACH symposium was very well received by participants. 
This is reflected in the evaluation conducted at the end of the symposium. A 
majority of the participants felt that this kind of activity should continue on a 
regular basis in that they felt that the symposium was a huge success in 
bringing people together and exposing them to the cutting-edge in 
important research areas. The overall rating of the symposium was 8 on a 
scale of 10.

We would like to thank everyone who helped make the symposium a 
success. We also thank Ms. Sandhya Agnihotri who composed this issue of 
Directions and gratefully acknowledge the assistance provided by the R&D 
office.

 Manindra Agarwal
Ajit Chaturvedi

Ashutosh Sharma
Vinod K. Singh (Chairman)

Reach 2008 Organizing Committee
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Termite mounds. These mounds are made of 
muddy walls with elaborate design for 
ventilation of air which allows the temperature 

oto be always maintained at 30.56 C despite wide 
otemperature fluctuations outside from 2 C to 

o40 C throughout the whole day. The intricate 
design of the termite mound inspired the 
architecture of the Eastgate center, a shopping 
mall in Harare which cools by natural means and 
use only 10% of the energy needed by a similar 
conventionally cooled building.

The termite mound is just one example of how 
inspiration from nature can lead to a novel 
elegant and efficient engineering design. In fact 
there are many others, e.g. the strength of spider 
silk, hydrophobic effect of the lotus leaf, the 
structural color of butterfly scales, the dry 
adhesion of gecko, the maneuverability of a 
swimming boxfish and flying insects, the anti-

1. Introduction

In nature, species have evolved for million of 
years during which they have learnt how to find 
food, how to fend oneself from predators and 
how to propagate the species, in a word, how to 
solve the problems of survival. These solutions 
arrived at by many cycles of natural selection are 
versatile and complex yet sophisticated and well 
organized. They say a tiny insect is more complex 
than a star. In fact, every living plant and animal 
is a time-tested design solution to which we can 
look to for sustainable, efficient, benign and eco-
friendly solutions to complex, multi-faceted and 
often interconnected network of problems that 
we encounter today. There is not a single field of 
science and technology where we do not get 
inspired by nature and her intricate biological 
principles. An example is the Eastgate Center in 
Harare, Zimbabwe built inspired by the giant 

BIOMIMETICS: APPLYING NATURE’S SOLUTION TO THE PROBLEM
OF MAN

“Nothing can be found in nature that is not a part of science”
   Leonardo da Vinci, Trattato della Pittura

Figure 1. A. Giant termite mound in Zimbabwe. B. The Eastgate Center, the ventilation system 
of which is designed inspired by that of the termite mound.
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fouling corrugated skin of shark, in the sub-
cellular length-scale the motor proteins and so 
on and so forth, all these inspire us to understand 
and mimic the underlying biological principles. 
At times it becomes difficult to decide where to 
begin as nature presents us with unprecedented 
complexity, organization and adaptability at 
every length-scale. The interplay of physical, 
chemical and engineering principles make 
progress difficult without an interdisciplinary 
and holistic approach. It is in this spirit that we 
have a section dedicated to Biomimetics in this 
issue of Direction which highlights the talks 
presented and topics discussed in IITK Reach 
Symposium 2008. 

What is Biomimetics? Biomimetics, also known 
as Bionics, biognosis, biomimicry or bionical 
creativity engineering, is the application of 
biological methods and systems found in nature to the 
study and design of engineering systems and modern 
technology. Essentially it means taking design ideas 
from nature. Biomimetics concerns bio-inspired 
novel, smart and functional materials; synthesis 
and processing of these materials; fabrication of 
devices and machines using these materials; and 
manipulation of their functions and mechanisms 
using biological principles.

Figure 2. (A-B) Structural color in the feather of birds and 
wings of butterflies (C-D) Frog and gecko adhesion (E) 
Super-hydrophobic surface  (F) Ceramics at low 
temperature

Figure 3. (A) Patterned adhesives in biology.  (B) Artificial ear and heart valve designed by using tissue engineering
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biological cell is the motor proteins which 
perform variety of activities e.g. some of the 
motor proteins transport cargo to their 
respective destinations whereas some mobile 
workshops synthesize macromolecules. Some 
other machines are designed to function as 
packers of DNA whereas some machines shred 
nucleic acids and proteins into pieces for their 
eventual degradation. The research in this area 
has led to the bottom-up approach of 
manufacturing artificial molecular machines 
and use of the components of the natural 
machines in artificial structures. We have one 
article titled Molecular machines: packers and 
movers, assemblers and shredders  by Professor 
Debashish Chowdhury on this fascinating and 
exciting area of research.

4. Fabrication of devices and machines

Fluidics is important for all biological operations 
and fluids are carried by tiny microfluidic 
vessels and network of tubes that span every 
nook and corner of the body. In the biological 
context, fluid flow does much more than this. In 
fact studies show that during the embryonic 
morphogenesis, the shear field induced by the 
fluid motion triggers gene expression which in 
turn gives rise to the particular shape and size of 
an organ including the fluidic vessels 
themselves. Understanding this complex 
mechanism i s  g iv ing  r i se  to  a  new 
interdisciplinary area of research: bio-inspired 
generation of micro-fluidic channels. Needless 
to say that bio-microfluidics as a subject is at its 
infancy and will have significant impact in 
applications related to health care, fuel cell, drug 
discovery, artificial limbs and so on and so forth. 
We have one article Bioinspired design of 
microfluidic systems contributed by Professor 
Shantanu Bhattacharya on this emerging area of 
research.

2. Biomimetic Materials

The range of different Materials which have been 
enriched by learning directly from Nature can 
not be over-emphasized. An example is the 
structural color i.e. the coloring effect produced 
by the structures and not pigments as observed 
at the wings of many butterflies e.g. the Morpho 
rhetenor. Inspiration of this novel mechanism 
has led to the development of what is called the 
Morphotex fabrics which do not have any 
pigment but because of varying arrangements of 
polyester and nylon show variety of colors, e.g. 
blue, red, purple and green, depending on how 
light shines on the material. We have two articles 
which elaborate more on the biomimetic designs 
of materials: one focuses on the design of bio-
inspired adhesives and another describes the 
design of scaffolds for tissue engineering. The 
titles of these articles are Bioinspired design of  
patterned adhesives by Mr. Abhijit Majumder 
and Synthesis of artificial tissue: A nanofiber-
based  biomimetic approach by Mr. Rajesh 
Vasita.

3. Synthesis and processing of 
materials

Beside the materials themselves, the very 
process of synthesizing the materials inspire us. 
For example, proteins and peptides are the basic 
building block of all biological materials and 
they co-ordinate also almost all molecular 
functions. Protein and peptide molecules 
aggregate via variety of intermolecular 
interactions to form higher order structures. 
Learning from these natural processes it is 
possible to synthesis suitable peptides which can 
be made to self assemble to structures which can 
be beneficial to us, e.g. warding off a disease. We 
have one article titled Biomimetic models of 
protein aggregation authored by Professor 
Sandeep Verma on this fundamental topic.

One important class of proteins within the 
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Figure 4. Schematic of how a-helical protein aggregates to form amyloid 

Aggregation of proteins leads to formation of amyloids

.. But may be prevented under high pressure if formation of the amyloid or intermediate states is accomplished by 
      volume expansion, e.g.

Figure 5.  Aggregation of protein molecules into 
various structures

Figure 7. Body fluid e.g. blood flow 
through a complex network of arteries 
and veins of hierarchically decreasing 
diameters

Figure 6. The portal motor for bacteriophage f29 compresses the 
DNA 6,000 times its normal volume  says Bustamante. This 
generates an internal pressure of about 60 atmospheres, which is 
about ten times that in a champagne bottle

oFigure 8. Bombardier beetles eject out steam at 100 C towards the predator 
when attacked. Steam is produced by the reaction of Hydrogen per oxide and 
benzoquinone in presence of a specific enzyme. Fast mixing (tmixing < 10-3 
second) of reagents must occur within a vessel of few hundred microns size 
which can inspire the design of a passive microfluidic mixer

12



5. Manipulation of Material functions 
and their mechanisms

Evolution is the nature's way of optimizing 
material functions. While the above topics deal 
with the end products of evolution, we can 
enrich ourselves also from the knowledge of the 
process of evolution itself.  Genetic Algorithm is 
an optimization tool that has been developed by 
mimicking the principles of evolution and is 
being increasingly used to obtain the near-
optimum solutions to notoriously difficult and 
previously un-tractable optimization problems. 
In this regard we have one article titled 
Optimum designs through principles of 
evolution by Professor Partha Chakraborty 
which elaborates the story of this journey from 
evolution  to  optimum design.

These articles not only highlight that bio-
inspired approaches lead to efficient, smart and 
eco-friendly design of engineering materials and 
fabrication procedures but emphasize also the 
need of research on these various aspects of bio-
mimetics.

Figure 9. Genetic algorithm

Dr. Animangsu Ghatak is an Assistant Professor in Chemical Engineering. He 
carried out his Post-Doctoral Research at Cambridge University, UK and 
Harvard University, USA ( 2003-2004).  His research interests are Adhesion and 
friction on soft interfaces, fracture of soft thin sheets, and bio-inspired 
approaches in design of engineering materials.

Dr. Ashutosh Sharma, Institute Chair Professor in Chemical Engineering,
obtained his B.Tech. in Chemical Engineering from IIT Kanpur (1982) and
Ph.D from State University of New York at Buffalo (1987). His research
interests are in mechanics and instabilities of soft visco-elastic
interfaces, thin films and nanosystems; self-organized meso-patterning;
carbon MEMS; interfacial and colloidal interactions; and smart and
functional materials. Ashutosh is an elected Fellow of all the Indian
academies of sciences and engineering and has received numerous awards
including The TWAS Prize from The Academy of Sciences for the Developing
World; Distinguished Alumnus Award of IIT Kanpur; Friedrich Wilhelm Bessel
Research Award of the Humboldt Foundation and Shanti Swarup Bhatnagar
Prize in Engineering Sciences.

http://folk.uio.no/oivindb/bilder/chicken.gif
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other mechanisms provide is either through hair 
like capillaries or in some cases through 
molecular channels. These flow networks can 
easily be mimicked by a network of micro-fluidic 
channel and so bio-mimetics is strongly 
synergistic with micro-fluidics.  Literature 
reviews several areas wherein the micro-
fabrication technologies are bio-inspired mimic 
some biological phenomena. Bitensky et. al. [6] 
have demonstrated a set of micro-channel 
architecture which is used to separate leukocytes 
from whole blood samples. This architecture 
mimics the intrinsic features of blood flow in 
microcirculation, such as plasma skimming and 
leukocyte margination as happens within the 
vasculature and is able to generate a 34 fold 
enrichment of the leukocytes thus alternates the 
time consuming buffy coat process of extracting 
leukocytes from blood samples. [Figure 1]

Wheleer et al. [7] have demonstrated a bio-
mimetic micro-channel invitro fertilization 
system which reduces poly-spermy and 
therefore increases the number of potentially 
viable embryos without reducing the overall 
invitro production efficiency. In vivo the sperm 
is guided to the oocyte via a narrowing fluid path 
in the oviduct .  The micro-channel design is 
made in PDMS with a constriction of 20 microns 
thickness placed centrally in another 1000 
microns X 250 microns X 38 mm channel which 
would hold the Oocytes  in place near the center 
of the micro-channels while allowing the sperm 
and media to flow through the outlet.  [Figure 2]

Kim et al. [8] have demonstrated the usage of 
bacterial carpet coatings on the surface of micro-
channels for effective fluid transport and mixing. 
Here the introductions of an agent which can 
change the chemical and thermal properties of 

Ever since Giovanni Borelli's seminal De Motu 
Animalium of 1680[1] the interpretation of 
organismic structures as working machines has 
been a powerful tool in analysis of organismic 
activities. Although this synergism expressed  
by Borelli long back were not  really 
metaphorical but more based on the fact that 
human and animal muscles were the actual 
workhorses of most machines in his time, still 
scientists look at this as a seminal point for 
starting of a perfect congruence or synergism 
between Biology and machines. Getting inspired 
by this synergism many researchers of modern 
times  have expressed great interest in finding 
out biological macromolecules  which would 
work as molecular machines and would do 
something useful and important [2-4]. So a 
whole new paradigm of bio-mimetics   (literally 
meaning: copying life) have emerged.  This can 
be broadly defined as translation of insights 
which one gets from pure biological research 
into realizable technology [5]. 

Miniaturization technology starting with the 
famous talk by Sir Richard Feynman, There is 
plenty of room at the bottom has lead to the 
mimicking and realization of newer phenomena 
both physiological and physical at the micro and 
nano scales. The advantages that miniaturi-
zation offers is the realization of physical 
systems at scales and dimensions similar to 
biological entities such as bacterial and 
mammalian cells, viruses, spores, etc. which 
further leads to enhancement in our capabilities 
to mimick biological systems with better sensing 
capabilities, accuracy of physical manipulation 
and control. In this respect it is worth mentioning 
that almost 70-80% of any living organism is a 
fluid and thus would need transport. The 
transport network that our vasculatures and 

BIO-INSPIRED DESIGN OF MICRO-FLUIDIC SYSTEMS

Shantanu Bhattacharya           
Bikramjit Basu           Department of Metallurgy and Materials Engineering

Department of Mechanical Engineering
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(a)

(b)

Figure 1. (a) Distribution of the various contents in blood samples using the buffy coat process (b) Use of 
microfluidic architectures for separation of leucocytes from whole blood samples   
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organic solvents. Tresset et al. [10] has 
demonstrated the micromanipulation of 
femtoliter vesicles prepared with a soluble dye 
and also the release of this encapsulated dye 
upon application of high electric field pulses 
which reveals the formation of sub-micrometer 
pores in the membrane. He also illustrates the 
fusion of the vesicles by this method.  This 
mimicks the biological entities, the cell sized 
vesicles, which are made of thin biological 
membranes isolating the interior from the 
external solution. The vesicles are of immense 
importance to compartmentalization of species 
allowing the species to interact with each other in 

the bacteria result in enhanced mixing and 
pumping schemes. The experiments are done by 
increasing the flagellar activity of the bacterial 
carpet by introduction of glucose (food) or 
locally raising the buffer temperature. [Figure 3]

Evans et al. [9] have demonstrated a set of 
slender, high aspect ratio (10µm length X 200nm 
diameter) nanorod array which act as bio-
mimetic cilia by the influence of an external 
magnetic field in PDMS, Maghemite (Fe O ) 2 3

nano-composite. The array has been made by 
patterning the composite material over PTCE 
membranes which is later dissolved away in 

Figure 3. (a) Schematic of a bacterial micro-channel (b) Image of a bacterial carpet using differential interference 
contrast microscopy (c) Maximum average pumping velocity due to flagellar motion of the bacterial carpet

(a)                                                 (b)                                                                         ( c)

Figure 2. (a) Shape of the oviduct (b) Microfluidic architecture using glass and PDMS which does the same job
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replace, reconstruct and regenerate human 
/animal body tissues for long term use, without 
much toxic or irritation effects [12]. The success 
of such large efforts clearly demands better 
understanding of various concepts, e.g. 
biocompatibility, host response, cell-biomaterial 
interaction. Among the bioceramic composites, 
the research results obtained with Hydroxy-
apatite (HAp)-based biomaterials with metallic 
(Ti) or ceramic (Mullite) reinforcements as well 
as SiO -MgO-Al O -K O-B O -F glass ceramics 2 2 3 2 2 3

and stabilized ZrO  based bioinert ceramics are 2

well investigated with respect to their 
biocompatibility property [13,14]. The standard 
protocol of seeding bacterial cells and 
mammalian cell lines will be followed. As an 
example, we illustrate below how the addition of 
silver (Ag) particles to Hydroxyapatite (HA) 
provided anti-microbial property, which has 
been one of the ongoing research activities. 
[Figure 4 (a)-(c)] While significant bacterial 
activity can be noticed on the HA-mullite 
biocomposites, the signs of anti-microbial 
proper ty  can  be  not i ced  on  HA-Ag 
biocomposites. Specifically, we will be using 
human fibroblast and E.coli cell lines. It needs to 
be pointed out here that we commonly use 
human fibroblast/osteoblast cell lines for the 
evaluation of the biocompatibility property for 

a controlled manner using electric fields, 
temperature gradients or electro-poration of ion 
channels. Ling et. al. [11] have demonstrated a 
cell laden micro-fluidic channel in agarose. Their 
studies show the viability of most of the cells at 
device fabrication but the continued viability of 
those cells near the micro-channel upto almost 
three days. This shows the importance of a 
perfused network of micro-channels for 
delivering nutrients and oxygen to maintain cell 
viability in large hydrogels. Development of this 
technique may lead to the realization of a bio-
mimetic synthetic vasculature for tissue 
engineering, diagnostics, and drug screening 
applications.  

 In a similar mode of cell culture experiments, we 
plan to incubate biological and mammalian cells 
in microfabricated channels to study cell 
proliferation using the microscopy technique. 
This part of the work will be carried out using the 
available cell culture facility at Laboratory for 
Advanced Ceramics, where substantial efforts 
are underway to develop biomaterials for hard 
tissue replacement. In last few decades, 
materials for biomedical applications have 
received greater attention in the scientific 
community, primarily due to the fact that 
suitably designed biomaterials are capable to 

   

(a)                                                                                                   (b)                                (c) 

 

HAp-30M 

Figure 4. (a) Fibroblast cell proliferation on HA-30 % mullite bioceramic composites (b) Significant bacterial cell 
activity on HA-20% mullite biocomposites (c) Illustration of anti-microbial property of HA-10 % Ag biocomposite
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Figure 5.  (a) Process flow chart for micro-channel fabrication  (b) Swelling ratio with time of immersion in solvent (c) 
Real image of a criss cross microchannel in PDMS (d) Cross-sectional view of the microchannel (e) 1, 2 and 3 
dimensional layout defined by CAD of microhannels.

(b)

(a)

 (c)                                                                (d)

(e)

18



after immersion of the PDMS replica in an 
organic solvent. The wires are easily released 
after this swelling process and easily come out. 
[Figure 5(a)-(e)] 

Micro-channel technology is used also for 
sensing biological entities by using miniscule 
amount of fluids and doing a biochemical 
analysis. In one such venture a complete DNA 
microanalyzer system was fabricated on a PDMS 
silicon chip by using micron sized channels and 
chambers. These systems are also well known as 
Lab-on–chip technology and are used for field 
applications.  It consists of a micro-PCR 
chamber, micropumps, and micro-heaters. 
Additional components of the device include gel 
electrophoresis micro-channels and micro-
channel based solid core waveguide fluore-
scence collectors.  The analyzer is a micro-fluidic 
platform that is principally based on the three-
step polymerase chain reaction (PCR) 
mechanism. It is fabricated using standardized 
microelectronic fabrication techniques on easily 
available materials like silicon and poly 
(dimethyl) siloxane (PDMS) etc. [Figure 6]

The fluid handling on chip is realized by a set of 
discreet peristaltic pumps.[19] Currently, a 
labview code is used to run a proportional, 
integral, differential (PID) controller for 

various bone analogue materials, based on HA. 
The experience and expertise in the area of cell 
biology will be useful to investigate the 
biological aspect of the microfluidic systems.

In the present context, we plan to study a three 
dimensional network of micro-channels made 
within PDMS and agarose gels for observing a 
directional growth of human Osteoblast and 
Fibroblast cells in vitro based on different flow 
directions of the nutrient media. The 
experimental observations will be analysed in 
terms of the cell viability index as well as the cell 
adhesion on the micro-channel network and cell-
cell interactions will be investigated. This is vital 
from a standpoint of mimicking the in vivo 
conditions of an implantable material to get an 
idea of the pattern of cell growth within micro-
channels. 

We have used replication and molding 
techniques [15-18] wherein channels are 
patterned within soft materials using 80-30 
microns copper wires. An array of holes is 
created by using a CAD defined laser drilling 
approach and the copper wires with different 
dimensions are neatly arranged in this array. 
This assembly is used to mold a soft polymer 
polydimethyl siloxane which is liquid at room 
temperature but cures up on heating. The wires 
are taken out to formulate the microchannels 
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Figure 6. (a) Microchannel based PCR reactor  (b) Signal plot of the thermal cycling
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successful development of our lab-on-a-chip 
device necessitate several advantages over 
conventional bench top systems, which 
primarily include an overall reduction in size, 
reduced use of reagents, decreased power 
requirements, increased speed and accuracy of 
analysis, and increased portability for field use.  
We envision this assay as a highly sensitive field 
deployable analyzer tool with a capability to 
pick-up trace samples.
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programmed operation of thermal cycling. The 
micro-pumps, PCR chamber and capillary 
electrophoresis system have been designed 
fabricated and tested. For fabrication of the 
device, a regime has been developed for bonding 
PDMS surfaces to a variety of substrates (silicon 
in the present case). The unique heater design 
formulated for thermal cycling of the PCR micro-
chamber has extremely short ramp-up and down 
times at a low operating power of 6-watts. We 
have successfully achieved a compression in the 
cycle time by a factor of ten from the 
conventional PCR system. Our chip can 
effectively amplify positive samples with a pico-
gram concentration of DNA which is very close 
to the clinical samples. A novel coating has been 
developed on the walls of the micro-chamber 
which in non-inhibitive to the PCR process[20]. 
The confirmation of surface dynamics with 
attenuated total reflection fourier transform 
infrared spectroscopy (ATR FTIR) has revealed 
the temporal transition of the coating surface 
from hydrophilic (immediately after oxygen 
plasma exposure) to hydrophobic nature. This is 
indicated by a gradual methylation and 
dehyroxylation with post exposure relaxation 
time. Fluorescent studies indicate negligible 
non-specific binding to our chip which has been 
a major problem in earlier assays. We have 
already electrophoresed a 100-1000 bp gene 
marker using PDMS capillaries filled with 
agarose. We obtained a time reduction of 1/40th 
from the time of conventional gel electrophoresis 
[21]. One requirement of the DNA assay posed 
by its intended field applicability is the need for 
operating at low powers. One problem with the 
current capillary electrophoresis systems is the 
use of extraordinarily high DC voltages for 
obtaining sample separation. We have achieved 
electrophoresis at a lower voltage by doping 
different gel materials with conducting 
nanoparticles [22]. We have been successfully 
able to decrease the gel resistivity of agarose by a 
factor of five using this method. The stain 
resolution does not get altered due to the dopant 
and the sample mobility increases two folds at 
low electric field values (16 V/cm). The 
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decades have provided us tools to watch physical 
processes in living cells. It is now universally 
accepted that a cell is not a soft sac of chemicals. 
On the contrary, as emphasized in the influential 
paper [2] by Bruce Alberts (then president of the 
National Academy of Sciences USA), the entire cell 
can be viewed as a factory that contains an elaborate 
network of interlocking assembly lines, each of which 
is composed of a set of large protein machines…. Why 
do we call the large protein assemblies that underline 
cell function protein machines? Precisely because, like 
machines invented by humans to deal efficiently with 
the macroscopic world, these protein assemblies 
contain highly coordinated moving parts. 

The terms machine and motor are used loosely is 
many different contexts in cell biology. A 
machine is a device that takes an input and 

1. Introduction

Cell is the structural and functional unit of life. 
Existence of molecular machines inside living 
cells has been speculated for centuries.  For 
example, Marcello Malpighi (March 10, 1628  -
September 30, 1694), who is regarded by many as 
the founder of microscopic anatomy, wrote (as 
quoted by Marco Piccolino in [1]), Nature, in order 
to carry out the marvelous operations in animals and 
plants, has been pleased to construct their organized 
bodies with a very large number of machines, which 
are of necessity made up of extremely minute parts so 
shaped and situated such as to form a marvelous 
organ, the composition of which are usually invisible 
to the naked eye, without the aid of microscope.      

Technological advances over the last couple of 

MOLECULAR MACHINES:
PACKERS AND MOVERS, ASSEMBLERS AND SHREDDERS

Debashish Chowdhury Department of Physics

Figure  1.  A road map for biomimetics of nano-machines

Natural Nano-machines within a living cell

Understanding mechanisms through experiments and theoretical modeling 

Design using natural components 
extracted from living cells

Design using artificial components 
synthesized in the laboratory

Artificial Nano-machines for practical applications

23



2. Examples of intracellular nano-
motors

2.1. Cytoskeletal motors: Movers and 
shredders

The cytoskeleton of a cell consists of (a) 
filamentous proteins, (b) motor proteins, and (c) 
accessory proteins. The three different varieties 
of filaments are (i) microtubules (MT), (ii) F-actin 
and (iii) intermediate filaments. The three 
superfamilies of motor proteins are (i) kinesin, 
(ii) dynein, and (iii) myosin. The filamentous 
proteins are needed for the mechanical strength 
of the cell. In addition, these filaments also play 
the role of intracellular transportation network. 
Members of the kinesin  and dynein 
superfamil ies  of  protein move along 
microtubule tracks whereas members of the 
myosin superfamily move on actin filaments. 
Thus, the intracellular molecular motor 
transport system consists of the motor proteins, 
the filamentous tracks and fuel. For the 
cytoskeletal motors adenosine tri-phosphate 
(ATP) molecules play the role of fuel. The motors 
are enzymes that enhance the rate of hydrolysis 
of ATP to adenosine di-phosphate (ADP) and 
phosphate; the free energy released in the 
reaction is the input for the motor action. 

Some cytoskeletal  motors are like porters. These 
walk over a long distance on the corresponding 
filamentous track, carrying cargo without 
getting detached completely from the track. 
These are called processive and the average 
distance of a single run is a measure of its 
processivity. In contrast, some motors remain 
attached to the track only for a relatively brief 
period during which it exerts a pull on the track; 
such motors can generate sufficiently large pull 
by working together. Because of the obvious 
similarities between the collective mode of 
operation of these motors (e.g., muscle 
contraction driven by myosin-II motors) and that 
of rowers, these non-processive motors are also 
referred to as rowers. Members of some families 

produces an output. If the output is mechanical 
(e.g., machine performs mechanical work), we 
shall refer to it as a motor, irrespective of the 
nature of the input. Designs of molecular 
machines have been perfected by Nature over 
millions or billions of years on the principles of 
evolutionary biology. Nature also has an 
elaborate technology for manufacturing the 
nano-machines. Therefore, an ideal roadmap for 
successful implementation of a biomimetic 
program in natural nano-machines would look 
like the one shown in Figure 1. But, all the design 
and manufacturing completed so far are, at best, 
proof-of-principle, but still far from commercial 
prototypes. Therefore, in this article, I'll focus 
exclusively only on the first step of the road map 
shown in figure 1, i.e., understanding of the 
fundamental principles in the operational 
mechanisms of natural nano-machines. 

This article is organized as follows: I begin in 
section 2 by giving examples of a few nano-
machines whose design have already been 
investigated quite extensively. Then, in section 3, 
I explain the methods of quantitative modeling 
of molecular machines and their relative 
advantages and disadvantages. In section 4, I 
raise some fundamental questions on the 
operational mechanisms of these machines 
which also clarify the basic differences between 
these machines and their macroscopic 
counterparts. In sections 5, I summarize the main 
results of modeling a few important molecular 
motors; the selection of these examples, of 
course, has been biased by our own working 
experience in this area of research. Before 
summarizing this article in the concluding 
section 7, I briefly mention, in section 6, a few 
rotary molecular motors whose designs are 
marvelous examples of nature's nano-
technology.
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t h e r e f o r e ,  f u n c t i o n  a s  a s s e m b l e r s  o f  
macromolecules of life). 

3. Methods of quantitative modeling 
of molecular motors

Theoretical models are developed to address 
specific set of questions. Therefore, depending 
o n  t h e  p u r p o s e  a n d  f e a s i b i l i t y  o f  
implementation, a model can be developed at 
various levels of details. For example, the model 
for a protein in aqueous medium can be 
developed at the atomic level which falls in the 
domain of quantum chemistry. The same system 
can be modeled at a classical level of molecular 
dynamics where one computes the trajectories of 
the protein and those of the molecules of the 
medium by integrating the corresponding set of 
coupled Newton's equations which are 
deterministic. However, the distance over which 
porters walk and the time taken for a single run 
itself makes the computational resources 
required for molecular dynamic simulations 
prohibitively large for years to come. Therefore, 

of kinesin motors also act as shredders of the 
tracks. These motors first target one of the ends 
of the MT track and, then, start depolymerizing 
the track itself from that end; such motors are 
collectively referred to as depolymerases [3] . 

2.2. Some nucleic-acid based motors: 
assemblers
 
Not all motors move on protein filaments. There 
are molecular motors which use nucleic acids 
(e.g., DNA and RNA) as their tracks. Recall that 
genetic informations are chemically encoded in 
the sequence of nucleotides in terms of a 4-letter 
alphabet. This message is first transcribed into 
messenger RNA (mRNA) by a machine called 
RNA polymerase (RNAP), and then, translated 
into protein by another machine called 
ribosome. Both RNAP and ribosome perform at 
least three different types of operations: (i) 
motoring along the respective track, (ii) 
decoding the genetic information stored in the 
sequence of nucleotides constituting the track, 
and (iii) polymerizing a macromolecule using 
the track as a template for the synthesis (and, 

Figure 2. Identification of the distinct states of the motor in the abstract “state 
space” and the transitions between these states

State Space

Mechano   -   Chemical transition

Chemical reaction
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Chem.
State

Position

25



generic form 

where P(C;t) is the probability of finding the 
motor in the state C at time t and the summations 
on the right hand side are carried out over all the 

states C’ ¹ C. The two terms on the right hand 
side of this equation are referred to as the gain 
term and loss term, respectively, for obvious 
reasons. Analytical solutions of the master 
equations (which often require some approxi-
mation scheme because of the complexity of the 
problem) lead to our theoretical predictions.

An alternative, but complementary, approach 
requires translation of the qualitative picture 
into numerical protocols (see Figure 3). We make 
numerical predictions by carrying out computer 
simulations following these numerical 

a more pragmatic strategy is to model the motors 
at the Brownian level where one captures the 
effects of the aqueous medium through a viscous 
drag term and a Brownian force. 

In our own works, we usually follow the master 
equation approach. We first identify the distinct 
states of the system; a complete description of the 
state requires specifying its position as well as its 
chemical states (it includes conformational states). 
Next, on the basis of biochemical information, 
we decide all the allowed translocations (i.e., 
pure mechanical transitions), chemical reactions 
and mixed mechano-chemical transitions among 
these states (see Figure 2) and the corresponding 
rate constants (i.e., the probabilities of transitions 
per unit time). 

Then we translate this qualitative picture into 
mathematical equations, called master 
equations. A typical master equation has the 

Figure  3.  Our strategy for quantitative modeling
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Next, what is the mechanism of energy 
transduction by the molecular motors? Some 
motors are driven by power-stroke mechanism 
which is analogous to the power stroke of 
macroscopic engines- the energy input directly 
generates the force for this stroke [5]. In the 
intracellular world another alternative 
mechanism is possible which, however, cannot 
run any macroscopic motor. Because of the 
random bombardment by the small molecules of 
the aqueous medium, a Brownian particle can 
move both forward and backward. If the 
backward movements can be prevented by 
exploiting some input energy, the Brownian 

particle would, on the average, move forward. 
This is precisely the principle underlying the 
Brownian ratchet mechanism of molecular 
motors [6]. Does it mean that a Brownian motor 
violates the second law of thermodynamics? Not 
at all; a Brownian motor operates far from 
equilibrium where the second law of 
thermodynamics is not applicable. 

protocols. A comparison between the theoretical 
and numerical predictions tests the accuracy of 
our analytical calculations while comparison 
with experimental data tests the validity of the 
model itself.  

4. Some fundamental questions on 
operational mechanisms

Let us now pose some fundamental questions; a 
more detailed list of such questions is given in 
ref.[4]. Typical size of molecular motors is 
nanometers and the forces they generate are of 

the order of pico-Newtons. Are the mechanisms 
of molecular motors identical to those of their 
macroscopic counterparts (except for a 
difference of scale)? No, there are crucial 
qualitative differences between the two; the 
molecular motors (i) are far from thermo-
dynamic equilibrium, (ii) are made of soft matter 
and (iii) the dominant forces are non-inertial. In 
fact the most dominant forces at the level of these 
nano-motors are (a) viscous drag, and (b) 
random Brownian force. 

Figure 4. Different functional domains of a typical kinesin motor
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5.2. Can we predict the rate of protein 
synthesis by ribosome motors? 

Ribosomes are molecular motors that move 
along mRNA tracks and simultaneously 
polymerize proteins using the mRNA as the 
template. The latter requires decoding of the 
genetic message chemically encoded in the 
sequence of the basic subunits of the mRNA. 

The composition, structure and function of 
ribosomes are, perhaps, the most complex 
among all the motors known till now. We have 
developed a theoretical model of this process by 
capturing the mechano-chemistry of individual 
ribosomes as well as their interactions [11,12]. 
This model accounts for the rate of protein 
synthesis by the ribosomes as well as the traffic 
congestion of the ribosomes on their track. The 
inhomogeneity of the mRNA track gives rise to 
interesting features of the fluctuations and noise 
in protein synthesis [13]. Very recently, we have 
developed a similar model for the synthesis of 
mRNA from its DNA template by another class 
of motors called RNA polymerase [14].  
Moreover, by incorporating the effects of gene 
switching between ON and OFF states, we have 
been able to account for observed pulses in 
mRNA synthesis [15]. 

6. Membrane-associated rotary motors

All the motors which we have mentioned so far 
in this article move on tracks which are 
essentially linear. Some of the most intricately 
designed rotary motors also occur in living cells. 
The flagella, which are appendages used by 
bacteria for swimming, are driven by a rotary 
motor. However, the smallest rotary motor 
discovered so far in living cells is the ATP 
synthase. Its linear dimension is approximately 
10 nm. Actually, it consists of two parts- F0 and 
F1. These two are reversible and are coupled to 
each other. In the normal mode of operation, the 

5. Models of molecular motors

In this section we summarize the main results of 
modeling some molecular motors which 
perform crucially important biological functions 
[7].

5.1. Why is a single-headed kinesin motor 
processive? 

The major functional domains of a typical 
kinesin protein are shown schematically in fig.4. 
A conventional kinesin motor operates as a 
dimer and, therefore, has two motor domains 
each of which is referred to as a head. Based on 
experimental evidences, it is now generally 
believed that a conventional kinesin follows a 
hand-over-hand stepping pattern where, at every 
step, the rear head steps ahead of the forward 
head thereby becoming the forward head and 
the forward head becomes the rear head (very 
similar to the stepping pattern of a human). 

A double-headed kinesin is processive because 
the ATP hydrolysis (fuel burning) by the two 
heads are so coordinated that one head remains 
attached to the track while the other detaches 
and steps forward. But, then, how can we explain 
the experimentally observed fact that single-
headed kinesin KIF1A is almost as processive as 
the double-headed kinesin? Through a series of 
experiments, Okada and co-workers established 
that a Brownian ratchet mechanism, which 
utilizes the electrostatic attraction between the 
track and the KIF1A motor, is responsible for its 
processivity. Our theoretical model not only 
captures this phenomenon quantitatively [8], but 
also predicts the possibility of the occurrence of 
j a m  i n  m o l e c u l a r  m o t o r  t r a f f i c  [ 9 ] .  
Malfunctioning of the molecular motor  
transport system and the occurrence of traffic 
jams can cause disease. Furthermore, these 
motors can shift from one track to a neighboring 
one and this process is analogous to lane 
changing by vehicles in highway traffic [10].
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F0 part works as a rotary motor driven by an 
electro-chemical gradient of protons. It, in turn, 
rotates F1 which synthesizes 3 molecules of ATP 
in each revolution around its axis. In the reverse 
mode, the F1 part works as a rotary motor driven 
by ATP hydrolysis and, in turn, rotates the F0 
part which now transports protons from low 
concentration side to the high concentration side 
thereby, effectively, playing the role of an ion 
pump. 

7. Summary and conclusion

Combination of powerful techniques from 
several disciplines has already provided some 
insights into the operational mechanisms of 
natural nano-machines. “Does life provide us 
with a model for nanotechnology that we should 
try and emulate- are life's soft machines simply 
the most effective way of engineering in the 
unfamiliar environment of the very small?” [16].
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where particular architecture of the building 
blocks facilitates formation of well-ordered cage-
like structures (Figure 1). These cage-like 
structures are formed by the polymerization of 
triskelial monomeric units and are extensively 
used for intracellular transport and during 
endocytosis of materials at cell surface.

We have envisioned of a bioinspired design that 
would conjugate a tren molecule to aromatic 
dipeptides to invoke favorable aromatic 
interactions, which may eventually result in 
interesting bio-inspired self-assembled 
structures (Figure 2). The designed tripodal 
triskelion ditryptophan conjugate exhibited overlap 
of indole aromatic rings in the MM+ optimized 

structure suggesting crucial role of p-stacking in 
the solution-phase assembly of the synthetic 
triskelion and emergence of aged structures. Our 
design strategy was validated as triskelion 

Protein aggregation is inextricably involved 
with the etiology of several neurodegenerative 
diseases that causes age-dependent loss of 
cognitive functions. Examples of proteins 
related to neurodegenerative disorders include: 
beta-amyloid (Alzheimer's disease), prion (Mad 
cow disease), alpha-synuclein (Parkinson's 
disease), and huntingtin (Huntington's disease), 

to name a few.  However, amorphous nature and 
insolubility of aggregated proteins limit detailed 
structural insights via conventional methods. 
Thus, short peptide constructs serve an 
important role in understanding protein 
aggregation using solid state and solution phase 
techniques.

On the other hand self-assembly of monomeric 
protein and peptide units afford ordered 
structures having important biochemical 
functions. In this context, the triskelion structure 
of clathrin protein represents a unique example 

BIOMIMETIC MODELS OF PROTEIN AGGREGATION

Sandeep Verma Department of Chemistry

Figure 1. Representation of clathrin cage structure [1]
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Figure 2. Molecular structure of synthetic triskelion. 

Figure 3. Electron microscopy analysis of self-assembled structures formed by triskelion ditryptophan 
conjugate. (a) TEM micrograph; (b, c) HR-TEM micrographs of ditryptophan conjugate; (d) E-SEM image of 
self-associated ditryptophan conjugate under moist conditions; (e) SEM images of ditryptophan conjugate 
incubated for 7 days; (f) Beads-on-a-string type of attachment of vesicular structures. ditryptophan 
conjugate. (a) TEM micrograph; (b, c) HR-TEM micrographs of ditryptophan conjugate; (d) E-SEM image of 
self-associated ditryptophan conjugate under moist conditions; (e) SEM images of ditryptophan conjugate 
incubated for 7 days; (f) Beads-on-a-string type of attachment of vesicular structures
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closed-cage structures, thus providing an 
impetus to further analyze morphological 
features of such assemblies bearing a close 
resemblance to the clathrin structure.[2]

It is believed that self-assembled structures from 
the synthetic triskelion could be harnessed as 
delivery vehicles with a possibility of attaching 
recognition modules via available N-termini for 
targeted delivery of drugs and cytotoxic agents.
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ditryptophan conjugate exhibited rapid self-
assembly into spherical structures, when 
incubated in methanol-water mixture at 37°C.

Spherical structures were observed using 
transmission electron microscope (TEM) using 
negative staining (Figure 3a). High-resolution 
field-emission gun TEM (HR-TEM) verified the 
occurrence of circular patterns with a clear view 
of a double layer outer boundary (Figure 3b, c, 
see inset). These spherical structures could also 
be detected using environmental scanning 
electron microscope (E-SEM) under moist 
conditions (Figure 3d). In addition, SEM 
afforded three-dimensional images of uniformly 
distributed spherical structures and also certain 
segments where more than one spherical 
structure was arranged in a bead-on-string 
orientation (Figure 3e, f). These microscopic 
evidences reflect an inherent propensity of the 
triskelion ditryptophan conjugate to self-
associate in solution leading to the formation of 
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variations in a population, and differential 
reproduction are three important processes 
required for evolution to occur. In the Following 
these processes are briefly described.

2.1 Mechanisms in Evolution

Heredity: Passing of traits from one generation 
to the next is heredity. The mechanism by which 
this happens in biological evolution is not 
important to the subject at hand; what is 
important is that for evolution to occur 
information needs to be passed on from 
individuals (or entities) of a given generation to 
the individuals of the next generation.

Genetic Variation: The process of evolution 
requires mechanisms which preserve a certain 
amount of genetic variation within a population 
of a given species as also between species. In 
simpler and narrower terms, evolution within a 
population of a given species can happen only if 
there are different kinds of individuals in that 
population. Some of the important mechanisms 
which maintain this variation, or see to it that 
there are indeed different kinds of individuals in 
a population, are: (i) mutation, (ii) gene flow, and 
(iii) sexual reproduction.

Mutation in an offspring occurs when the 
information, while being passed from the parent 
to the offspring, gets altered randomly. As can be 
expected, such a change can be harmful, neutral 
or beneficial to the offspring. However, what it 
ensures is that within the individuals of a 
population there is always variety.

Gene flow refers to the immigration of new genes 
(or variety) into a population. This can happen 

1. Introduction

Genetic Algorithms (GA) are optimization 
procedures partly motivated by the principles of 
evolution. The purpose of this quasi-technical 
note is to bring forth this motivation by drawing 
analogies between some of the basic processes of 
genetic algorithms and some of the basic 
mechanisms through which evolution occurs.

This note is divided into four sections of which 
this is the first. The second section provides a 
brief and somewhat naïve description of 
evolution and its basic mechanisms. The third 
section presents the basics of GA. The 
presentation at all times attempts to draw 
parallels between the mechanisms of evolution 
discussed in Section 2 with the processes of GA. 
The last section indicates some areas where GA 
has been applied successfully.

2. A Brief Note on Evolution

Evolution is descent (from one generation to the 
next) with modifications. It is the process by 
which organisms of today have descended from 
ancient ones; changes have occurred within a 
single species while new species have evolved 
from older ones. In the context of this discussion, 
however, it may be worthwhile to think of 
evolution as it occurs in the short term --- where 
only the frequency of certain genes change 
within the same population over time. Such 
evolution, often termed as microevolution, is a 
result of the same mechanisms that cause 
evolution.

Heredity, mechanisms to preserve genetic 

REACHING OPTIMUM DESIGNS THROUGH PRINCIPLES
INSPIRED  BY BIOLOGICAL EVOLUTION: THE CASE OF 
GENETICS ALGORITHMS
Partha Chakroborty         Department of Civil Engineering
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others are fit to a lesser extent. The individuals 
with higher fitness are more likely to mate and 
pass on their traits to the next generation. Hence, 
the individuals of the next generation are on an 
average fitter than individuals of the previous 
generation because (i) due to differential 
reproduction only the individuals with higher 
fitness get to reproduce and (ii) due to heredity 
these individuals pass on their traits to the new 
generation. Every once in a while when two fit 
individuals produce an offspring through sexual 
reproduction and their genes combine in 
beneficial ways, a highly fit individual (absent in 
previous generations) emerges. Mutations and 
gene flow also help in maintaining a healthy mix 
of features in the individuals of a given 
generation. Such variety increases the chances of 
better individuals evolving through the 
generations. As can be seen, through repeated 
application of the above processes fitter 
individuals evolve.

A very good discussion on evolution written for 
beginners is available in Understanding 
Evolution [1]. In the next section GA and its 
operations are briefly explained while drawing 
parallels with the biological evolutionary 
process. For a better and more useful discussion 
on GA one may refer to Goldberg [2] and Deb [3, 
4].

3. Genetic Algorithms and its 
Operations

Genetic algorithms (GA) are an optimization tool 
which searches for fit individuals (or optimal 
solutions). The fitness of an individual is 
determined as per the objectives of the problem. 
The objective of the problem can be expressed as 
a function or as the outcome of a process.

The entire process of GA is shown in Figure 1 (for 
the moment, ignore the blue rectangular boxes 
and the phrases in blue in the figure). The 
following description can be better understood 

when variants of a species previously separated 
from one another find themselves together in 
space and time. In this process new gene flows 
into a population thereby increasing the variety.

Sexual reproduction essentially shuffles the 
genes from two individuals to create new 
individuals. In this process new gene 
combinations and hence new individuals appear 
in the population.

Differential Reproduction: Not all individuals of 
a given generation get to pass on their 
characteristics to the new generation. 
Presumably the better (or fitter) individuals as 
per the conditions then prevailing are the ones 
which live till adulthood and pass on their 
features to the new generation; even here not all 
who live till child producing age get the Same 
opportunities to produce offspring. In a way, this 
mechanism selects the fitter individuals from 
among a population and allows them to pass on 
features to the new generation.

2.2 A Naïve Overview of Evolution

On putting the above mechanisms to work in the 
same arena can create an image --- although 
simplistic --- of how evolution occurs. In the 
following an attempt is made to describe this 
process. The description is not accurate in all 
aspects but allows one to draw a picture which 
can help explain how optimization processes can 
be inspired by evolutionary processes. The 
description starts with the assumption that there 
is a population of individuals with a variety of 
characteristics and restricts itself to describing 
how gene frequency (or frequency of certain 
traits) within a population can change for the 
better when the three mechanisms described 
above work in conjunction.

The individuals in a population have a variety of 
traits; these individuals then fight for survival 
and those with fitter traits live while the rest die. 
Among those who live, some are very fit while 
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Figure 1.  The GA cycle

Figure 2. Examples of individuals (or alternative solutions) that can be used in GA
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called the selection operation, and find 
representation to varying degrees in the mating 
pool. This is similar to fitter individuals living till 
adulthood and mating with different freq-
uencies to produce offspring. Figure 3 outlines 
two popular selection operators.

Solutions are chosen at random from this pool 
and paired; information (or characteristics) is 
exchanged to produce new solutions. This 
operator is referred to as the crossover operator 
and conceptually parallels sexual reproduction. 
Figure 4 shows a schematic of how a crossover 

when read in conjunction with Figure 1. GA 
operates with a population of feasible or 
admissible alternative solutions. The alternative 
solutions, as shown in Figure 2, can, depending 
on the problem, represent a point in space or a 
bus route on an underlying road network, or 
something else. The alternative solutions are 
created within the bounds of feasibility either 
randomly or by utilizing some problem specific 
knowledge. These solutions are then evaluated 
using the objectives of the problem represented 
as a function or as a process. The fitter solutions 
are chosen through a randomized operation 

Figure 3. Two popular selection operators in GA

Figure 4. Examples of how single-point crossover operator works
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(1)

Figure 6 shows how alternative solutions (in this 
case the alternatives are points in two 
dimensional space) which are randomly 
distributed in the feasible space (as defined by 
the inequalities in Equation 1) in Generation 1 
move around and search for the optimum 
solution by Generation 50. The contours of the 
objective function are shown in the figure and 
the actual optimum point is indicated. Note that, 
although as the optimum is found more points 
gravitate around the optimum, there is still 
variety in the population.

4. GA Applications

Genetic algorithms have been applied to 
numerous areas as an optimization tool. Often 
these applications were on problems which had 
proven to be difficult-to-handle using traditional 
optimization tools. Some of the areas in which  
GA has found successful applications are: (i) 
decision support systems, (ii) engineering 
component/ equipment design, (iii) engineering 
process optimization, (iv) route, layout, packing 

operator functions. The new solutions often 
referred to as offspring are then passed through 
the mutation operator before passing them on as 
solutions of a new generation. The mutation 
operator often makes arbitrary/random changes 
to the solution.

Figure 5  shows a schematic of such an operator.

Note how GA mimics differential reproduction, 
sexual reproduction and mutation. The 
mechanism of heredity is also present since new 
solutions are created essentially from older ones 
and these new solutions inherit some of the 
properties of the older ones. The blue 
rectangular boxes of Figure 1 try to draw a 
parallel between the GA processes and the three 
mechanisms required for biological evolution 
explained in the previous section.

Also note (i) how the selection operator provides 
direction to the process of searching for the fittest 
or optimum solution, and (ii) how the crossover 
and mutation operators maintain diversity in the 
solutions thereby searching the solution space 
for better solutions.

As an example, the problem shown as Equation 1 
is taken up for solution using GA with the 
procedure outlined in Deb [3].

Figure 5. Examples of how a mutation operator works
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optimization, (v) schedule optimization, (vi) 
portfolio optimization and (vii) protein structure 
analysis.  Indeed IIT Kanpur has been at the 
forefront of a lot of research in GA and its 
applications.
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he per capita gross domestic product and more importantly, the per capita 
quality of life (QOL) index have a strong positive correlation on the per capita 
energy production and availability for any country. So, as vast swaths of T

humanity attempts to pull itself out of poverty in the new century and different 
countries across the world, including countries with huge populations such as 
China and India, continue to become more industrialized, it is inevitable that the 
demand for energy across the world will grow exponentially in the coming decades.

As can be expected with most of the real-life factors, beyond a certainly point, there 
are diminishing returns in the incremental increase in QOL with incremental 
increase in per capita energy consumption. Moreover, in situations where the 
energy production and its by-products and transmission mechanism are not 
properly managed, they may even lead to deterioration in the QOL due to factors 
such as environmental pollution. Thus, it becomes critical that the means of energy 
production and transmission are chosen appropriately in addressing the huge 
energy demands of the future. Technology and human ingenuity will ensure that 
future energy demands be met fairly, cleanly and peacefully. Therefore, present 
civilization need to focus on energy conservation, development of technologies to 
use renewable and biomass energy resources, unconventional fossil fuels such as 
heavy oil,biodiesel,coal bed methane, gas hydrates, new oil production techniques,   

discovery of more oil fields, development of coal technology, CO  sequestration, 2

nuclear energy (Fission and Fusion), Solar Thermal and PV.

In this session, we looked at a wide gamut of energy production mechanisms 
involving direct tapping from sunlight, fission and fusion of atoms and renewable 
sources (such as biodiesel). Also covered are potentially efficient and novel sources 
based on fossil fuels (gas hydrates) and fuel cells. Subjects of electricity production 
and gas turbines are also discussed. We summed up our discussion in this session by 
taking a look at the effects of policy decisions on the future energy markets in India. 
The topics and speakers for the symposium were: 

1.  Current Status of Fast Reactor and Associated Fuel Cycle Technology in   India 
in the context of Energy Security and International Developments (Baldev Raj, 
Director IGCAR, Kalpakkam) 

2.  Biofuels: Growing them in backyard to run the Vehicles (Avinash Kumar 
Agarwal, ME)   
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3.  Fuel cells (Anil Kumar, CHE) 
4.    Organic solar cells (S. Sundar Kumar Iyer , EE) 
5.    Gas turbine combustion and power generation (Abhijit Kushari, AE) 
6.    Gas hydrates (K. Muralidhar, ME) 
7.  The Future of Energy Markets in India: Structure and its Regulation (Anoop 

Singh, IME) 
8.  Laser fired low emission futuristic internal combustion engines (Dhananjay 

Srivastava, ME) 
9.    Tomographic imaging of the Aditya Tokamak (Nitin Jain, NET) 
10.  Carbon nanotube based solar cells (Arun Tej Mallajosyula, EE) 

Coordinators: 
Avinash Kumar Agarwal (ME), 

S. Sundar Kumar Iyer (EE), 
Prabhat Munshi (ME)
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an energy potential 155 000 GWe-y. The uranium 
resource available in the country can feed 10 
GWe capacity of pressurized heavy water 
reactors (PHWRs) for ~ 50 years with thermal 
efficiency of 30%.  Since fast breeder reactors 
(FBRs) can extract about 70 times more 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 
FBR after reprocessing. Thorium can feed 275 
GWe capacity power plants for about 550 years. 
Taking cognizance of India's nuclear resource 
profile, Dr. Homi Bhabha formulated a 'Three 
Stage Nuclear Power Programme' for achieving 
energy independency. The first stage of this 
programme comprising setting up PHWRs is 
now in the industrial domain. 15 PHWRs and 2 
Boiled Water Reactors (BWRs) are in operation 
now and  3 PHWRs and 2 Light Water Reactors 
(VVER) are under construction.  The second 
stage of India's nuclear power programme 
envisages setting up FBRs, backed up by 
reprocessing plants and plutonium based fuel 
fabrication plants. The third stage envisages 
exploiting our vast resources of thorium through 
the route of fast or thermal critical reactors 
and/or the accelerator driven sub-critical 
reactors (ADS). An Advanced Heavy Water 
Reactor (AHWR) designed to draw about two-
third of its power from thorium fuel is under 
regulatory examination and will generate 
experience in all aspects of technologies related 
to thorium fuel cycle. A beginning of third stage 
has also been made by commissioning 30 kWth 
thorium based 233U fuelled research reactor, 
KAMINI at Kalpakkam.

1. Energy Scenario

India is the largest democracy with the current 
population of about 1.05 billion and is on a road 
to rapid growth in economy. An impressive 
average domestic product (GDP) growth rate of 
about 8 % per year has been achieved in 2006-07 
and it is targeted to touch 10% per year for the 
next 10 years. Towards realizing this targeted 
growth, development activities are planned 
based on a well-conceived road map and clear 
vision. Like elsewhere, the energy and electricity 
growth in India are also closely linked to growth 
in economy.  Indices of socio-economic 
development like literacy, longevity, GDP and 
human development are directly dependent 
upon the per capita energy consumption of a 
country. India is aiming to reach at least the per 
capita energy consumption of the present world 
average (2200 kWh/a) by 2030 from the current 
value of (660 kWh/a). This calls for the electricity 
generation capacity of about 600 GWe by 2030 
assuming the population of  about 1.4 billion. 
The nuclear is expected to contribute  about  63 
GWe by this time, which will be steadily 
increased to 275 GWe by 2052, against the total 
projected capacity of 1344 Gwe. 

2. Indian Nuclear Programme

India has limited uranium and abundant 
thorium resources. 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 225,000t 
(second largest reserve in the world), which has 

CURRENT STATUS OF FAST REACTOR AND ASSOCIATED FUEL 
CYCLE TECHNOLOGY IN THE CONTEXT OF ENERGY SECURITY 
AND INTERNATIONAL DEVELOPMENTS

Baldev Raj            
              Indira Gandhi Centre for Atomic Research,

            Kalpakkam, 603 102, India
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with a unique plutonium rich carbide fuel. The 
present core has 28 MK-I & 13 MK-II driver fuel 
subassemblies and one test subassembly 
simulating the fuel composition of the MO  fuel X

for Prototype Fast Breeder Reactor (PFBR). The 
Mark-I fuel has achieved a burn-up of 155 
GWd/t without clad failure. PFBR Test Fuel has 
seen 60 GWd/t at the end of 13th irradiation 
campaign. Plant availability factor is around 
94.8%. Further, the  reactor life is to be extended 
by 20 years to serve as an irradiation facility for 
the development of future fuels and core.

For reprocessing of FBTR fuel, a pilot facility 
called CORAL (COmpact Reprocessing facility 
for Advanced fuels in Lead cells) has been 
commissioned at Kalpakkam. It has a mandate to 
establish the fast reactor fuel reprocessing 
technology. For reprocessing of fuel from FBTR, 
a demonstration plant for fast reactor fuel 
reprocessing is being setup at Kalpakkam. A 
comprehensive procedure has also been evolved 
for the recovery of uranium and plutonium and 
separation of the radioactive fission products 
from the unique Pu-rich carbide fuel after 
100,000 MWd/t  burnup, for the first time in the 
world.

Based on the experiences gained with 
international FBRs, including FBTR, and 
comprehensive research and technology 
development programme in collaboration with a 
large number of academic and industrial 
organisations, a 500 MWe capacity Prototype 
Fast Breeder reactor (PFBR) is being established. 
It is a pool type reactor with 2 primary and 2 
secondary loops with  4 steam generators per 
loop. It uses mixed oxide fuel. 20% cold worked 
D9 material (15% Cr-15% Ni with nano size TiC 
precipitates) is used for the core. The sodium 
temperatures are 820K/670K for hot and cold 
pools respectively. The design plant life is 40 
year with at least 75% load factor to be 
successively enhanced to 85%.  Presently the 
PFBR is under construction and scheduled for 
commissioning in Sep 2010. 

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. It is also planned 
to establish mega nuclear parks with co-located 
fuel cycle facilities.

3. Importance of FBR with closed fuel 
cycle

Uranium utilization is very efficient in FBRs with 
closed fuel cycle compared to thermal reactors. 
Further, FBRs are essential for converting 
thorium to U233 required for third stage. FBR is a 
very efficient system for handling actinides and 
long lived fission products in the waste 
management. FBR can be designed to incinerate 
high level wastes arising from the reprocessing 
of spent fuel. In the concept of integrated FBR 
with co-located fuel cycle, it is possible to derive 
wealth from waste, i.e. fission products, such as 
Cesium-137, will be separated and used as a 
radiation source in various societal applications. 
This approach minimizes the quantity of waste 
to be immobilized. Separation of noble metals 
such as Palladium, Platinum, Rhodium etc for 
societal applications, are also possible.

FBRs 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, 
FBRs are the most  suitable options for providing 
sustainable and environmentally acceptable 
energy systems.   

4. FBR Programme

India started its FBR programme by constructing 
a sodium cooled loop type 40 MWt / 13.2 MWe 
experimental Fast Breeder Test Reactor (FBTR) at 
Kalpakkam. FBTR was commissioned in 1985 
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technology nuclear components within a 
reasonable time frame and helped in specifying 
the realistic time and cost estimates for the 
project. This is being realized during the course 
of manufacture of components such as safety 
vessel, main vessel, grid plate etc for the reactor.
An Integrated Fuel Cycle Facility comprising the 
fuel fabrication plant, reprocessing plant and 
waste management plant is being set up at 
Kalpakkam to cater to PFBR. The co-location 
concept obviates the need for transportation of 
plutonium through public domain, thus 
avoiding any radiation related hazards during 
transportation. The high value fissile material 
remaining in the spent fuel from the PFBR is 
separated in this facility, processed and is 
recycled again to the reactor in the form of 
fabricated fuel pins.

6. Future FBR Programme

6.1 Reactor Technology

It is planned to construct 4 units of 500 MWe 
capacity beyond PFBR.  The capital cost is the 
deciding factor in economy. This apart, fuel cycle 
cost reduction is also responsible factor in 
achieving the competitiveness of FBR. A 
systematic roadmap has been made for the cost 
reduction for these FBRs through a number of 
measures. These include twin unit design, 
introduction of further innovations, enhanced 
design life to 60 year, lower construction time, 
higher load factor and higher burnup. On same 
financial funding terms as that of PFBR, the cost 
of these units will be brought down by  30 - 40%.

In order to realize the lower system doubling 
time and thereby faster growth rate, FBRs with 
metallic fuel are essential. Considering the 
considerable R&D activities involved, it is 
planned to introduce metallic fuelled reactor 
beyond 2020. Accordingly, 1000 MWe capacity  
FBRs with metallic fuel are planned in long run, 
for which it is possible to achieve further cost 

5. Design and construction of PFBR 
challenges

High temperature design for long reliable 
operation of components operating at 

otemperatures around 550 C for design life of 40 
years, design of mechanisms and rotating 
equipment operating in sodium & 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 inservice inspection of reactor 
internals within sodium are a few challenging 
issues addressed in the design. These issues have 
been successfully resolved through extensive 
numerical simulations with strong experimental 
investigations. The design reflects the 
international FBR operating experiences of 
about 380 reactor years including 20 years of 
successful operation of FBTR. Peer reviews by 
national and international expert teams, science 
based R&D output derived from in-house efforts 
as well as collaborative projects established 
through synergism among DAE, academic 
institutions, R&D establishments and industries, 
also add to the high confidence on the design.

In the domain of manufacturing technology, the 
development of large size bearings, inflatable 
seals, high temperature fission chambers, 
manufacture of large size thin walled vessels 
made of stainless steel with tight form tolerances 
(order of wall thickness), 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.  In order to 
sensitise the Indian industries and assess 
manufacturing tolerances that can be achieved 
by them, elaborate manufacturing technology 
development works were undertaken prior to 
start of construction. The successful completion 
of this exercise has demonstrated the capabilities 
of Indian industries to manufacture high 
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application in separation of valuable fission 
products from waste streams. 

Summary

All energy resources need to be exploited and 
achieving 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 three stage programme of Department of 
Atomic Energy is an inevitable option. The 
energy security is ensured through indigenous 
FBRs and thorium based reactors with closed 
fuel cycle.  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.  FBRs will be inevitable 
option, atleast up to 2050. Beyond 2050, other 
potential options such as thorium based reactors, 
fusion technology, hydrogen based systems, etc 
may emerge. The development of systems will 
be largely governed by economic as well as 
environmental considerations. From the 
environmental considerations, the FBR systems 
are attractive. However, innovative design 
features need to be introduced in these systems 
to minimize the capital cost significantly.

reduction through economy of scale. The unit 
energy cost for these units would be competitive 
to that of fossil power plants in the country. 

6.2 Fuel cycle 

A comprehensive R&D programme to develop 
flow sheets for recovery of the nuclides from the 
high level waste arising from reprocessing of 
fuel discharged by FBRs is a focused area of R & 
D at the center. The outcome of these efforts 
would greatly simplify high-level waste 
management, make waste immobilization 
economical and at the same time yield by-
products, which could be used in society for 
enhancing the quality of life.

Development of extractants, such as long chain 
dialkyl amides, as a substitute for tributyl 
phosphate (TBP) used in PUREX to overcome 
problems including residual waste generation 
on incineration are in progress. Several 
extractants such as CMPO, Diamides, Diglycol 
amides and separation schemes are  being  
developed for the minor actinide recovery. 
Studies are being carried out on room 
temperature ionic liquids for using them as 
potential electrolytes for possible near room 
temperature reprocessing and waste treatment 
methods. Research on supercritial fluid 
extraction is being carried out for the potential 

47



848

Dr. Baldev Raj is a BE from Ravishankar University, Raipur and a PhD from the 
Indian Institute of Science Bangalore. His area of specialization is Materials 
characterization and Technology Management. He has held a variety of 
positions at BARC Mumbai and IGCAR Kalpakkam. He is also Distinguished 
Professor at Indian Institute of Technology Madras, PSG College of Science & 
Technology, Coimbatore, and Vellore Institute of Technology, Vellore, while 
being Adjunct Professor at the University Institute of Chemical Technology, 
Mumbai. 

Dr. Baldev Raj has more than 700 publications in leading national and 
international journals, referred books, manuscripts of status articles. He has 
delivered more than 250 plenary, keynote and invited lectures. He has 38 books 
including 4 monographs and is a co-editor of 27 books and special journal 
volumes. He has published 9 articles in The Encyclopedia of Materials (Elsevier 
Science). He has 5 Indian Standards and 15 patents to his credit. 

Dr. Baldev Raj received the National Metallurgist Award (1986), G.D. Birla Gold 
Medal (1996), SAIL Gold Medal (1999), MRSI-ICSC Superconductivity & 
Material Science Annual Prize (2004), Life Time Achievement Award of Indian 
Society for Non-destructive Testing (2004), Indian Nuclear Society Award 
(2004), Stanley Ehrilich Gold Medal Lecture, Padma Shri, Government of India 
(2007), and Distinguished Alumni Award for sustained excellence in Science 
and Technology by the Indian Institute of Science (2008). Recently, he was 
awarded the Lifetime Contribution award of Indian National Academy of 
Engineering, New Delhi. Dr. Baldev Raj is presently Director, Indira Gandhi 
Centre for Atomic Research, Kalpakkam.



There are several factors that need to be taken 
care before recommending any alternative fuel 
to be used in existing technologies on a large 
scale. These factors are stated below. 

mExtent of modifications required in the 
existing hardware i.e. if any alternative fuel 
needs extensive modification in the existing 
hardware involving huge capital then it 
may be difficult to implement.

mInvestment costs for developing infra-
structure for processing these alternative 
fuels. Excessive infrastructure cost may act 
as a constraint for the development of the 
energy resource.

mEnvironmental compatibility compared to 
conventional fuels. If the new fuel is more 
polluting then it will be unacceptable as 
fuel. 

mAdditional cost to the user in terms of 
routine maintenance, equipment wear and 
lubricating oil life. Excessive additional 
cost will have an adverse effect on the 
widespread acceptance of this fuel. 

2. Vegetable Oils as Engine Fuel

Dr. Rudolf Diesel invented the diesel engine to 
run on a host of fuels including coal dust 
suspended in water, heavy mineral oil, and, 
vegetable oils. Dr. Diesel's first engine 
experiments were catastrophic failures, but by 
the time he showed his engine at the World 
Exhibition in Paris in 1900, his engine was 
running on 100% peanut oil. Dr. Diesel was 
visionary. In 1911 he stated The diesel engine can be 
fed with vegetable oils and would help considerably in 
the development of agriculture of the countries, which 

1. Introduction

The world is presently confronted with the twin 
crises of fossil fuel depletion and environmental 
degradation. Indiscriminate extraction and 
lavish consumption of fossil fuels have led to 
reduction in underground-based carbon 
resources. The search for alternative fuels, which 
promise a harmonious correlation with 
sustainable development, energy conservation, 
efficiency and environmental preservation, has 
become highly pronounced in the present 
context.

The fuels of bio-origin can provide a feasible 
solution to this world wide petroleum crisis. 
Petrol and diesel driven automobiles are the 
major sources of green house gases (GHG) 
emission [1-3]. Scientists around the world have 
explored several alternative energy resources, 
which have the potential to quench the ever-
increasing energy thirst of today's population. 
Various bio-fuel energy resources explored 
include biomass, biogas [4], primary alcohols, 
vegetable oils, biodiesel, etc. 

The world reserves of primary energy and raw 
materials are obviously limited. According to an 
estimate, the reserves will last for 218 years for 
coal, 41 years for oil, and 63 years for natural gas, 
under a business-as-usual scenario [1,5-6].  The 
prices of crude oil keep rising and fluctuating on 
a daily basis. The crude oil prices are at near 
record levels and had  crossed US $ 141 per 
barrel. Import bills and energy security are the 
main reason behind the growing awareness and 
interest for unconventional bio-origin energy 
sources and fuels in various developing 
countries, which are striving hard to offset the oil 
monopoly.

BIOFUELS RESEARCH AT ENGINE RESEARCH LABORATORY

Avinash Kumar Agarwal Department of Mechanical Engineering
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produced from agriculture & plant resources. 
Biodiesel is an alternative fuel, which has a direct 
correlation with sustainable development, 
energy conservation, management, efficiency 
and environmental preservation. 

Transesterification is the reaction of a fat or oil 
with an alcohol to form esters and glycerol. 
Alcohol combines with the triglycerides to form 
glycerol and esters. A catalyst is usually used to 
improve the reaction rate and yield. Since the 
reaction is reversible, excess alcohol is required 
to shift the equilibrium to the product side. 
Among the alcohols that can be used in the 
transesterification process are methanol, 
ethanol, propanol, butanol and amyl alcohol [7]. 
Alkali-catalyzed transesterification is much 
faster than acid-catalyzed transesterification and 
is most often used commercially. 

The process of transesterification brings about 
drastic change in viscosity of vegetable oil. The 
biodiesel thus produced by this process is totally 
miscible with diesel oil in any proportion. 
Biodiesel viscosity comes very close to that of 
diesel hence no problems in the existing fuel

handling system. Flash point of the biodiesel gets 
lowered after esterification and the cetane 

use it. In 1912, Diesel said, The use of vegetable oils 
for engine fuels may seem insignificant today. But 
such oils may become in course of time as important as 
petroleum and the coal tar products of the present 
time.

3. Biodiesel as Engine Fuel

The best way to use vegetable oil as fuel is to 
convert it in to biodiesel. Biodiesel is the name of 
a clean burning mono-alkyl ester based 
oxygenated fuel made from natural, renewable 
sources such as new/used vegetable oils and 
animal fats. The resulting biodiesel is quite 
similar to conventional diesel fuel in its main 
characteristics. Biodiesel contains no petroleum, 
but it is compatible with conventional diesel and 
can be blended in any proportion with 
petroleum diesel to create a stable biodiesel 
blend. 

Vegetable oils have to undergo the process of 
transesterification to be usable in internal 
combustion engine. Biodiesel is the product of 
the process of transesterification. Biodiesel is 

biodegradable, non-toxic and essentially free 
from sulphur; it is renewable and can be 

 

                 O                            O 

CH2 –O—C—R1                                                          CH2  -- OH             R4–O—C—R1 

                O             O 

CH---O—C—R2        +    3 R4OH                             CH  -- OH      +      R4–O—C—R2 

               O             O 

CH2--O—C—R3                                                                         CH2 – OH              R4–O—C—R3 

(Triglyceride esters)           Alcohol                            Glycerol                      Esters 

R1,  R2,  R3,  R4 represent various alkyl group. 
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concentration for biodiesel blend with improved 
performance. Increase in exhaust temperature 
however lead to increased NO  emissions from x

the engine. While short term tests are almost 
positive, long term use of neat vegetable oils or 
their blend with diesel leads to various engine 
problems such as, injector coking, ring sticking, 
injector deposits etc. [10-11]. High viscosity, low 
volatility and a tendency for polymerization 
with in the cylinder to be at the root of many 
problems associated with direct use of these oils 
as fuels. The process of transesterification yield 
vegetable oil ester, which has shown promises as 
alternative diesel fuel because of improved 
volatility and reduced viscosity. 

4. Engine Emissions from Biodiesel 

Since biodiesel is free from sulphur hence less 
sulfate emissions & particulate reduction is 
reported in the exhaust. Due to near absence of 
sulphur in biodiesel, it helps reduce the problem 

n u m b e r  g e t s  i m p r o v e d .  E v e n  l o w e r  
concentrations of biodiesel act as cetane number 
improver. Calorific value of biodiesel is also 
found to be very close to diesel. Some typical 
observations from the engine tests suggested 
that the thermal efficiency of the engine 
generally improved, cooling losses & exhaust 
gas temperature increased, smoke opacity 
generally gets lowered for biodiesel blends. 
Possible reason may be additional lubricity 
properties of the biodiesel; hence reduced 
frictional losses (FHP). The energy thus saved 
increases thermal efficiency, cooling losses and 
exhaust losses from the engine. The thermal 
efficiency starts reducing after a certain 
concentration of biodiesel.  Flash point, density, 
pour point, cetane number, calorific value of 
biodiesel comes in very close range to that of 
mineral diesel oil [8-9]. 

Diesel engine can perform satisfactory for long 
run on biodiesel without any hardware 
modifications. 20% biodiesel is the optimum 

(Ref: www.epa.gov/otaq/models/biodsl.htm) 

Emission Type       B100  B20 

RReegguullaatteedd  

 Hydrocarbon      -93%  -30% 

 Carbon Monoxide     -50%  -20% 

 Particulate Matter     -30%  -22% 

 NOx       +13%  +2% 

Non-regulated 

 Sulfates       -100%  -20% 

 PAH (Polycyclic Aromatic Hydrocarbons)   -80%  -13% 

 Ozone potential of speciated HC    -50%  -10% 

Table 1: Biodiesel Emissions Compared to Conventional Diesel 
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5. Economic Feasibility and other 
issues with Biofuels

Economical feasibility of biodiesel depends on 
the price of the crude petroleum and the cost of 
transporting diesel long distances to remote 
markets. It is certain that the cost of crude 
petroleum is bound to increase due to increase in 
its demand and limited supply. Further, the 
strict regulations on the aromatics and sulphur 
contents in diesel fuels will result in higher cost 
of production of diesel fuels. The cost of 
producing methyl or ethyl esters from edible oils 
is currently much more expensive than 
hydrocarbon-based diesel fuels. Due to the 
relatively high costs of vegetable oils (about 1.5 
to two times the cost of diesel), methyl esters 
produced from it cannot compete economically 
with hydrocarbon-based diesel fuels unless 
granted protection from the considerable tax 
levies applied to the latter. In the absence of tax 
relief, there is a need to explore alternate 
feedstock for the production of biodiesel.

The cost of biodiesel can be reduced if we 
consider non-edible oils and used-frying oils 
instead of edible oils. Non-edible oils such as 
mahua, karanja, babassu, Jatropha, neem etc. are 
easily available in many parts of the world, and 
are cheaper compared to edible oils. Most of 
these non-edible oils are not used to their 
potential and in fact produced in surplus 
quantities.

With the mushrooming of fast food centers and 
restaurants in the world, it is expected that 
considerable amounts of used-frying oil will be 
discarded. This oil can be used for making 
biodiesel, thus helping reduce the cost of water 
treatment in the sewerage system and in the 
recycling of resources. 

The problem regarding production is that the 
world already has little land to spare for growing 
food, let alone bioenergy crop [12]. Even with the 
strategy to focus more on non-grain oil crops 

of acid rain due to transportation fuels. The lack 
of aromatic hydrocarbon (benzene, toluene etc.) 
in biodiesel reduces unregulated emissions as 
well like ketone, benzene etc.

Breathing particulate has been found to be 
hazard for human health, especially in terms of 
respiratory system problem. Biodiesel is 
oxygenated fuel (hence more complete 
combustion) and causes lesser particulate matter 
formation and emission. Smoke opacity is a 
direct measure of smoke & soot. Various studies 
show that smoke opacity for biodiesel is 
generally lower [8-9]. Several experimental 
investigations are performed on 4-stroke DI 
diesel engine with vegetable oil methyl esters & 
found that hydrocarbon emissions are much 
lower in case of biodiesel compared to diesel. 
This is also due to the oxygenated nature of 
biodiesel fuel where more oxygen is available to 
burn hydrocarbons and reduces hydrocarbon 
emissions in the exhaust [11].

CO is a toxic combustion product resulting due 
to incomplete combustion of hydrocarbons. In 
presence of sufficient oxygen, CO is converted 
into CO . Biodiesel is an oxygenated fuel and 2

results in more complete combustion, hence CO 
emissions reduces in the exhaust. 

Biodiesel use also shows reduction in PAH’s, 
which are  identified as carcinogen compound, 
so it reduces health risk also.  A 1998 biodiesel 
life cycle study, jointly sponsored by the US 
department of energy and the US department of 
agriculture  concluded that biodiesel reduces net 
CO  emissions by 78% compared to petroleum 2

diesel. This is due to biodiesel's closed carbon 
cycle. The CO  released into atmosphere, when 2

biodiesel is burned is recycled by growing 
plants, which are later reprocessed into fuel.  

Hence biodiesel also helps mitigate global 
warming. Peterson et al. also reported that CO  2

emissions are significantly lower with biodiesel 
[10].
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3). The results of the project were very 
encouraging and this project will prove to be a 
milestone in commercializing biofuels in the 
country. 
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field on the cathode side and the oxygen in the air 
combines with the electrons and protons at the 
platinum catalyst sites to form water governed 
by the reaction 

                   
 The two electrochemical reactions are combined 
to form an overall cell reaction as

                              
Development of DMFC entails four key technical 
challenges to be overcome: (1) low rate of 
methanol oxidation kinetics on the anode, (2) 
methanol crossover through the polymer 
membrane, (3) innovative water management, 
and (4) heat management. Due to slow anode 
kinetics of methanol oxidation, the power 
developed in fuel cells has been small. The 
common catalyst for DMFC has been Pt-Ru alloy 
and most of the work reported has been focused 
on the anodic oxidation of methanol and the 
effect of different anodic catalyst structures of Pt-
Ru investigated. Methanol crossover occurs due 
to the inability of the commonly used 
perfluorosulfonic acid (PFSA) membrane to 
prevent methanol from permeating through the 
polymer structure. Diffusion and electro-
osmotic drag are the principal driving forces for 
methanol to transport through the polymer 
membrane and eventually react with platinum 
catalyst sites on the cathode, leading to a mixed 
potential on the cathode. This causes a decrease 
in cell voltage and fuel efficiency, this way 
lowering the energy density. Methanol 
crossover rate is inversely proportional to 
membrane thickness at a given cell current 
density, cell temperature and methanol feed 

1. Introduction

In view of the environmental warming and 
current stage of pollution, electrochemical 
energy production is regarded as an alternative 
because it is more sustainable and more 
environmental friendly. Systems for this consist 
of batteries, fuel cells and electrochemical 
capacitors and there are similarities between 
these. The common feature between them is that 
the energy providing processes take place at the 
phase boundary of the electrode/electrolyte 
interface and the electron and ion transport are 
separated by a membrane. There are different 
types (based on the electrolytes used) of fuel cells 
(see Table1) and different reactions at electrode 
are summarized in Figure 1. A Direct Methanol 
Fuel Cell (DMFC, shown schematically in Figure 
2) generates electricity based on the oxidation of 
methanol and reduction of oxygen. Its operating 
principle consists of an aqueous methanol 
solution of low molarity acting as the reducing 
agent that traverses the anode flow field. Once 
inside the flow channel, the aqueous solution 
diffuses through the backing layer which is 
made of carbon cloth or carbon paper. The 
backing layer collects the current generated by 
the oxidation of aqueous methanol and 
transports laterally to a lead in the current 
collector plate. The normal catalyst is platinum-
ruthenium for the anode and the reaction 
occurring is 

       

The carbon dioxide generated from the oxidation 
reaction emerges at the backing layer of the 
anode as bubbles which travel with the flowing 
aqueous methanol solution. Air is fed to the flow 

DIRECT METHANOL FUEL CELLS

 
3 2 2CH OH H O CO 6H 6e+ -+®++

 3
2 2 2O 6 H 6 e 3 H O+ -+ +®

 3
23 2 2 2CH OH O CO 2H O+®+
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A large amount water is adsorbed by the 
membrane and its water-swollen morphology is 
described  by a  model  of  ionic  clusters( called 
Gierke model) that are  approximately  spherical  
in  shape  with  an  inverted  micellar  structure.  
In  order  to  explain  high  ionic  permselectivity  
and  percolation  pathway  for  ionic  transport,  
the  spherical  ionic  clusters have been proposed  
to  be  interconnected  by  narrow  channels. 
Currently, Nafion solutions are also available 
commercially  and  these  are now  used  in 
casting  thin  membranes  for  fuel  cells  
applications. The  properties  and  performance  
of  Nafion  membranes  are  directly  related  to  
their  complex  morphology  and  the  super  
molecular  organization  of  ionic  and  
crystalline  domains and may  be  altered  by  the  
processing  history.  

For all fuel cell applications, necessary 
properties giving its high performance of proton 
exchange membranes are (1) high protonic 
conductivity, (2) low electronic conductivity, (3) 
low permeability to fuel and oxidant, (4) low 
water transport through diffusion and 
electroosmosis, (5) oxidative and hydrolytic 
stability, (6) good mechanical properties both in 
the dry and hydrated states, (7) cost and (8) 
capability for fabrication into membrane 
electrode assembly (MEA).  Nearly all existing 
materials used for membrane preparations rely 
on absorbed water and its interaction with acid 
groups to produce protonic conductivity.  Due 
to large amount of absorbed water in the 
membrane, both mechanical properties and 
water transport become the most important 
properties. For the fuel cell applications, new 
membranes that have significantly reduced 
methanol permeability and water transport 
(through diffusion and electro osmotic drag) are 
required. The unreacted methanol at anode can 
diffuse through the membrane and react at the 
cathode, and is known to lower the systems fuel 
efficiency.

Aromatic polymers are easily sulfonated using 

concentrations (particularly for values of 
methanol more than 2M). The cathode potential 
is influenced by the mixed potential 
phenomenon due to simultaneous methanol 
oxidation and oxygen reduction as well as 
poisoning of Pt catalysts at cathode. 

Water management emerges as a new significant 
challenge for portable DMFC systems. For each 
mole of methanol, 1 mol of water is needed for 
methanol oxidation at the anode and 2.5 x 6 mol 
of water is dragged through a thick membrane 
such as Nafion 117 toward the cathode 
(assuming that the electro-osmotic drag 
coefficient of water is equal to 2.5 per proton). 
This then causes 16 water molecules lost from the 
anode for every mole of methanol. Methanol and 
this water therefore must be replenished. Inside 
the cathode, there are 15 water molecules 
transported from the anode and additionally 3 
water molecules produced by consuming six 
protons generated from oxidation of one 
methanol. Thermal management in a DMFC is 
intimately tied to the water and methanol-
transport processes. In a 20 W DMFC system, 60-
80 W of waste heat is produced which is typically 
removed from DMFC by liquid fuel on the anode 
side and water evaporation on the cathode side. 
The latter also determines the amount of water 
loss from a DMFC and the load of water recovery 
by an external condenser. Therefore, a higher cell 
temperature promotes the methanol oxidation 
reaction, is not feasible if water evaporation is 
very high. Moreover, when the fuel cell is 
operated at high temperature, the methanol 
crossover rate increases and in this way reduces 
the fuel efficiency and system energy density.

2. Nafion as Proton Exchange 
Membranes

Information accumulated in the literature, 
explaining the unique membrane property of 
nafion (currently marketed by DuPont USA) 
suggests the following two-phase morphology.  
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(reacting with dichloroethane and then 
quaternizing with imidazole) on it, this way 
lowering the internal resistance. The MWCO for 
the unmodified, aminated and quarternized 
membranes were observed to be 12000, 18000 
and 22000 Dalton which corresponds to average 
pore diameters of 16, 20 and 24 nm, respectively 
(size found from the relation  of diameter of 
gyration and molecular weight) establishes that 
it is an ultrafiltration membrane.  

3. Computational Fuel Cell Dynamics 
(CFCD)

CFCD is envisioned to consist of (1) 
physicochemical model development, (2) 
advanced numerical algorithms, (3) materials 
characterization, and (4) model validation at 
detailed levels. A fundamental fuel cell model 
consists of five principles of conservation: mass, 
momentum, species, charge, and thermal 
energy. These transport equations are then 
coupled with electrochemical processes through 
source terms to describe reaction kinetics and 
electro osmotic drag in the polymer electrolyte. 
Main source terms prevailing in most transport 
equation for a fuel cell model are due to 
electrochemical reactions occurring in the 
electrode comprised of three phases; electronic, 
electrolyte and fuel.  Electrochemical reactions 
occur at the triple phase boundary and the 
volumetric production rate of species k due to 
electrochemical reaction occurring at the triple-
phase boundary is given by Faraday's law with 
the volumetric transfer current due to the 
chemical reaction.The convective diffusion 
equation with a source term can be solved by 
CFD algorithms in general. Since fuel cells 
feature an aspect ratio of the order of 100, the 
upwind scheme for the flow-field solution is 
applicable and proves to be very effective. 
Unstructured meshes are commonly employed 
in commercial CFD codes.

A numerical problem unique to fuel cells is the 

concentrated sulfuric acid, fuming sulfonic acid, 
Chlorosulphonic acid or sulfur tri oxide (or its 
complexes). Post modification reactions are 
usually restricted due to their lack of precise 
control over the degree and location of 
functionalization.  The PEM synthesis by this 
method has received considerable attention and 
is the basis of commercial Victrex polyether- 
ether ketone membranes.  There is also a need to 
develop a mild sulfonation procedure 
particularly for commercially available 
bisphenol A  based poly ether-ether sulfone 
membranes.  Strong sulfonating agents 
normally give inhomogeneous reaction that 
could be stabilized by a small amount of 
dimethyl formamide.   The acid also produces 
undesirable chain cleavage during sulfonation 
and studies have been shown that on use of weak 
sulfonating agent, the degree of sulfonation 
reduces after 74% sulfonation. In view of the 
several drawbacks of post modification 
methods, a desire for direct copolymerization of 
sulfonated monomers exists and in this regard, 
3,3` disulfonated 4,4` dichloro diphenyl sulfone 
and its sodium salts have been prepared. The 
copolymerization has been carried out using 
anionic polymerization techniques and the 
formed polymer displays a hydrophilic/ 
hydrophobic phase separated morphology that 
varies depending on degree of disulfonation.  In 
a similar way, the proton exchange membrane 
based on polyamides and polyphosphazene 
have been prepared.

At IITK, a crosslinked ultrafiltration polystyrene 
and Polymethyl methacrylate cation exchange 
composite  membrane (on a modified 
microporous ceramic support which has bonded 
ionic liquid) have been prepared. For doing this, 
we have used a dual initiator system (Benzoyl 
peroxide, Azobisisobutyronitrile and Dimethyl 
aniline) and the membrane, thus formed, has 
been subsequently chemically modified 
(introducing NO  group and then reducing it to 2

NH  group by hydrazine hydrate). These amine 2

groups were used to bond an ionic liquid 
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entire tube has been divided into two regions in 
which region I is that portion of the tube where 
the wall charge effect is limited near the wall 
alone. In the second region, electrical double 
layer in the radial direction develops fully and 
separation is affected by the fixed charges on the 
wall. The space charge model uses Nernst-
Planck equation giving the flux of ions, Navier-
Stokes equation governing the fluid dynamics 
(bulk velocity/volume flow) and Poisson-
Boltzmann equation relating the distribution of 
electrical potential and the concentration profile 
of solutes. 

Here, in order to keep the analysis simple, 
symmetric electrolyte is assumed and the system 
of governing equations represents a set of 
coupled nonlinear differential equation to be 
solved simultaneously. In line with the analysis 
presented by Osterle, pressure term is neglected 
and we are left with two equations to describe 
the mode of electro dialysis in charged 
ultrafiltration membranes. We now consider the 
algorithm for the solution of space charge model 
equations in a form that is suitable for the 
analysis of electro dialysis experimental data on 
the separation of ionic solutes by modified 
polystyrene composite membranes. The 
available experimental data include current 

*
density (I ), concentration (c ) and the solute flux II

*(Js ). The algorithm starts with the input of the 
* *experimental data (Js , I and c ). A value of wall II

potential (or charge) is assumed and for each of 
the experimental reading (c ), a surface II

concentration (c ) is determined by trial and error I

along with the solution of Poisson-Boltzmann 
equation giving L1 to L4. If the calculated value 

*of Js  is not sufficiently close to the experimental 
value of solute flux, a new value of the c  is I

*assumed till the calculated value of Js  is within 
the tolerance limit of the experimental results. 
Once c  has been determined, the current density I

*(I ) is calculated for each set of the theo

experimental data. The parameter S, defined as 
the absolute value of the difference in the 

*experimental value of current I exp, and 

strong coupling between the potentials for the 
electronic and electrolyte phases. The two 
potential equations are dependent on each other 
through the reaction current, where the surface 
overpotential appears in the exponential terms 
of Butler-Volmer kinetics. Advanced iterative 
algorithms are required in order to ensure 
efficient and converging solutions. Wu et al. 
presented a set of modern numerical algorithms 
to efficiently solve the two strongly coupled 
potential equations. A Krylov iterative solver 
with the generalized minimal residual 
subroutine (GMRES), was used instead of the 
direct solver (Gauss elimination) to improve 
solution efficiency of the large, nonsymmetric 
Jacobian system. In addition, a nonlinear Gauss- 
Seidel method provided the initial guess for the 
Newton iteration, and the GMRES solver was 
preconditioned with a block Gauss-Seidel and 
multigrid algorithm. Roughly 300 iterations are 
needed for a typical case run, requiring about 1.5 
h of computational time using 10 CPUs. 

Using the special membrane developed at IITK, 
it has been possible to run fuel cells and the work 
is still in progress. We have also been able to run 
electrodialysis experiments with these 
membranes to characterize them and to 
determine the pore diameter and the wall 
potential, solve two-dimensional equations. The 
entire electro dialysis system has been 
represented by two reservoirs separated by 
cylindrical tubes. The membrane itself is 
considered as composed of a collection of long, 
narrow cylindrical capillaries of length l* and 
diameter a with l* >> a. A cylindrical coordinate 
system (r, è, x), with x being positive in the 
direction of decreasing solute concentration is 
considered. In the initial region, the ions of the 
solute gather around the charged wall in the 
shape of an electrical double layer. It can be 
shown that the potential distribution in this 
region is sharp (by solving Poisson Boltzmann 
equation). From this, it can be concluded that 
most of the portion in the radial direction of the 
conduit is unaffected by the wall potential. The 
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theoretical value, [S= abs ( - )] is theo exp

determined. This exercise is repeated for 
different values of wall potential till a minimum 
value of the error is obtained and is taken as the 
effective wall potential and the diameter of the 
pores. The performance of the membrane has 
been evaluated in terms of current efficiency and 
energy consumption for the sodium hydroxide 
production. The current efficiency is a measure 
of the fraction of current carried by chloride ions 
through the anion exchange membrane. 

*For a given efficiency and the solute flux Js  we 
observe that on reducing ø  from some high w

value there is a critical value of pore diameter (a) 
at which the parameter S undergoes a minima 
and we run an optimization program to 
determine this value. We consequently 
determined this minimum for different values of 
pore diameter and we once again find that on 
variation of pore diameter a, there was an 
absolute minima. It was thus possible to 
determine an absolute minima which is found to 
be a=0.4 nm, =82.0 mV. We observe a fall in the 

efficiency and the optimal diameter and wall 
potential were determined at 30 minutes 
(current efficiency 95.6%), 60 minutes (current 
efficiency 93%), 90 minutes (current efficiency 
91%), 120 minutes (current efficiency 88%) and  
150 minutes (current efficiency 86%) of electro 
dialysis.  The optimization results clearly 
indicate that the pore diameter and wall 
potential are unchanged suggesting the capillary 
to be rigid in nature. Since the characteristic 
distances are small, there is a possibility that 
continuum models may not be applicable and is 
likely that models based on molecular dynamics 
should be used.

Summary

During the past two decades, due to higher 
power requirements, high levels of interests in 
fuel cells have been shown in the literature as 
well as industry and an effort to develop bigger 

* * *I I Itheo

øw

Figure 1: Different reactions and processes occurring in 
various Fuel cell systems 

Figure 2. Schematic diagram of polyelectrolyte membrane 
fuel cell (PEMFC). The fuel cell stacks operate at 30-180 0C 
with 30-60% efficiency. Fuel options include pure H2, 
methanol, natural gas and gasoline.
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Table 1: Different types of Fuel Cells existing in literature
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fuel cells have been shown in the literature as 
well as industry and an effort to develop bigger 
and more efficient fuel cells have been on the rise. 
The core of this technology is the polymer 
membrane that conducts proton but separates 
the fuel from oxidants. All fuel cells require 

electro catalysts involving noble metals and 
there is need to replace them with cheaper and 
more efficient catalysts. Lastly, the importance of 
mathematical models of engineering cannot be 
underscored and the work in this area is at the 
beginning stage.

Fuel Cell  Operating Conditions 

Alkaline FC (AFC) Operates at room temp. to 80 0C 

Apollo fuel cell 

Proton Exchange  

Membrane FC (PEMFC) 

Operates best at 60-90 0C 

Hydrogen fuel 

Originally developed by GE for space 

Phosphoric Acid FC (PAFC) Operates best at ~200 0C 

Hydrogen fuel 

Stationary energy storage device  

Molten Carbonate FC 

(MCFC) 

Operates best at 550 0C 

Nickel catalysts, ceramic separator membrane 

Hydrocarbon fuels reformed in situ 

Solid Oxide FC (SOFC) Operates at 900 0C 

Conducting ceramic oxide electrodes 

Hydrocarbon fuels reformed in situ 

Direct Methanol Fuel Cell  

(DMFC) 

Operates best at 60-90 0C 

Methanol Fuel 

For portable electronic devices 

 



integrity of the host formation. The gas thus 
recovered from the site can be liquefied and 
transported to gas turbine installations for 
power generation. Alternatively, power can be 
generated at the site using newer technologies 
such as fuel cells. Many of these decisions will 
depend on economic factors prevailing at the 
time, but the need to anticipate all possible 
scenarios cannot be over-emphasized. 

The volume of CO  emissions from gas hydrates 2

has been estimated to be quite large. From an 
environmental viewpoint (specifically, global 
warming), it would violate international 
agreements, such as the Kyoto protocol, and a 
remedial action would be called for. A 
suggestion being vigorously pursued 
internationally is the process of carbon 
sequestration, wherein the products of 
combustion (essentially CO ) are pumped back 2

into the gas hydrates formation. This step has the 
added advantage of providing structural 
support to the land mass. The technological 
feasibility of such an idea is far from being fully 
ascertained.

In an academic context, activities that can be 
planned include forward modeling of chemical 
instability and gas recovery, combustion 
processes and performance evaluation of 
engineering systems. The connection between 
laboratory-scale measurements and field scale 
performance, called scale-up, must be 
established.  A host of other activities such as 

1. Introduction

Organizations including Directorate of 
Hydrocarbons, New Delhi, ONGC, Dehradun, 
GAIL New Delhi, and NGRI, Hyderabad have 
established the presence of gas hydrates under 
the ocean bed of the Indian peninsula. 
Significant amount of free gas has been detected 
below the hydrate-rich formation. The estimated 
quantity is large enough to support the energy 
security of the country for the next 200 years. In 
general terms, gas hydrates, essentially a 
methane source, have been located around the 
world in significantly large quantities. Thus, the 
availability of a new energy source can be taken 
to be practically proven. The next step in this 
direction is to work out technologies of 
extracting the energy bearing material in a stable 
and cost-effective manner, and create devices to 
convert the available chemical energy into useful 
work. The related question of environmental 
impact is also a significant topic of research.

Technology development for the utilization of 
gas hydrates (and more generally, resources 
under the ocean) calls for an intensive, yet 
coordinated and multi-disciplinary research. It 
requires an understanding of natural 
phenomena on one hand, and development and 
design of engineering systems on the other. 
Issues to be addressed include physico-chemical 
hydrodynamics of flow of methane in natural 
formations, energy exchanges with the host rock, 
chemical reactions and changes in the structural 

EXPLOITATION OF GAS HYDRATES AS AN ENERGY RESOURCE

K. Muralidhar and A.K. Saha Department of Mechanical Engineering

World-wide, energy generation technologies such as gas turbines and fuel cells have anticipated a migration 
towards gaseous fuels. While gas reservoirs of any significance are yet to be found within the country, the prospect 
of the availability of gas hydrates along the coasts has become a reality. Consequently, technologies from extraction 
of gas hydrates, all the way to energy conversion in usable form need to be re-visited and developed in the national 
context.
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concentrations. Many gases such as carbon 
dioxide, hydrogen sulfide, and several low-
carbon-number hydrocarbons have molecular 
sizes suitable to form a compound-hydrate 
under favorable conditions, but most marine gas 
hydrates that are of value as a source of energy 
are methane hydrates. This promising resource 
has been found along coastal India and can be an 
alternative to gasoline, a high cost fuel.  

There are various issues concerning gas hydrates 
among which some have negative effects, as 
shown in Figure 2. They lead to potentially 
hazardous flow assurance problems in offshore 

hydrocarbon dri l l ing and production 
operations. Additionally, there is increasing 
awareness of the relationship between hydrates 
and undersea slope stability (of which Tsunami 
is a consequence). The potential dangers posed 
to deepwater drilling installations, pipelines and 
undersea cables, and long-term considerations 
with respect to hydrate stability, methane (a 

parameter estimation and data retrieval from 
field measurements are involved. It is an 
opportunity to conduct a wide variety of 
experiments on fundamental as well as applied 
aspects of gas recovery, power generation, and 
management of the environment.

2. What are Gas Hydrates

Gas hydrate is a crystalline solid, the structure of 
which consists of a gas molecule surrounded by 
a cage of water molecules. The hydrate is in solid 
form at low temperature and high pressure. Gas 

hydrate is naturally formed in deep sea 
sediments where the pressure and temperature 
conditions are conducive for its formation and 
stability (Figure 1). It is also available in 
permafrost areas in many places, Lake Baikal in 
Russia, for example. Gas hydrates resemble solid 
ice, which contain natural gases, carbon dioxide, 
oxygen, nitrogen, and rare gases at high 

Figure 1. Occurrence of gas hydrates at the ocean floor. 
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3. Methane Recovery

Methane can be recovered from gas hydrates by 
modifying the chemical equilibrium conditions 
(Figure 3). Three methods proposed are 
depressurization, inhibitor injection and thermal 

stimulation. Cost considerations as well as 
environmental protection dictate the choice of 
the recovery method. In the depressurization 
technique, the reservoir pressure is reduced 
below the three-phase equilibrium point. The 
composite hydrate molecule containing H O and 2

CH  dissociates by absorbing thermal energy 4

from its surroundings. This step leads to a 
reduction in the reservoir temperature. Locally, a 
new equilibrium condition is achieved at a lower 
pressure and lower temperature but a certain 
amount of gas is released. The process is 

potent greenhouse gas) release, and global 
climate change are currently being discussed. In 
the last few years, government agencies in USA, 
Canada, Russia, Japan, and South Korea have 
begun to develop hydrate research programs to 
recover gas from oceanic hydrates. 

In spite of the above drawbacks, the importance 
of gas hydrates is immense. Among other 
possibilities, gas hydrate reservoirs can 
additionally act as natural gas and cold thermal 
energy storage units. The storage capacity for gas 
in the form of hydrates is considerable. For 
natural gas, it yields a benefit of approximately 
150 times the storage capacity of compressed 
gas. The large storage potential of gas hydrates 
makes it attractive for storing and transportation 
of natural gas, being an alternative to 
liquefaction and compression.
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Figure 2. Engineering, environment, and safety issues involved in gas hydrates recovery. 
(Courtesy: Centre for Gas Hydrate Research, Institute of Petroleum Engineering, Edinburgh, UK).

Danger to coastal cities



Figure 3. Phase equilibrium line that shows the stability boundary on the pressure-temperature plane. 
The region below the solid line indicates gas separated from the water cage.

Figure 4. (a) Schematic representation of gas production from a hydrate reservoir with underlying free gas 
(b) Schematic diagram demonstrating the pressure and temperature regimes for the decomposition of 
hydrates in the depressurization technique. (Poolandi-Darvish, 2004)

(a)

(b)
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reactions, and combustion in the subsurface. The 
fact that the pore structure of the reservoir is 
nowhere close to homogeneous is a point of 
concern. Data shows that pores display length 
scales over several orders of magnitude, calling 
for multi-scale modeling of the transport process 
in a stochastic framework.

The success of modeling via a system of 
differential equations depends largely on the 
process parameters prescribed. Some of them 
include the permeability and dispersion tensors, 
interfacial transport coefficients, constitutive 
relations for capillary effects, and rates of 
reaction. Research on exploitation of gas 
hydrates is new. Accordingly, the list of 
parameters (and parametric functions) that will 
appear in the mathematical formulation is as yet 
incomplete. The expected values of these 
parameters must be determined from laboratory 
experiments. One strategy that can be used is to 
make gas hydrates on the laboratory scale and 
perform with it a recovery experiment. The 
transport parameters can be obtained from a 
series of dedicated experiments. Laboratory 
scale experiments can also be used to validate 
mathematical models of gas recovery.

Closure

Exploitation of gas hydrates from its natural 
environ has challenges that go beyond the 
technical. In this context, the academic 
community is ideally placed to examine and 
develop basic understanding of a complex 
system. 
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4. Research Directions

The question of the choice of the exploitation 
technique for gas recovery from hydrates calls 
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distributions of pressure and temperature. The 
resulting model will involve multi-component, 
multiphase fluid flow, heat transfer, chemical 
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Figure 5. Schematic drawing of the effect of 
chemical inhibitor on the stability curve. The 
movement of the stability boundary upwards 
shows that gas release is possible under a 
broader set of pressures and temperatures.
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weight ratio compared to reciprocating engines. 

2.   Gas turbine engines are smaller than their 
reciprocating counterparts of the same power. 

3. Emissions from the gas turbines are quite 
small compared to conventional power 
generation systems. A comparison of CO  and 2

NO  produced by different power generation x

systems are shown in Figures 3 (a) and 3 (b) 
respectively.  The reason for the low levels of 
emissions is related to the special design and 
operation of gas turbine combustors.

The main disadvantage of gas turbines is that, 
compared to a reciprocating engine of the same 
size, they are expensive. Because they spin at 
such high speeds and because of the high 
operating temperatures, designing and 
manufacturing gas turbines is a tough problem 
from both the engineering and materials 
standpoint. Gas turbines also tend to use more 
fuel when they are idling, and they prefer a 
constant rather than a fluctuating load. 

Turbines are perhaps the most efficient fluid 
devices known to mankind to extract useful 
energy or power from a flowing fluid. Therefore, 
they are widely used in power generation. There 
are many different kinds of turbines such as 
steam turbines, water turbines, wind turbines 
and gas turbines. In a gas turbine, a pressurized, 
high temperature gas spins the turbine. Gas 
turbine engines are, theoretically, extremely 
simple. In a gas turbine engine, air is sucked in 
from the right by the compressor, as shown in 
Figure 1. As the air is forced through the 
compression stage i ts  pressure  r ises  
significantly. In some engines, the pressure of the 
air can rise by a factor of 30. This high-pressure 
air then enters the combustion area, where a ring 
of fuel injectors inject a steady stream of fuel, as 
shown in Figure 2. The fuel is generally kerosene, 
jet fuel, propane or natural gas. The fuel mixes 
and burns with the incoming air and the hot 
gases are expanded through the turbine to 
extract power.

The main advantages of a gas turbine engine 
compared to traditional systems are:

1.   Gas turbine engines have a great power-to

Gas Turbine Combustion and Power GenerationGAS TURBINE COMBUSTION AND POWER GENERATION

A. Kushari  Department of Aerospace  Engineering

Figure 1. Schematic of a gas turbine engine

Figure 2. A can type combustor
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designed perforated combustor in which the air 
is added in stages. In the first stage, called 
primary zone, 20% of total air is added, and the 
remaining air is added in the secondary zone and 
dilution zone to create the desired temperature 
field at the exit of the combustor. The large 
amount of dilution air reduces the temperature 

The amount of air flowing through a gas turbine 
engine is of the order of 100 kg/s that move at 
hundreds of miles per hour. The ratio of fuel and 
air is much less than the flammability and 
ignition limits of the fuel. In order to keep the 
flame burning under this environment, the 
combustion is carried out inside the specially 

Figure 3. Comparison of emissions from different power generation systems burning fossil fuels

Figure 4. Experimental setup to study the effect of inlet disturbance on bluff body stabilized flame

(a) (b)
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Figure 5. Variation of pressure fluctuations and phase angle with pipe length

Figure 6. Variation of dominant oscillation frequency with pipe length
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vortices, turbulence and heat addition, which 
can be further worsened due to inherent 
instabilities in the incoming air flow. In order to 
study the effect of inlet disturbances on a bluff 
body stabilized diffusion flame, an experimental 
combustor shown in Fig. 4, with tunable inlet to 
create weak acoustic disturbances has been 
designed and developed and the dynamics of the 
combustion process burning a controlled 
mixture of LPG and air is studied by measuring 
the pressure and heat release oscillations. The 
results of this study show there are periodic 
oscillations in both the heat release rate and the 

of the burnt gases, thus, reducing the amount of 
NO  produced in the process. Furthermore, since x

the main propellant in this case is air, the amount 
of  CO  is also much less per unit volume 2

compared to other systems.

To establish the diffusion flame inside the 
combustor, the combustion is either carried out 
in the wake of a bluff body or the incoming air in 
the primary zone is supplied through a swirler to 
create a recirculating flow. However, both these 
methods may introduce instabilities in the 
process due to the complex interaction of 
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pressure and the heat release leads the pressure 
oscillations, suggesting that the overall 
dynamics of the combustion process is governed 
by the diffusion and mixing of the fuel and air, 
which is dominated by the fluid mechanics, 
followed by rapid heat release and the 
corresponding pressure rise due to exo-
thermicity. Furthermore, an increase in the 
overall pressure fluctuation level was noticed 
with the decrease in the inlet length, as seen in 
Figure 5, which is due to the decrease in the 
phase angle (Figure 5) between the heat release 
and pressure oscillations resulting in less 
damping of the pressure oscillations by heat 
release fluctuations. The increase in pressure 
oscillations with the decrease in inlet length is 
also accompanied by an increase in the 
frequency of oscillations, as seen in Figure 6. The 
dominant frequency of oscillation is in the range 
of 20-40 Hz, which is orders of magnitude less 
than the acoustic frequency of the chamber, but 
corresponds to the frequency of vortex shedding 
from the tip of the flame stabilizer. Therefore, it 
can be concluded that the combustion 
oscillations in a bluff body stabilized diffusion 
flame under the given operating conditions is 
primarily governed by the mixing process, 
which is expected to scale as the large scale 

Figure 7. The low aspect ratio dump combustor 

Figure 8. Vortex formation inside the dump combustor 

Figure 9. Flame images inside the combustor at different time steps 
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coherent structures produced by the vortex 
shedding primarily responsible for mixing of the 
air and fuel.

In order to understand the dynamics of the 
recirculating flow inside a dump combustor and 
its effect of the combustion process, another set 
of experiments were carried out in a specially 
designed low aspect ratio dump combustor 
(Figure 7), where two recirculating vortices are 
established due to the flow separation at the 
dump plane and the flow reversal from the exit 
plane (Figure 8). Detailed flow visualization 
studies showed that the first vortex reaches a 
steady state, where as the second one shows a 
periodic behavior (periodic growth and decay). 
The frequency of periodicity of the second vortex 
was estimated through image processing as well 
as the pressure measurement and was found to 
be in the range of 0.2- 0.3 Hz. Next, LPG was 

Figure 10. Turbulence intensity inside the combustor

Figure 11. Spray produced by a twin fluid swirl atomizer
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supplied in regulated amount into the 
combustor and the mixture was ignited using a 
spark plug. A periodic combustion process was 
observed inside the chamber, as seen in Figure 9, 
at a frequency of about 0.45 Hz. This indicates 
that the combustion is primarily inside the 
second unstable vortex. In order to understand 
the process responsible for this, the turbulence 
intensity inside the combustor was measured 
using hot wire anemometer and the results show 
a marked increase in the high frequency (smaller 
length and time scale) oscillations inside the 
combustor due to the recirculation, as shown in 
Figure 10. This observation suggests energy 
cascading from the larger scales to the smaller 
scales due to the recirculation, which improves 
the molecular level mixing and hence enhances 
the combustion process. The fuel and air is 

believed to be trapped inside the vortex structure 
till the combustion is complete. Therefore, it can 
be argued that one of the reasons for higher 
efficiency of gas turbine combustors (98%) is the 
trapped vortex combustion due to the 
recirculating flow. 

Most of the gas turbine engines use liquid fuel 
due to their easy storage and transportation as 
well as relatively higher heating values. 
However, spray combustion has some unique 
problems, which needs to be addressed for 
optimum performance of an engine. Non-
symmetrical spray flames and hot streaks can 
cause serious damage to the combustor liner and 
can produce skewed pattern factor which can be 
detrimental for the turbine. The flame location, 
shape, temperature and emission levels depend 
on the spray characteristics produced by the fuel 

Figure 12.  Performance maps of the twin-fluid swirl atomizer

(a) (b)

(c) (d)
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injector that atomize the liquid fuel into 
multitude of droplets for their easy evaporation 
and burning. Keeping in mind the growing 
emphasis on the use of alternative fuels in power 
generation, it is important to be able to atomize 
various types of fuels using the same atomizer so 
that a flexi-fuel power generation system can be 
devised. In order to achieve that goal, their must 
be a way to control the characteristics of the 
spray, e.g., spray shape, spray pattern, droplet 
size as well as the breaking distance. Such an 
atomizer has been developed at IIT Kanpur, 
which uses compressed air to energize the liquid 
flow and swirls the two-phase flow to initiate 
atomization. The same atomizer can be used to 
produce both a hollow cone as well as a solid 
cone spray be varying the liquid and air supply 
pressure as shown in Figure 11. The spray cone 
angle, spray solidity, droplet size and the 
breaking distance can be controlled over a wide 
range of liquid flow rates as shown in Figures 12 
(a)  (d). This novel atomizer can find application 
in power generation as well as in other process 
industries in which controlled spray generation 
is required.
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ignition. In the case of diesel pilot ignition, a 
small diesel jet is introduced into the compressed 
gas mixture at proper timing which auto ignites 
due to the high pressure and temperature 
environment. As a consequence, this pilot flame 
leads to combustion of the main gas fuel. 
Another way is to use the discharge between two 
or more electrodes of a spark plug. Such a 
breakdown could be achieved by a DC as well as 
by an AC electrical field. 

Laser is an alternative ignition source for 
engines. Short laser pulses of several 
nanoseconds duration, delivered by a Q-
switched laser, are focused by a proper lens 
system inside the combustible mixture. If the 
peak intensity in the focal region overcomes 
certain threshold intensity, breakdown occurs 
leading to formation of a plasma spark whose 
size depends on the numerical aperture (NA) of 
the focused beam as shown in figure 1. If the 
energy content of the spark is high enough, the 

Internal combustion engine play a dominant role 
in transportation and energy production. As a 
matter of fact, excellent efficiencies of internal 
combustion engines -in the first place of gas 
engines -of presently close to 46% are only 
achievable if highest mean pressures are applied. 
This requires remarkable technical improve-
ments in general, and especially with respect to 
the ignition system employed. With conven-
tional spark ignition, a limit around 2.5 MPa is 
observed [1]. It is impossible in practical 
operation to raise the spark voltage beyond 35 
kV, and this is associated with a considerable 
reduction in lifetime of electrode.

 Advancing the state of art of ignition systems for 
internal combustion engines is crucial to meet 
increased performance requirements.  Severely 
reduced spark plug performance and durability 
is an unfortunate consequence as engines are 
simultaneously being pushed to higher power 
densities and leaner stoichiometry in order to 
improve efficiency and lower emissions. To 
compensate power density losses due to leaner 
operation, high pressure of initial charge is used 
to increase in-cylinder pressure at the time of 
combustion. However, an important parameter 
is the ignition under extreme conditions, lean 
combustible mixture and high initial pressure, 
requiring high voltage when using conventional 
spark plug technology. Providing the necessary 
spark energy to operate these engines 
significantly reduces the lifetime of spark plugs.

Several concepts for alternative ignition systems 
are under development or consideration: plasma 
ignition, high frequency ignition, Diesel micro 
pilot ignition, auto ignition concepts like HCCI 
(homogeneous charge compression ignition), 
shock wave concepts for ignition, and laser 

Gas Turbine Combustion and Power GenerationLASER FIRED LOW EMISSION FUTURISTIC INTERNAL 
COMBUSTION ENGINE

Dhananjay Kumar Srivastava,        
Avinash Kumar Agarwal  Department of Mechanical Engineering

Engine Research Laboratory

Figure 1. Emission of the laser plasma 30 ns after the laser 
pulse of 20 mJ pulse energy, laser beam entering from 
right to left [2]
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years because of its many potential benefits over 
conventional ignition system. The main 
advantages of laser ignition are: 

w   arbitrary positioning of the ignition plasma  
in the combustion chamber

w   absence of quenching effects by the spark  
plug electrodes, which allows ignition of  
leaner mixtures and consequently lower 

NO  emissionsx

w     because of absence of erosion effects as with 
the spark plug, the lifetime of a laser-
ignition   system is significantly longer 

w      precise ignition timing 

w   simpler regulation of the ignition energy 
deposited in the ignition plasma

w     possibility of multipoint ignition to speed up 
the low combustion speed of lean mixtures 

The possibility of choosing the location of the 
focal point in the cylinder is a significant 
advantage for the combustion process. It is 
possible to position the plasma exactly in the 
middle of the cylinder. High load / ignition 

mixture gets ignited. Laser ignition can be 
divided into two main parts. The first one is the 
spark creation due to the local deposition of 
energy. This can be achieved in any gas. 
Breakdown is associated with plasma formation 
and shock wave generation. The second part is 
the ignition itself based on a positive balance 
between the deposited energy and the losses. In 
this case, a flame kernel can develop.

In 1978 J.D. Dale [3] first demonstrated laser 
ignition for combustion initiation of internal 
combustion engines. The basic concept of laser 
ignition is to use a laser beam (as opposed to a 
conventional electrical spark plug) to produce a 
combustion initiating spark. By focusing the 
beam from a pulsed laser to a sufficiently high 
intensity (small beam dimension) a combustion 
initiating spark may be produced. Since the 
initial demonstrations by Dale et al, subsequent 
investigations have demonstrated the potential 
benefits of laser ignition when applied to 
engines. 

Interest in laser ignition has increased in recent 

Figure 2. NO  emission of a gas engine operated according to 5 different concepts (first x

generation of laser ignition engine tests at GE Jenbacher) [4]
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10,000 hours compared to spark plug lifetimes of 
the order of 2000 to 4000 hours [source GE 
Jenbacher, Austria]. The efficiency of a diode-
pumped laser is approximately 10%. Further-
more, with the possibility of multipoint ignition, 
the combustion can be started with two or more 
plasmas at different points but at the same time 
in the cylinder which again shortens the total 
combustion duration significantly.

Different concepts for the laser arrangement 
with respect to the engine have been pursued: 
e.g. the direct mounting of a miniature laser on 
every cylinder shown in figure 3 or the remote 
positioning of one or several lasers and the 
transfer of the pulses to the input window as 
shown in figure 4. 

The latter can only be imagined under practical 
circumstances to be carried out via optical fibers. 
However, it is not an easy task to propagate mj 
pulses through monomode fibers; in case of 
multimode propagation, the favourable beam 
properties would be lost and no small focal 
diameters going along with lowest pulse 
energies could be achieved any more. The only 
viable solution may be represented by hollow 
core photonic crystal fibers. Experiments based 
on the evacuation of the core showed that mono-
mode transportation of ns- pulses with peak 
intensity orders of magnitude beyond the 
breakdown limit of silica is feasible [5]. 
Presently, direct laser mounting on the cylinder 
of a highly compact and robust solid-state laser is 
considered be the most favorable solution.

What are the predicted problems of laser 
ignition? One of the most serious obstacles of 
laser ignition is to develop a compact and robust 
laser system delivering laser pulses of high 
spatial coherence and sufficient energy for 
reliable ignition in all permissible modes of 
engine operation. Such requirements can only be 
fulfilled by solid-state lasers. Since the durability 
of the ignition system is one major requirement, 
long lasting laser diodes have to be used as a 

pressure of the gas engine for optimum 
efficiency demands increasing spark plug 
voltage leading to enhanced erosion of the 
electrodes. Therefore, it is the main aim to 
increase the lifetime of an ignition system and 
minimize the service efforts. A diode-pumped 
laser ignition system has potential lifetime up to 

Figure  3. Schematic diagram of laser per cylinder system 

Figure  4. Schematic diagram of one laser for all cylinder system
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pump source for the ignition laser. The system 
must be highly resistant against mechanical 
vibrations and thermal load if directly mounted 
on the cylinder head. Due to the hot vicinity of 
the cylinder, sufficient cooling of the high power 
laser system being of low overall efficiency (10% 
maximum) might become a serious problem.

Another critical point is the durability of the 
optical window enabling to transmit the laser 
beam into the cylinder. Would it be possible to 
avoid window fouling due to combustion 
deposits, or surface destruction due to the 
intensive laser field in combination with harsh 
temperature and pressure conditions over the 
required period of time (thousands of hours)? 

The last unavoidable criterion is if a diode-
pumped solid-state laser as required for engine 
ignition can be fabricated in a much cheaper way 
than it is the case today. Several current 
developments concerning, for example, ceramic 
laser materials or monolithic chip lasers, promise 
the possibility of future mass fabrication of such 
types of lasers and, as a consequence, decreased 
costs, to make laser ignition systems a reality.

878

Mr. Dhananjay Kumar Srivastava is a PhD student in mechanical engineering at 
Indian Institute of Technology Kanpur since 2005.  He is currently working on 
Laser Ignition of engines for emission control for his doctoral research. He was a 
visiting researcher to University of Vienna, Austria in 2004. His areas of interest 
include internal combustion engines, alternative fuels, emission control and 
combustion.

 References

[1]  M. Weinrotter, D. K. Srivastava, K. Iskra, J. 
Graf, H. Kopecek, J. Klausner, G. Herdin, 
and E. Wintner, Laser ignition of engines: a 
realistic option!, Proc. SPIE Vol. 6053, 
605316 (2006)

[2]  D. K. Srivastava, A. K. Agarwal, E. Wintner 
Laser Ignition of Hydrogen-Air Mixture in a 
Combustion Bomb, SAE  2008-28.0033.

[3]  J.D. Dale, P.R. Smy, R.M. Clements, Laser 
Ignited Internal Combustion Engines  An 
Experimental Study, SAE  780329.

[4]  M. Weinrotter, D. K. Srivastava, K. Iskra, E. 
Wintner, Laser Ignition of Engines Allows 
Cleaner Exhaust, 13th International 
symposium on power electronics  Ee, Novi 
Sad, Serbia & Montenegro (2005).

[5]  H. Al-Janabi, E. Wintner, High power laser 
transmission through photonic band gap 
fibres, Laser Physics Letters 2 (3), 137 - 140 
(2005).

Dr. Avinash Kumar Agarwal is an Associate Professor of Mechanical 
Engineering at Indian Institute of Technology Kanpur. He is a Mechanical 
Engineering Graduate (1994) from Malviya Regional Engineering College 
Jaipur. After working for Mahindra and Mahindra Ltd, Mumbai for a short-stint, he 
joined IIT Delhi for graduate studies in Energy. His area of doctoral research was 
development of biodiesel and related engine performance, emissions and 
tribology investigations. Dr Agarwal joined Engine Research Center, University 
of Wisconsin, Madison, USA for pursuing his Post-doctoral research from 1999 – 
2001.  His areas of interest include internal combustion engines, alternative 
fuels: Biodiesel, alcohols, CNG and Hydrogen, Emission Control, Laser 
diagnostics, Micro-sensors for engine and oil tribology.



time for a sufficient number of fusion reactions to 
occur.

The most common form of confinement is 
magnetic confinement. Here, fuel is in the form 
of hydrogen gas much less dense than the 
atmosphere and it is heated to extremely high 
temperatures (~100 million Celcius). Hydrogen 
fuel is completely ionized into plasma at fusion 
temperatures. A magnetic field is used to confine 
the plasma as its charged constituents are 
constrained to gyrate around and follow 
magnetic field lines. It protects the device walls 
from damage from extremely hot particles and 
also prevents the particles from being cooled by 
contact with the walls. Hot plasma must be 
enclosed long enough so that fusion reactions 
can take place between the ions. Ordinary 
containers are not suitable as they could either 
melt from the very hot plasma or else cool the 
plasma below the temperature required for 
nuclear fusion. 

Tokamak reactor is the most successful design to 
achieve controlled nuclear fusion reaction. It is 
the leading magnetic confinement fusion 
concept named after a Russian word for 
toroidally (or donut) shaped magnetic field. 
Here, fields are produced by a combination of 
currents flowing in external coils and currents 
flowing within the plasma itself. 

It is clear from the past experiments that 
tokamaks are subject to a variety of macroscopic 
instabilities. Although these instabilities are not 
fully understood, yet they can mainly be 
attributed to identifiable Magneto Hydro 
Dynamics (MHD) modes. It is required to get 
non-invasively inside information about the 
cross-sectional distribution of temperature, 

Worldwide demand for energy is increasing 
rapidly due to rapid development of civilization. 
A combination of a growing world population 
and expanding energy needs will exhaust the 
world reserve of fossil fuels (coal oil and natural 
gas) in the next century. Nuclear energy is 
recognized as the most important near-term 
replacement for these fossil fuels. Fission 
reactors, which utilize the energy released in 
fission chain reactions, are already used as 
power plants all over the world. If the time span 
of several hundred years or more is considered, 
nuclear fuel for these fission reactors will not be 
sufficient. Nuclear fission also presents a serious 
problem of radioactive waste disposal. A 
possible alternative and successor to the fission 
reactor is a system in which useable energy 
results from fusion of light nuclides such as 
deuterium, tritium, helium-3 and lithium. 
Deuterium exists abundantly in nature as 0.015% 
of natural hydrogen. Thus, controlled nuclear 
fusion has the virtues of potentially unlimited 
supply of clean energy and greatly reduced 
amount of radioactive waste.

Despite the decades of research, due to the major 
scientific and engineering difficulties, the main 
problem in fusion research is still heating and 
confinement of fuel that is in the form of plasma. 
This hydrogen fuel must be heated up to 
temperatures of 100 million degree Celcius or 
more (hotter than the core of the sun) for a 
sufficient fraction of the fuel nuclei to be able to 
overcome the mutual repulsion of their positive 
charges and thus resulting in fusion. For a 
sustainable fusion reactor, energy released by 
fusion reactions must maintain at least fusion 
temperatures and in addition produce electrical 
power. To do so, fuel must be confined at 
densities high enough and for a long enough 

TOMOGRAPHIC IMAGING IN ADITYA TOKAMAK

Nitin Jain    Nuclear Engineering and Technology Programme
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distributions in plasmas. From chordal-
averaged measurements of soft x-ray photons, a 
density distribution of plasma cross-section is 
obtained by tomographic inversion algorithms. 
It is important that positions of pinhole cameras 
and the number of detectors in each camera are 
optimized to obtain the desired results.

Radial profile of soft x-ray emissivity in Aditya 
tokamak (see Figure 1) has been generated for 
the first time using the code based on CSI 

method. It can be used to study the sawtooth 
instability, major and minor disruptions, 
impurity transport, and the phenomena 
following pellet injection. 

This technique consumes very less CPU-time 
compared to other reconstruction algorithms. It 
has given results almost instantaneously for 
small data sets. Very good results are obtained in 
reconstruction of emissivity profile from 
experimental  data.  Time sequence of  
reconstructed emissivity profile is also obtained 
and it is very helpful in studying various 

electron density, electron temperature, impurity 
content and thermal instability. Tomography 
appears to be best tool for this kind of a 
measurement. Various probes have been 
employed in fusion research to get such 
information about the state of plasma. Soft x-ray 
signal coming out from the hot plasma is often 
used to obtain information about impurities, 
sawtooth activity, tearing mode and MHD 
instabilities.

Tomographic imaging is pioneered by 
researchers in the field of medicine and 
nondestructive testing. Algorithms that are well 
suited for these types of areas are not useful for 
imaging tokamak plasmas. Our main objective 
here is to develop a simple algorithm which can 
give decent quality images of plasma emissivity 
with restricted views and less number of 
detectors. 

The concept of Chord Segment Inversion (CSI) 
has been applied at IIT Kanpur to measure point 
densities in bubbly air/water flow systems. This 
method is extended to measure emissivity 

Figure 1.  Aditya Tokamak installed at  IPR Gandhinagar
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sawtooth oscillations and instabilities in the 
plasma. 

A model is suggested to explain highly peaked 
nature of profiles. It is likely that these peaks are 
due to the presence of oxygen impurities in the 
core (of the plasma) that radiates soft x-ray 
photons. Oxygen atoms (Helium-like and 
Hydrogen-like) when stripped off by electrons, 
can cause steepening of profiles as observed in 
the present work.  
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This technique has the potential to modify 
actively these profiles by feedback systems that 
initiate an Electron Cyclotron Resonance 
Heating (ECRH) pulse to heat electrons 
selectively at any location inside the plasma. This 
heating process leads to stabilization of the 
plasma thus opening up possibility of a 
sustained fusion reaction capable of running 
power reactors the way present day fission 
reactors are operating. 



Photovoltaics

The photovoltaic effect was discovered in 1839 
by Edmund Becquerel in selenium crystals.  But 
it was not until the first solar cell was 
demonstrated in 1954 at the Bell Labs by Chapin, 
Fuller and Pearson, that the conversion of solar 
energy into useful electrical energy was thought 
practical.  Since that time, the field of 
photovoltaics has made tremendous progress.  
Today, it is a well established technology in 
several niche areas – be it space applications, 
remote location power generation or in portable 
consumer electronics.  In the area of grid power 
supply, however, the progress in organic solar 
cells has fallen well short of its potential, mainly 
because of the lower price of energy from other 
sources (see Table 1). 

Silicon thin film alternatives for solar cells

There have been efforts over the last five decades 
– varying according to the prevailing political 
and economic scenario – to bring down the cost 
of photovoltaic solar cells based energy 

I. Introduction and Motivation

Much of today's economy is built on the 
assumption of availability of fossil fuels – be it 
petroleum distillates, coal or natural gas.  But it is 
inevitable that fossil fuels are going to be 
increasingly difficult to procure and at some 
point will they will eventually run out.  Besides 
the finiteness of fossil fuels, one also realizes that 
their use invariably results in adverse impact on 
the environment – both local as well as global.  
Global warming is one such effect that has made 
many governments re-evaluate their energy 
strategies.  Under this scenario, as more and 
more countries and communities around the 
world industrialise, demand for energy is only 
going to increase significantly.  So, the need for 
large quantities of clean renewable energy is not 
only desirable, but is, in fact, inevitable.  Among 
the various alternatives to fossil fuel, tapping 
solar energy with photovoltaic cells appears to 
be one of the most promising long term 
solutions.  

ORGANIC SOLAR CELLS

S. Sundar Kumar Iyer       Department of Electrical Engineering and
      Samtel Centre for Display Technologies

Table I. Cost of energy from various sources [1] 

Energy Source Cost per kWh of energy 

Combined cycle gas turbine 3 ¢ -5 ¢ (Rs.1.20-Rs.2.00) 

Wind 4 ¢ -7 ¢ (Rs.1.60-Rs.2.80) 

Biomass gasification 7 ¢ -9 ¢ (Rs.2.80-Rs.3.60) 

Remote diesel generation 20 ¢ -40 ¢ (Rs.8.00-Rs.16.00) 

Solar PV central station 20 ¢ -30 ¢ (Rs.8.00-Rs.12.00) 

Solar PV Distributed 20 ¢ -50 ¢ (Rs.8.00-Rs.20.00) 
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Yet another approach, which is of a more recent 
origin, is to build solar cells with organic 
materials – and these solar cells will the focus of 
discussion in the remaining sections of this 
article.  While various approaches have been 
attempted and many are also commercially 
available, the quest for the appropriate and 
optimal solar cell technology that will have low 
cost for energy production and meet the energy 
needs, is still on-going.  

2. Advantages 

Organic solar cells are so called because, in these 
solar cells the main active area where light 
energy is converted to electrical energy is made 
of an organic material.  Typically, the organic 
materials cost is significantly lower than single 
crystalline inorganic materials.  By their very 
nature, organic molecules are available with 
many variations and the molecules themselves 
can be modified suitably to adjust specific 
properties, while leaving other properties 
unchanged.  This opens up the possibility of 
choosing or even synthesizing appropriate 
molecules to give improved processability 
(solubility in a particular solvent or adhesion to a 
particular surface), optical absorption 
(absorbing higher within the solar spectrum) 
and electrical conduction.  Moreover, the cost of 
fabrication of such solar cells is much lower than 
in inorganic solar cells.  The equivalent energy 
needed to fabricate such cells will be generated 
by the cells in a much shorter time of operation 
than those compared to inorganic solar cells as 
all processing in organic solar cells occurs at 
room or near room temperature.  Organic solar 
cells are also easily amenable to low-cost high-
throughput production such as printing.  
Certain printing technologies ensure that the 
wastage of material is minimal, leading to lower 
costs as well as less chance for pollution of the 
environment.  Another potential advantage of 
organic solar cells is that the molecules may be 
chosen to be bio-degradable so as to mitigate the 

production.  Traditionally, single crystalline 
solar cells have dominated terrestrial 
photovoltaic energy production.   Power 
conversion efficiencies close to 25% (the 
maximum possible) has been achieved in single 
junction cells, but typically, commercial solar 
cells module can give an efficiency of 18-20%.  
For this technology, a significant fraction of the 
cost of energy is due to the material cost (40%) 
and processing cost (25%).  The rest of the cost is 
for building of modules from cells and system 
level integration [2].  Various efforts have been 
taken up over the years to address the high 
material and processing cost.  One approach is to 
go for thin film solar cells – since most of the 
absorption and energy production does take 
place only at the thin layer (less than 0.1% of the 
total thickness) of the single crystalline wafer 
solar cell.  

Significant process has been made in solar cells 
with thin films of amorphous silicon or with 
polycrystalline and multicrystalline silicon.  
While these have found applications in grid 
power generation, the efficiencies of these solar 
cells are much below those of single crystalline 
silicon (around 11-15%).  Thus the overall cost of 
power continues to be high compared to other 
sources of energy.  

Some of the other approaches have been to use 
compound semiconductors such as cadmium 
telluride, and copper indium gallium selenide.   
These solar cells have higher efficiencies.  There 
have, however, been some concerns raised about 
environmental effects on the large scale us of 
these chemicals.  Another approach is to go for 
multi-junction solar cells with layers of silicon, 
germanium and their blend layers, or with 
compound semiconductors such as GaInAs, 
GaAs, GaInP, etc.  These cells have much higher 
efficiencies, but their per unit area cost is also 
higher.  Hence, these are used often with 
concentrators which collect sunlight over a 
larger area and project onto much smaller area 
solar cells.  
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schematic of the relative positions of the electron 
affinity (EA) and ionisation potential (IP) of the 
ETL and HTL, as well as the workfunctions of the 
electrodes, are shown here.  A photograph of 
some organic solar cells fabricated at IIT Kanpur 
is shown in Figure 1 (c).

While various modifications and improvisations 
have taken place over the years.  The opto-
electrical structure of organic solar cells, 
however, can be explained using this 
fundamental structure discussed above.  One 
popular modification to the structure is to use a 
blend of HTL and ETL in the active layer.  This 
ensures that the HTL-ETL boundaries are 
distributed throughout the volume of the layer 
and the probability of the exciton separating into 
useful electron and holes instead of self-
annihilating, increases significantly.  

Various combinations of organic material for the 
active layer have been tried out in the past couple 
of decades.  The material used may be classified 
broadly as  polymers and small molecules.  One 
of the most popular material combinations today 
is a combination of the polymer poly 3-
hexylthiopene (P3HT) and the small molecule [6, 

problems of waste management after the lifetime 
of the solar cells.  

3. Structure 

Organic solar cells caught the fancy of 
researchers, especially after 1986 when C.W. 
Tang of Eastman Kodak demonstrated 1% 
efficient solar cells using a bi-layer structure with 
organic materials [3].  A typical solar cells 
consists of two regions in the active layer – the 
hole transport layer (HTL) and the electron 
transport layer (ETL).  The electrode in contact to 
the HTL is used as the anode.  Usually, these are 
one of the transparent conducting oxides.  One of 
the popular choices is indium tin oxide (ITO).  
The electrode in contact with the ETL is usually a 
metal with a low work function and used as a 
cathode.  Due to its simplicity of processing and 
easy availability, often an aluminium film is 
used as a cathode.  Figure 1 (a) shows the 
schematic of a solar cell structure on glass, 
showing the different layers.  The energy band 
diagram corresponding to the different layers for 
flat band conditions is shown in Figure 1 (b).  A 
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Figure 1. (a) A schematic of the different layers in a basic organic solar cells.  (b) The relative positions of electron affinity and 
ionisation potential of typical HTL and ETL along with the work- functions of the electrodes (for flat band conditions). (c) A 
photograph of four organic solar cells on a single glass substrate.

      (a)                                                                 (b)                                                                ( c)    



The sun's light falls on the device on the glass 
substrate.  The photon makes its way through 
the transparent glass and ITO, before it reaches 
the active layer.  The absorption of a photon in a 
material depends on the energy gap between the 
EA and the IP of the material and the number of 
energy states available above and below the EA 
and IP respectively.  When the incident photon is 

absorbed, it will lead to the formation of a bound 
electron-hole pair referred to as excitons (Figure 
3a).  An exciton is electrically neutral and the 
electron and hole constituting it are not free to 
move independently.  The binding energy of the 
electron-hole pair in organic material is typically 
a few 100 millielectron-volts (meV) and hence 
they do not break up due to the thermal noise in 
the system.  This is in contrast to traditional 
inorganic solar cell material such as silicon and 
gallium arsenide, where the exciton binding 
energy is a few meV.  Therefore, the energy in 
thermal noise at room temperature itself may be 
sufficient to separate the electron-hole pair to 
form free conducting electron and hole that can 
thermally diffuse or can drift under the influence 
of an electric field independently.  

6]-phenyl-C -butyric acid methyl ester (PCBM).  61

Here the P3HT behaves as an HTL and the PCBM 
behaves as an ETL.  Most of the absorption from 
the solar spectrum takes place in the P3HT.  
Some of the other material which have been 
successfully used for solar cell fabrication are 
pentacene, copper pthalocyanine (CuPc), 
fullerenes (C ) and carbon nanotubes.  The 60

molecular structure of these molecules are 
shown in Figure 2. 

4. Operation Principle

In a bi-layer structure, described above, under 
thermal equilibrium conditions, the Fermi 
Levels of all the layers will align themselves.  
This is manifested by the alignment of the 
electrodes, resulting in an in-built field (slope of 
the energy levels) as seen in Figure 3.  The 
magnitude of the in-built field, thus, depends to 
the difference in the work-function of the anode 
and cathode as well as the thickness of the device 
will be created.  

Figure 2.  Some molecules that are used in forming the organic solar cell active area
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5. Challenges

While organic solar cells have many attractive 
features and are promising for widespread use 
for power generation in the coming decades, 
there are still many challenges to be overcome.  
Some of the key challenges are discussed below.

Efficiency Improvement

The main limitation for organic solar cells today 
is its low power conversion efficiency.  
Significant progress has been made in the last 
two and half decades to increase the efficiency 
from below 1% to above 6% today [4].  However, 
based on simple cost analysis, for commercial 
viability of these solar cells, the efficiency needs 
to be at least above 10% at the cell level [5].  

Various factors that affect efficiency are being 
studied by different researchers around the 
world, including at IIT Kanpur.  Addition of 
material such as TiO  in the active layer can help 2

scatter the light entering the active area and 
increase the effective optical length within the 

In the organic molecules, the excitons being 
electrically neutral will not be affected by the in-
built field in the solar cell.  They will, therefore, 
diffuse thermally, either towards the metal or to 
the bilayer boundary of the HIL and EIL.  Since 
the electron and hole are in close physical 
proximity, there is always a chance of their 
recombining and annihilating the exciton.  This 
annihilation probability increases near the 

electrodes as there are a number of traps which 
assist the electron hole recombination.  
However, if an exciton manages to reach the 
ETL-HTL interface, it can get separated into 
conducting electron and hole in the ETL and 
HTL respectively, due to the relative positions of 
the EA and IP levels in the two materials (Figure 
3b).  

The separated charges will then flow towards 
the electrodes aided by the in-built electric field 
where they are collected (Figure 3c).  This 
manifests as the photovoltaic effect.  These 
charges are available to flow through any 
external circuitry.  
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Figure 3. (a) The photon gets absorbed in the HTL and an exciton is formed.  (b) The exciton diffuses to the HTL-ETL 
interface.  The exciton dissociates into an electron in the ETL and a hole in the HTL. (c) The electron and hole drift 
towards the cathode and fanode respectively due to the in-build filed in the device.  They get collected at the 
electrode leading to the photovoltaic effect.

      (a)                                                                 (b)                                                                (c)    



The successful deployment of organic light 
emitting diode based displays in commercial 
products where lifetime problems have been 
solved means that, there is nothing inherent that 
prevents the building of durable and reliable 
organic solar cells.  There is a good probability of 
solving this problem for solar cells with 
dedicated research. 

Newer Technology

Since organic solar cell is the 'new kid in the 
block' in the world of solar cells, it is bound to 
face resistance in its commercialization, unless it 
is able to significantly alleviate the problems 
found in existing technologies.  Moreover, at the 
system level implementation, due to the 
limitations of energy storage mechanism, an all 
solar solution for energy production is not 
possible in the immediate future.

To establish itself, organic solar cell technology 
should focus on low-cost low efficiency 
applications where organic solar cells will have 
an inherent advantage.  Eventually, with the 
development of simpler and improved 
production methods – such as roll-to-roll 
printing to help lower the cost and make large 
volume of products available at short notice – 
must be explored.  Besides, special emphasis 
should be given to develop eco-friendly 
production techniques as well as biodegradable 
products – thus making these truly 'clean' energy 
sources.  Only with such unique selling points 
will this technology be able to establish itself in 
the field of energy production.

6. Conclusions

While there is a lot of effort to identify clean and 
low cost energy sources, no technology has, till 
date, become the automatic choice of energy 
customers.  Organic solar cells have the potential 

layer.  Tuning the molecules to increase the 
absorption within the solar spectrum, choosing 
appropriate thickness in the solar cell structure 
and engineering the interfaces are some of the 
other approaches to help increase the photon 
absorption.  

Besides the bulk architecture mentioned above, 
use of structures with molecular self assembly as 
well as nanostructure fabrication to better 
facilitate exciton separation are being explored.  
In order to decrease the resistivity within the 
films, so that the separated charges can be 
transported more efficiency to the respective 
electrodes, often the film is doped with material 
that can help with conduction – such as carbon 
nanotubes, ZnO or C .  Attempts to engineer the 60

organic polymers themselves to make them 
better conducting are also in progress.  

Work is also going on to identify the appropriate 
electrodes and their thicknesses.  By the proper 
choice of electrodes, there can be increased in-
built field which facilitates the photovoltaic 
action.  Besides, the electrodes also affect the 
charge collection and the optical coupling in the 
solar cell. 

Lifetime and Reliability

Another major challenge for commercialization 
of organic solar cell is the concern of lifetime and 
reliability.  Organic materials inherently have a 
tendency to degenerate, especially under harsh 
device operating condition of light, temperature 
and humidity.  Work is in progress to 
understand the degradation mechanisms [6].  
One way to get around this problem is to 
engineering the molecules so that they are 
inherently more stable – thus leading to devices 
that are stable and reliable.  Besides, various 
encapsulation techniques have been developed 
to prevent the molecules from degrading during 
the device operation.  
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to become this choice – for it is ideal for low cost, 
large volume, environmentally friendly and 
distributed energy production across the world.  
The operation principle of these solar cells are in 
some ways distinct from the inorganic solar cells 
because of the formation of excitons that do not 
automatically dissociate at room temperature, 
which calls for appropriate device structures 
such as blends of ETL and HTL.  While low 
efficiency, reliability and novelty of the 
technology are limitations today for the 
deployment of organic solar cells, it can also be 
viewed as an opportunity for innovative 
engineering and research for a sustainable 
solution to the energy problems facing us.   The 
inherent potential for large volume and low cost 
production of organic solar cells means that it is 
only a matter of time before they become a part of 
the mainstream technology.
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Electronic properties of Single Walled 
Carbon Nanotubes (SWNTs)

Single walled carbon nanotubes can be thought 
of as sheets of graphene rolled in to seamless 
cylinders with end caps consisting of hexagons 
and pentagons of carbon atoms. With diameters 
of a few nanometers and lengths of a few 
micrometers, these tubes have high aspect ratios. 
The electronic properties of SWNTs depend on 
their dimensions – diameter, d, and chirality [4]. 
They can either be semiconducting, metallic, or 
semimetallic (i.e. zero primary gap, but small 
non-zero curvature induced bad gap at low 
diameters). Carbon nanotubes produced by 
methods such as arc discharge or chemical 
vapour discharge, laser ablation etc contain a 
mixture of tubes with varying diameters, lengths 
and chiralities. Statistically, two-thirds of all the 
possible combinations of diameter and chirality 
produce semiconducting tubes. While the band 
gap of semiconducting tubes varies as 1/d, the 

2band gap of semimetallic tubes varies as 1/d  [5]. 

Tradit ional  metals  are  3-dimensional  
conductors.  In these metals, electrons while 
travelling through the bulk backscatter through 
a series of small angle scattering events that 
eventually reverses the direction of transport, 
limiting their conductivity. Metallic SWNTs (m-
SWNTs) on the other hand are 1-dimensional 
conductors where the transport is allowed in 
only forward and backward propagation which 
reduces scattering [6]. With the tube width 
nearly equalling the mean free path of electrons, 
the transport will no longer be diffusive but will 
be ballistic. Ideally, in the absence of any 
scattering, the conductance will not be limited by 
the length of the nanotube and the measured 

Carbon nanotubes, though reported first in 1952 
by Radushkevich and Lukyanovich [1], became 
prominent only after 1990 following the 
publication from S. Ijima and T. Ichihashi [2, 3]. 
Owing to their exceptional mechanical, thermal, 
chemical, electrical, and structural properties, 
these nanotubes are being used in many 
applications which include field emission 
displays, conductive plastics, conductive 
adhesives, heat conduits, structural composites, 
fibres, molecular electronics, etc. On the other 
hand, carbon based large area electronics also 
became an intense area of research following the 
discovery and development of conducting 
polymers by Alan J .Heeger,  Alan G. 
MacDiarmid, and Hideki Shirakawa for which 
they were awarded the prestigious Noble prize 
in chemistry for the year 2000.  Their work 
eventually lead into the development of organic 
semiconductor devices like organic thin film 
transistors (OTFTs), organic light emitting 
diodes (OLEDs), and organic photovoltaic cells 
(OPVCs). Specifically, in the context of 
renewable energy, OPVCs have the potential to 
make significant contribution towards low cost 
production. However, because of the inherent 
properties of organic semiconductors, a number 
of challenges have to be tackled on the efficiency 
and reliability fronts, to realise such a goal. 

The first two sections of this article contain a 
review of the electronic and photovoltaic 
properties of single walled carbon nanotubes 
(SWNTs). The following section on OPVCs 
focuses on their limitations. The final section 
contains, apart from the reports of recent carbon 
nanotube based OPVCs, a discussion about the 
possibilities of improving their efficiency. 

CARBON NANOTUBES BASED ORGANIC SOLAR CELLS

Arun Tej Mallajosyula       Department of Electrical Engineering and
      Samtel Centre for Display Technologies
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0.48 eV to 1.37 eV i.e. they can absorb well in the 
infra red region of the solar spectrum. Using split 
gate to apply different polarities to the two ends 
of a single SWNT with its central region not in 
contact with gate oxide, p-n junction close to the 
ideal was fabricated by J.U. Lee [9]. With such an 
electrostatically doped SWNT p-n junction 
diode, photovoltaic behaviour has been 
demonstrated. Illuminated by a continuous laser 
with a wavelength near the SWNT band gap, this 
solar cell showed a short circuit current density 

-1of 30 mA W  and efficiency greater than 5%. 

Apart from the isolated SWNTs acting as solar 
cells, periodic arrays of vertically aligned carbon 
nanotubes can be used to enhance the light 
trapping in CdTe – CdS based solar cells [10]. It 
has been shown that CdTe adheres strongly with 
the carbon nanotubes. In addition, Indium Tin 
Oxide, a commonly used transparent electrode, 
also has a highly conformal adhesion with 
carbon nanotube-CdTe-CdS structures. Without 
using any anti-reflection coating, the 

conductivity will be only limited by the contact 
resistance. The ideal conductance is 6.5 k?  given 
by Landauer formula. These metallic SWNTs 
have enormous current carrying capabilities 

9 -2with current densities of the order of 10 A cm  
being reported. Also, semiconducting SWNTs 
(s-SWNTs) have extremely high mobilities. 

2 -1 -1Intrinsic mobilities of over 1, 00, 000 cm  V  s  
have been obtained [7]. Complete theory to 
explain such mobilities is yet to be established.

Photovoltaic effect in SWNTs

Most s-SWNTs show p-type behaviour because 
of the adsorbed oxygen from atmosphere. 
Annealing these tubes removes this oxygen and 
makes the tubes n-type. However, controlled 
doping of s-SWNTs can be done electrostatically. 
Non-ideal p-n junction diodes have been made 
from a single SWNT in this fashion in 2004 [8]. 
Also, SWNTs are mostly direct band gap 
materials with typical band gaps in the range 
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Figure 1. (a) Schematic of the SWNT photovoltaic cell and (b) its I-V characteristics when light is incident on it [9]

 

 

                 (a)                                                                                                            (b)               



useful technology. The previous article in this 
edition can be referred for details about the 
operating principles of these devices.

Most of the organic semiconductors such as 
poly-(phenylene vinylene) PPVs and poly-(alkyl 
thiophene) P3ATs are hole conducting i.e. p-type 
or electron donors. On the other hand, 
Buckminsterfullerene, C  (buckyball) and its 60

derivatives are good electron conductors i.e. n-
type or electron acceptors. Solar cells using a 
combination of poly-(3-hexylthiophene), P3HT 
as p-type semiconductor, and PCBM, a soluble 
derivative of C , as n-type semiconductor, are 60

widely studied [15]. Optimizing the nanoscale 
morphology of the P3HT:PCBM films is a factor 
in improving the efficiency of these solar cells 
[16]. A fundamental limitation of solar cells 
using this combination is the inefficient 
transport of dissociated electron and hole pairs 
because of their low mobility. Also, most of the 
organic semiconductors are wide energy gap 
materials (E  > 2 eV) and thus do not absorb solar g

energy in the infra-red (IR) region i.e. the solar 
spectrum cannot be fully harvested. Thus, there 
is a lot of scope for efficiency improvement in all 
the three areas – exciton dissociation, carrier 
transport, and absorption of whole solar 

photocurrent in this solar cell is found to be 63 
times that of a commercial planar silicon solar 
cell. 

Organic Solar Cells - Efficiency 
Limiting Factors and Role of SWNTs

The present  technology of  inorganic  
photovoltaic cells is costly for day to day 
applications. This limits their use to military and 
space applications in most of the countries. It is in 
this context that organic solar cells become quite 
attractive with advantages like having lower 
cost, low energy payback time, low temperature 
fabrication process, potential for large area 
processing on flexible substrates, and the 
possibility of being able to choose from a wide 
variety of materials. At the same time they have 
certain drawbacks like low efficiency, and fast 
degradation [11]. In addition, the physics of 
some of these devices is not yet fully understood. 
Quite promisingly, though, the highest 
efficiency reported for polymer based tandem 
solar cell is ~6.5% [12]. Efficiencies of at least 10 – 
12% are needed for these cells to compete with 
their inorganic counterparts and become 
commercially viable. In this sense, organic solar 
cells still have some way to go before becoming a 

Figure 2. Comparision of (a) planar device and (b) the device with carbon nanotube arrays. The later traps more light into the p-n 
junction thereby increasing the photocurrent produced. (c) Top view of the device showing islands of CNT towers. Scale: 20ìm 
[10]

 

 

 

      (a)                                                                 (b)                                                                ( c)    
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combination, our own results have shown open 
circuit voltages up to 1.2V. Despite so many 
possible advantages, the highest efficiency of 
solar cells with SWNTs that has been reported is 
only 1.5% [18]. This shows that this device 
structure has a lot of scope for improvement. 
Poly-(3-hexylthiophene) P3HT is reported to 
have higher hole mobility than P3OT. It has been 
reported [19] that the polymers have a tendency 
to wrap around the SWNTs i.e. ð electron 
systems of single polymer chains interact 
directly with those of SWNTs allowing for the 
possibility of excitons to get dissociated at the 
polymer: SWNT interfaces. Evidence of such 
interaction can be found from our experiment 
results which show the quenching of P3HT 
photoluminescence in the presence of SWNTs 
[20] as shown in the figure 3(a). Solar cells that 
we fabricated with P3HT and SWNT show an 
improvement of photocurrent of over an order 
magnitude at -1V in comparison with those 
fabricated with only P3HT. This is shown in 
figure 3(b). Larger electric field is necessary to 
translate it in to an improvement in the short 
circuit current which would ultimately result in 

spectrum – of polymer based solar cells. To 
address these aspects, one-dimensional carbon 
nanotubes, with their excellent electrical and 
optical properties, may be considered. 

Since SWNTs have high carrier mobilities, 
incorporating them along with polymers can 
improve the transport properties of the device. 
Also, the SWNTs absorb photons in the IR region 
which is out of range for the commonly used 
organic semiconductors. Apart from these, 
SWNTs are also known to have high surface area 
which can result in high exciton dissociation 
probability in these solar cells.  Also, the electron 
affinity of m-SWNTs is such that the commonly 
used donor type organic semiconducting 
polymers can easily donate electrons to them i.e. 
SWNTs can act as acceptors. Utilizing all these 
properties of SWNTs effectively in organic solar 
cell cells will improve their efficiency. 

Bulk heterojunction solar cells based on poly-(3-
octylthiophene) P3OT and SWNTs were 
fabricated [17],  claiming a high open circuit 
voltage of 0.75V With the same material 

892

Figure 3. (a) High photoluminescence quenching of P3HT in the presence of 2wt% of SWNTs showing evidence of SWNT 
interaction with the ð electron system of P3HT. (b) Ratio of photocurrents of solar cells fabricated with and without SWNTs 
showing nearly 11 times improvement for P3HT: SWNT solar cell at -1.0 V
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Research Challenges

Since it has been shown that a single nanotube 
can show photovoltaic effect, the next logical 
step would be to implement the concept of 
electrostatic doping and create p-n junctions 
with ropes and films of single walled nanotubes. 
This will increase the amount of photocurrent 
produced. The concept of blending donor and 
acceptor materials for improving device 
efficiency is unique for organic solar cells. This 
device structure is different in comparison to the 
traditional layered structures used for inorganic 
solar cells. It has been predicted that the ultimate 

efficiency improvement of the solar cell. This can 
be achieved, for example, by using, for cathode 
and anode, electrodes with larger work function 
difference. 

Apart from these, thin transparent films of 
SWNTs can also be used as anodes for organic 
solar cells as shown in figure 4 [21]. These can 
pave the way to avoid the usage of anodes like 
Indium Tin Oxide which degrade the solar cell in 
the long run due to the diffusion of Indium and 
Oxygen into the active layers.

Figure 4.  P3HT:PCBM solar cells using networks of SWNTs as transparent anode replacing the commonly used 
Indium Tin Oxide

Figure 5. (a) Spatial hopping of carriers in blend type organic solar cells gives a low mobility and high 
recombination probability [23]. (b) Aligned carbon nanotubes can improve both these properties [11]. (c) Addition 
of nanoparticles to aligned carbon nanotubes [24] can further improve efficiency by giving higher carrier 
generation

 

      (a)                                                                 (b)                                                                (c)    
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efficiency that can be achieved using this 
structure is close to 11%. However, in practical 
production, it might not be achieved. New 
device structure concepts should be developed 
to achieve higher efficiencies. For improving the 
performance of the existing blend structure, 
a l igned carbon nanotubes should be 
incorporated. Aligned SWNTs inside the 
polymer matrix are found to give improved 
conductivity [22] since the electrons need not 
hop from one SWNT to another during transport 
to the cathode. This is schematically shown in 
figure 5. Effectively, the short circuit current and 
fill factor of the solar cell can be increased by this 
structure. A further improvement can be 
obtained if one can attach materials like 
quantum dots and fullerenes to the SWNTs and 
have the SWNTs vertically aligned.
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orecasting is concerned with how the future will look like. The terms forecast, 
prediction, projection, and prognosis are usually interchangeable. FForecasting or prediction is a very natural phenomenon. Human beings have 

been making different forecasts, knowingly or unknowingly, since times 
immemorial. Whether there would be availability of prey in a particular area or 
whether there would be abundance/ scarcity of rainfall during the harvest season 
needs to be predicted based on prior knowledge and experience.

In the modern age today, we take every step in our life on the basis of scientific 
predictions. Whether we will be spending the weekend with the indoor/outdoor 
activities or whether we should invest our savings in a particular share all depend on 
forecasting. Often forecasts are of future values of a time-series as mentioned 
above. Alternatively, forecasts can be of one-off events such as the outcome of a 
union-management dispute or the performance of a new recruit. Forecasts can also 
be of distributions such as the locations of terrorist attacks or the occurrence of heart 
attacks among different age cohorts. The field of forecasting includes the study and 
application of judgment as well as of quantitative methods. Several scientific 
methods and computational tools have been evolved during the last few decades for 
future predictions, based on the information available till now.

In this session we have six authors from different areas of science and technology. 
The main aim of this session is to bring different scientists under one umbrella and to 
explore the possibilities of how one can benefit from the other. We have speakers 
from Electrical Engineering , Civil Engineering, Mathematics and Statistics, Physics 
and the Department of Humanities and Social Sciences. Weather prediction is one 
of the most difficult areas of forecasting today. Professor Pankaj Jain and Professor 
Ashu Jain address rainfall and runoff forecasting respectively. Linear predictions, 
wavelets and neural networks are important tools for any forecasting today. 
Professor S. Umesh discusses how the linear prediction methods have been used 
for prediction purposes in different areas of signal processing and Professor Amit 
Mitra highlights the use of wavelets and neural networks for predicting foreign 
exchange rates. Forecasting and modelling go hand in hand. We see demand and 
forecasting of the telecom industries in India using specific models by Professor 
Sanjay Singh. Mr. Anurag Prasad shows how to choose the proper model for 
prediction purpose and Mr. Naran describes the use of artificial neural networks for 
making short term prediction of demand of energy in a competitive electricity 
market. Finally, Dr. Rajeeva Karandikar, writes  on forecasting the outcome of Indian 
elections. 
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The topics and authors  identified for the symposium are:

Use of forecasting in signal processing (S. Umesh, EE) 

Forecasting daily spot foreign exchange rates using wavelets and neural networks 
(Amit Mitra, MATH) 

Integrated approaches for runoff forecasting (Ashu Jain, CE) 

Forecasting Daily Monsoon Rainfall (Pankaj Jain, PHY) 

Forecasting in the context of Indian Elections: Opinion polls and exit polls (Rajeeva 
Karandikar, Cranes Software International Ltd)

Artificial neural network based on short-term energy forecasting in competitive 
electricity market (Pindoriya Naran M., EE) 

Forecasting and Model Selection ( Anurag Prasad, MATH) 

Coordinators:
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consists of two major components - model-
building phage and forecasting phase as shown 
in figure 1.

Model-Building Phase: In the model-building 
phase,  a forecasting model is constructed from 
available theory and historical data. In some 
instances, theory (for example, economic theory) 
may suggest particular models, in other cases, 
such theory may not exist or may be incomplete, 
and historical data must be used to specify an 
appropriate model.

The model usually contains unknown 
parameters; an estimation approach, such as 
least squares can be used to determine these.

Finally the forecaster must check the adequacy of 
the fitted model. The model could be inadequate 
for a number of reasons. The functional relation-
ship might have been misspecified, it could 
include inappropriate variables. If the model is 
unsatisfactory, it has to be re-specified, and the 

1. Forecasting Assumptions

Element of Uncertainty: There is no way to state 
what the future will be with complete certainty. 
Regardless of the methods that we use there will 
always be an element of uncertainty until the 
forecast horizon has come to pass.

Blind Spots: There will always be blind spots in 
forecasting. For example, we cannot forecast 
completely new technologies for which there are 
no existing paradigms.

Change in Forecast Accuracy: Providing 
forecasts to policy makers will help them 
formulate social policy. The new social policy, in 
turn, will affect the future, thus changing the 
accuracy of the forecast.

2. Framework

In general, a quantitative forecast system 

Gas Turbine Combustion and Power Generation

 Department of Aerospace EngineeringA. Kushari

FORECASTING AND MODEL SELECTION

Anurag Prasad
Department of Mathematics and Statistics
Ph.D. Student
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Figure 1.  Model-Building Phase and Forecasting Phase
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Available Data: Availability of suitable data is 
an important consideration; one cannot expect to 
construct accurate empirical models from a 
limited and incomplete database.

4. Classification of Forecasting 
Methods

Time-Series Methods: Time-series method use 
historical data of the same series as a basis for 
estimating future outcomes. These methods 
reflect the belief that underlying patterns in the 
time series are fairly stable and can be reliably 
extrapolated. Following are some of the time-
series methods;

1. Autoregressive Moving Average (ARMA)
2. Exponential Smoothing
3. Extrapolation
4. Linear Prediction
5. Trend Estimation
6. Growth Curve
7. Box-Jenkins Approach

Causal Methods: On the other hand, if we 
believe some other exogenous time series can be 
useful in predicting the behavior of this time 
series, and attempt to identify the underlying 
factors that might influence the variable that is 
being forecast. For example, sales of umbrellas 
might be associated with weather conditions. 
Some causal methods are as follows;

1. Regression Analysis
    a. Linear Regression
    b. Non-Linear Regression
2. Econometrics

Judgemental Methods: Judgemental methods 
incorporate intuitive judgements, opinions and 
probability estimates. Some judgemental 
methods are given as below;

1. Composite Forecasts

iterative cycle of model specification, estimation 
and diagnostic checking must be repeated until a 
satisfactory model is found.

Forecasting Phase: At the second phase, the 
forecasting phase, the final model is used to 
obtains forecasts. Since these forecasts depend 
on the specified model, one has to make sure that 
the model and its parameters stay constant 
during the forecast period. The stability of the 
forecast model can be assessed by checking the 
forecasts against the new observations.  Forecast
errors can be calculated and possible changes in 
the model can be detected.

The most recent observations can also be used in 
updating the forecasts. Since observations are 
recorded sequentially in time, updating 
procedures that can be applied routinely and 
that avoid computation of each forecast from the 
first principles are very desirable.

3. Choice of a Particular Forecast 
Model

Degree of Accuracy Required: Sometimes only 
crude forecasts are needed. In some application, 
inaccuracy can be very costly.

Cost of Producing Forecasts: Increasing 
accuracy usually raises the costs of data 
acquisition, computer time and personnel.

Forecast Horizon: Forecast horizon is the time in 
future till when the forecasts are required. It is 
essential since the methods that produce short-
term and long-term forecasts differ.

Degree of Complexity: One should try to build 
simple models which are easy to understand, use 
and explain. The principle of parsimony says 
that in a choice of competing models, other 
things being equal, the simplest is preferable.
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then the plotted points will fall exactly along the 
line. The points above this line represent under-
forecasts and the points below this line represent 
over-forecasts.

Plot of Residual Series vs. Time: This plot can 
reveal patterns of variability which the model 
has failed to explain. Presence of noticeable 
patterns in such a plot indicates shortcomings or 
defects in the model.

5.2 Descriptive Measures

Mean Absolute Deviation

Mean absolute deviation measures forecast 
accuracy by averaging the magnitudes of the 
forecast errors. A useful feature of MAD  is that it 
is measured in the same units as the original 
series and can be easily interpreted.

If the series has unexpectedly large residuals at a 
few points the MAD will not be able to detect it. It 
has to be used along with diagnostic graphs.

Mean Squared Error 

Mean squared error averages the squares of 
magnitudes of forecast error. Squaring helps in 
two ways - first, a great deal is known about the 
properties of MSE. And second, because MSE 
uses squared error terms, it gives more weights 
to large forecast errors than does the MAD. Thus 
it is more sensitive to unusually large errors.

Root Mean Square Error 

To compare two models, we require the measure 

2. Surveys
3. Delphi Method
4. Scenario Building
5. Technology Forecasting
6. Forecast by Analogy

The Estimated Noise Sequence

Estimated Noise:  For t = 1, ..., N
        : Actual value at period t,
        : Estimated value at period t,
        : Estimated noise at period t,

The following tests can be applied to the 
estimated noise sequence to check for its 
randomness;

1.     Runs Test
2.     Turning Point Test
3.     Difference Sign test
4.     Rank Test
5.     Rule of Thumb Procedure

5. Measuring the Forecast Accuracy

We have graphical as well as descriptive 
measures to check the accuracy of forecast.

Forecast Error

For s = 1, ..., M,
: Actual value at period N + s,                 

 : Forecast value at period N + s,               

         : Forecast error at period N + s,

5.1 Graphical Measures

Plot of Actual vs. Predicted Series: Here we 
keep the same scale for both the axes so that the 

o45  line through origin becomes the basis for 
comparison. If the model forecasts perfectly, 
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Theil's Inequality Coefficient (U):

“No Change” model is : 

It is practically free of cost (whether it be time or 
money) and it requires little skill. The idea is that 
it will be difficult to justify using a more costly or 
complex model whose forecasts are no more 
accurate.

Theil's inequality coefficient    is defined to be 
the ratio of RMSE of the model to the RMSE of 
the no change  model. If the model predicts 
perfectly, its MSE will be zero, hence U will be 
zero. If the model does exactly as well as the no 
change model, then MSE(model)=MSE(no change 
model) and    will be 1. If the model does worse 
than no change model then MSE(model)> MSE(no 
change model) and    will be greater than 1.

Various modifications to    have been suggested. 
These suggestions usually involve using a 
different base than the no change model. The 
recommendations have ranged from simple 
extrapolations to models based on sophisticated 
Box-Jenkins methodology. None has found 
universal acceptance.

The most practical suggestion is to start by using 
the no change model as a standard, use it to search 
for a better model, and if one is found, use the 
new one as the standard for future comparisons. 
This process could be repeated until competing 
models can no longer add significantly to 
prediction accuracy. Using the inequality 
coefficient like this is really a quantitative 
implementation of the idea that a model should 
be used until something better comes along.

 

to be in the same unit as the original series. This 
can be achieved by taking square root of the 
MSE.

Mean Absolute Percent Error

Often the errors in measurement are expressed 
as a percentage of relative error in order to obtain 
a unit-free scale of evaluation. (Note that, for 
MAPE to be used, none of the y  can be zero.) It t

gives an indication of how large the forecast  

errors are in comparison to the actual values of 
the series. Because it is unit-free, it can be used to  

compare the accuracy of the same or different
models on two entirely different series.

Pearson's Correlation Coefficient (r) between 
            and          :

In the diagnostic plot of actual vs. predicted 
series, the criterion for a good model is that the 

0plotted points fall close to the 45  line. Sometimes 
it is also desirable to have a numerical measure of 
degree of fit.

2 Coefficient of Determination (r ): Coefficient of 
determination, which is the square of the 
correlation coefficient, is a useful measure. It 
varies between 0 and 1 and a value close to 1 
indicates a straight line relationship between the 
two series. If the points are not substantially 

o 2away from the 45  line, then only r  will be a valid 
measure of forecast accuracy.
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6. Summary

We have explained the general framework of a 
quantitative forecast system with two major 
phases - model-building and forecasting. Some 
important issues regarding choice of a particular 
forecast model are discussed. Categorization of 
the popular forecasting methods into time-

series, casual and judgemental methods is done 
based on underlying beliefs pertaining to each. 
Some methods are listed to test the estimated 
noise sequence and finally we have described 
some graphical as well as descriptive measures 
for testing forecast accuracy. It is recommended 
to use these methods and tools in connection 
with the general framework for best results.



to use only about 500 to 700 respondents. After 
all, Gujrat’s population is less than one fifteenth 
of the country!

2.  For the skeptics, with apologies to 
experts

We will give a brief background on the principles 
that are needed from probability and Statistics. 
While this is elementary, the reason to recall here 
is to stress that nothing else from Probability 
theory or statistics is being used.

If an urn contains M balls identical in all aspects 
except for colour, with K of them being orange 
and rest being green. If the balls are mixed and 
without looking, one of them is drawn, then the 
chance of it being orange is K/M.

This is based on the premise that each ball has an 
equal probability of being drawn and since there 
are K orange balls, the required probability is 
K/M.

Suppose M = 10000 and K is either 9900 or 100, so 
either 9900 are orange or 9900 are green. One ball 
is drawn (after mixing, without looking) and its 
colour is found to be green. We are to make a 
decision about K - choose out of the two 
possibilities: K = 100 or K = 9900.

If K = 100, then probability of drawing a green 
ball is 0.99 whereas if K = 9900, then probability 
of drawing a green ball is 0.01.

Based on this, we can conclude: colour of most of 
the balls (9900) is likely to be green. This is what 
common sense tells us and can be justified in 
various ways. The story would not change if K is 

1. Introduction

In this article, we will discuss various issues 
involved in psephology with focus on the Indian 
context. We will also share our experiences over 
the last 10 years (and views on applications of 
statistics to real world questions). What we will 
see is some simple mathematics and statistics, 
lots of common sense and a good understanding 
of the ground reality or domain knowledge. 
These are the ingredients that go into 
psephology - the science (?) of opinion polls and 
poll projections.

We will begin with a brief general discussion on 
sampling theory (with apologies to experts). We 
will also address various questions that are 
raised by skeptics and politicians all the time.

The questions we will address include
l      Is there a science behind opinion polls?
l    I do not believe in gambling. Why should I 

believe in opinion polls?
l      Do opinion polls conducted well ahead (say 

a month) of the polling date have predictive 
power as far as final results are concerned?

l   Is a sample size of, say 20,000 sufficient to 
predict the outcome in a country with over 
60 crore voters? How can opinion of a small 
fraction reveal the true result?

Indeed, most surveys in India including the ones 
conducted by us end up interviewing less than 
0.05% voters. For an all India survey, it may be 
much less. How can this give any idea about how 
the country thinks? This is one question which is 
most difficult to answer to a layman. Or a related 
question-say we have conducted a nationwide 
survey with 10000 respondents. Then the media 
agency funding say Gujarat poll would want us 
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Thus

It follows that

Thus

If this is not true then the previous equality 
would be violated.

Thus by choosing a large sample, one can ensure 
that in most samples, the sample proportion and 
true proportion differ by a small quantity. Thus 
if a large sample is selected at random, the 
probability that the sample proportion and true 
proportion differ by a small quantity is close to 
1.

Writing     = g(i , i , . . . , i ) - the sample proportion, 1 2 n

we get

This estimate for p = 0.5, e = 0.05 yields

either 99,000 or 1,000 with M = 100,000.

This is the only idea from probability theory or 
statistics that is needed to answer most of the 
questions of skeptics as we will see.

Now consider a constituency, say Bangalore 
South and to make matters simple, suppose there 
are two candidates, A and B. Suppose there are 
M voters, V ,V , . . . ,V .1 2 M

Suppose a = 1 if V  prefers A (to B) and a  = 0 if V   i i i i

prefers B (to A). Suppose p is the proportion of   

voters who prefer A to B i.e.

The interest is in deciding if K > (M/2) or K < 
(M/2) (for simplicity, let us assume M is an odd 
integer) Who will win the election  A or B? 

Of course if we observe each a , we will know the i

answer. Can we have a decision rule even if we 
observe only a few a ’s?i

Let S  denote the collection all n-tuples

(i , i , . . . , i ) of elements of {1, 2, . . . ,M}. For (i , i , . . 1 2 n 1 2

. , i )   letn   

Note that g(i , i , . . . , i ) is the proportion of 1’s in 1 2 n

the sample {i , i , . . . , i }1 2 n

We are going to estimate

It can be easily seen (high school algebra) that
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telephone numbers and calling the numbers. In 
1948, the poorer sections of the society went 
unrepresented in the survey. Today, the 
penetration of telephones in US is almost 
universal and so the method now generally 
works in US. It would not work in India even 
after the unprecedented growth in telecom 
sector, as poorer section are highly under 
represented among people with telephone and 
thus a telephone survey will not yield a 
representative sample.

Another method used by market research 
agencies is called quota sampling, where they 
select a group of respondents with a given profile 
- a profile that matches the population on several 
counts, such as Male/Female, Rural/Urban, 
Education, Caste, Religion etc. Other than 
matching the sample profile, no other restriction 
on choice of respondents is imposed and is left to 
the enumerator.

However, in my view, the statistical guarantee 
that the sample proportion and population 
proportion do not dier significantly doesn’t kick 
in unless the sample is chosen via randomi-
zation. The sample should be chosen by suitable 
randomization, perhaps after suitable 
stratification.

This costs a lot more than the quota sampling! 
But is a must.

Well. Following statistical methodology, one can 
get a fairly good estimate of percentage of votes 
of the major parties, at least at the time the survey 
is conducted.

However, the public interest is in prediction of 
number of seats and not percentage votes for 
parties.

4. Predicting seats for parties

It is possible (though extremely unlikely) even in 

Note that the estimate does not depend on M.

The probability estimate given above can be 
improved (using central limit theorem). It can be 
shown that, to ensure that

We need to take n = 640 while to ensure that

we need to take n = 4000, to ensure that

we need to take n = 16000.

These estimates do not depend on M, but only on 
n. Thus the accuracy of a sampling scheme does not 
depend on the sampling proportion n/M, but on 
sample size n. Indeed, if we wish to estimate the 
percentage votes for the political parties across 
the nation, a sample of size 16000 will give an 
estimate correct up to 1% with probability over 
99%.

The argument given above can be summarized 
as: Most samples with size 16000 are representative of 
the population and hence if we select one randomly, 
we are likely to end up with a representative sample.

In colloquial English, the word random is also 
used in the sense of arbitrary (as in Random 
Access Memory- RAM). So some people think of 
a random sample as any arbitrary subset.

3. Importance of Random Sampling

Failure to select a random sample can lead to 
wrong conclusions. In 1948, all opinion polls in 
US predicted that Thomas Dewey would defeat 
Harry Truman in the presidential election. The 
problem was traced to choice of sample being 
made on the basis of randomly generated 

( ) ,01.005.0ˆProb £>-ppn

( ) ,01.002.0ˆProb £>-ppn

( ) ,01.001.0ˆProb £>-ppn
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Another approach is to use past data in 
conjunction with the opinion poll data. In order 
to do this, we need to build a suitable model of 
voting behavior not of individual voters but for 
percentage votes for a party in a constituency.

5. The Indian Reality

To make a model for behavior of the electorate (at 
constituency level), let us observe some features 
of the Indian democracy.

Voting intentions are volatile- in a matter of months 
they can undergo big change. (Example: Delhi in 
March 98, November 98, October 99) This is very 
different from the situation in UK where voting 
intentions are very stable, and thus methods 
used in UK cannot be used in India, though 
superficially, the Indian political system 
resembles the one in UK.

This is where domain knowledge plays an 
important role. A model which works in the west 
may not work in Indian context if it involves 
human behavior. And having all the data 
relating to elections in India (since 1952) will not 
help. The point is that large amount of data 
cannot substitute understanding of ground 
realities.

While the behavior of voters in a constituency may be 
correlated with that in adjacent constituencies in the 
same state, the voting behavior in one state has no (or 
negligible) correlation with that in another state. 
(The behavior is influenced by many local 
factors.)

The socio-economic factors do influence the 
voting pattern significantly. However, 
incorporating it directly in a model will require 
too many parameters.

It is reasonable to assume that the socio-
economic profile of a constituency does not 
change significantly from one election to the 

a two party system for a party ‘A’ with say 26% to 
win 272 (out of 543) seats (majority) while the 
other party ‘B’ with 74% votes to win only 271 
seats ( ‘A’ gets just over 50% votes in 272 seats 
winning them, while ‘B’ gets 100% votes in the 
remaining 271 seats).

Thus good estimate of vote percentages does not 
automatically translate to a good estimate of 
number of seats for major parties.

Thus in order to predict the number of seats for 
parties, we need to estimate not only the 
percentage votes for each party, but also the 
distribution of votes of each of the parties across 
constituencies. And here, independents and 
smaller parties that have influence across few 
seats make the vote-to-seat translation that much 
more difficult.

Let us first examine prediction of a specified seat.

Consider the task of predicting the winner in a 
Lok Sabha election in Madras South 
Constituency (which has over 20 lakh voters). 
Suppose that the difference between true 
support for the two leading candidates is over 4 
percent votes. By generating a random sample of 
size 4000 and getting their opinion, we can be 
reasonably sure ( with 99% probability) that we 
can pick the winner. Indeed the same is true even 
if the constituency had larger number of voters.

So if we can get a random sample of size 4000 in 
each of the 543 constituencies, then we can 
predict winner in each of them and we will be 
mostly correct (in constituencies where the 
contest is not a very close one).

But conducting a survey with more than 21 lakh 
respondents is very difficult: money, time, 
reliable trained manpower,.... each resource is 
limited. One way out is to construct a model of 
voter behavior. While such a model can be built,
estimating various parameters of such a model 
would itself require a very large sample size.
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What is the best case scenario for ‘B’- that indeed 
‘A’ and ‘B’ have nearly equal support with ‘B’ 
having a very thin lead, and yet a random sample 
of size 625 gives a 1% lead to ‘A’. This translates 
to : in 625 tosses of a fair coin, we observe 316 or 
more heads. The probability of such an event is 
0.405 (using normal approximation). So we 
assign ‘B’ a winning probability of 0.402 and ‘A’ a 
winning probability of 1-.405 = 0.595.

This can be extended to cover the case when 
there are three candidates ‘A’,‘B’ and ‘C’ getting 
significant votes, say 36%, 33%, 31% 
respectively. Now we will asign probabilities to 
the three candidates, adding up to one. First the 
best case scenario for ‘C’, then the best case 
scenario for ‘B’.

Summing over the probabilities over all the 543 
seats we get the expected number of seats for 
each party. This method gives reasonable 
predictions at state level and good predictions at 
the national level.

This model was validated (in run up to 1998 
elections, we treated 1991 data as given and 
assumed that of the 1996 election, only statewide 
and region wide vote percentages was given and 
the model used to predict seats. This was close to 
the real outcome).

7. Design of Sample Survey

The crux of the matter is to get random sample 
that is reasonably distributed across the country.

The method we followed in 1998: we decided to 
sample in 20% (108) constituencies: so we picked 
a random number between 1 and 5 (say we get 3) 
and then go on picking constituencies numbered 
3,8,13,18, ..... in the election commission list.

In the list contiguous constituencies occur 
together and hence the method described above, 
known as systematic sampling or circular 

next. So while the differences in socio-economic 
profiles between two constituencies are reflected 
in the differences in voting pattern in a given 
election, the change from one election to the next 
in a given constituency does not depend on the 
socio-economic profile.

So we make an assumption that the change in the 
percentage of votes for a given party from the 
previous election to the present is constant across 
a given state.

The resulting model is not very accurate if we 
look at historical data, but is a reasonably good 
approximation- good enough for the purpose- 
namely to predict the seats for major parties at 
national level.

The change in the percentage of votes is called 
swing. Under this model, all we need to do via 
sampling is to estimate the swing for each party 
in each state and then using the past data we will 
have an estimate of percentage votes for each 
party in each state.

Here we can refine this a little- we can divide the 
big states in regions and postulate that the swing 
in a seat is a convex combination of swing across 
the state and swing across the region.

6. Predicting the Winner

Here enters one more element. We need to 
predict the winner in each constituency and then 
give number of seats for major parties.

Suppose in one constituency with nly two 
candidates, we predict ‘A’ gets 50.5%, ‘B’ gets 
49.5%, in another constituency we predict that 
‘C’ gets 54% votes, ‘D’ gets 46% votes, in both 
cases, the sample size is say 625. It is clear that 
while winner between ‘A’ and ‘B’ is difficult to  
call, we can be lot more sure that ‘C’ will win the 
second seat.
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much more than in previous weeks and this 
method has no basis.

In 1998, we also asked the same respondents (as 
in our opinion poll) whom they voted for a day 
after the poll and based on this our prediction, 
obtained before counting started was 250.

We found that as many as 30% voters had 
changed their mind.

This raises a question about predictive power of 
any opinion poll in India: voting intentions are 
far too volatile.

There is the added problem of opinion poll 
generating a sample from whole population 
whereas only about  55%-60% actually vote.

9. Exit Polls

Both these problems are addressed by an Exit 
poll, where we interview respondents as they 
exit the polling booth.

However, in an exit poll, we cannot ask 
respondents from a previously generated list. 
We can at best choose polling booths via multi 
stage circular sampling and then give a thumb 
rule, such as pick every 10th voter, to the 
enumerator. This may introduce bias in the 
sample.

Beginning with November 2005 Bihar assembly 
polls, we (myself and Yogendra Yadav) have 
undertaken exit polls for CNN-IBN, where given 
the multi-phase polls that have become the 
norm, we conduct a proper randomized poll in 
all but the last phase and in the last phase we do 
an exit poll.

We have had a fair track record. In Bihar we 
predicted a majority for Mr. Nitish Kumar 
(which no other poll did). Likewise, in Assam 
2006. In Bengal and Tamil Nadu (2006) our 

sampling gives an even spread across the 
country.

Then we got a list of polling booths in each 
constituency and picked 4 polling booths again 
by circular random sampling. Finally, we got the 
voters list in these booths and picked 35 voters in 
each chosen polling booth by circular sampling.

The enumerators were asked to go door to door 
(3 times if necessary) and get the opinion.

I would like to add that about 1/3 of the country 
voted 9 days after our poll,  another 1/3  16 days 
after the poll and for the rest 1/3 , the gap was 24 
days.

8. The Prediction

Our realized sample was about 9600 and while 
the sample profile on attributes like caste, 
religion, income level, education level, 
rural/urban etc matched the national profile 
(coming from census figures), our prediction 
was that BJP and allies would be the leading 
group with 214 seats (this was published in India
Today).

The actual result was 251.

We had clearly said that our assessment was that 
if the elections were held the day our survey was 
held, the BJP and allies would get 214. However, 
no one sees the details and conclude that we had 
predicted (or forecast) that they would get 214 in 
the actual election.

Some others do claim to correct for this effect. 
They conduct what is called a tracking poll, 
where polls are conducted every week for say 6 
to 8 weeks prior to the polls and then the trend is 
extrapolated to get the prediction on what is to 
happen on election day.

However, the churn nearer to the voting day is 
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1999 (when counting lasted 2 days). By 2004, the 
counting was over in 4 hours (most of it) and so 
we had a small window of opportunity. In 2004, 
all the opinion polls were quite o the mark and 
yet our ESP was quite accurate- by 9.30am we 
had gone on air (on Aaj Tak) with numbers close 
to the final picture.

11.  Final thoughts

So to sum up, proper use of statistical techniques 
and some domain expertise can give very 
remarkable results.

Opinion polls/exit polls do serve a much larger 
purpose than forcasting the final outcome- it 
gives an insight into why people have voted the 
way they did. 

All through the 1990’s, as the education level 
increased the support for Congress came down 
and support for BJP went up. Same is the story if 
one looked at economic class. In 2004, this trend 
was not so prominent. Congress had made up lot 
of lost ground among the educated and affluent.

If the political parties use the opinion polls as a 
feedback mechanism to gauge public opinion 
and act accordingly.

prediction was on the dot- much better than any 
other poll. In Kerala 2006 too we had picked the 
winner, thought we had overestimated the 
margin. In UP and Gujarat 2007, we had the 
predicted the winner but underestimated the 
seats for the leading party.

10. Early Seat Projection - ESP

Once the counting starts and early trends are 
reported, the interest of general viewer is in the 
big picture- the seats for various parties in the 
house. So if 100 out of 543 constituencies are 
reporting and if party A has got 40 and no other 
party has got more than 20, what does it mean for 
the full house- does it mean no one will get 
majority?

Remember, the 100 constituencies reporting 
cannot be construed as a random sample out of 
543. We had built a model to take this into 
account and make a forcast of the final seats in 
the parliament during 1998 counting, which 
went on for 3 days. About 8 hours after counting 
started, we had started making projections. This 
treated the opinion poll projections as prior and 
given the observations, we computed the 
posterior.

The experiment was very successful in 1998 and 
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weather given the initial conditions. The 
Numerical Weather Forecasting (NWF) Models 
solve these equations numerically using as dense 
a grid as possible over the entire globe. The use of 
these models is limited due to the complexity of 
the problem. This is particularly true for weather 
systems on very small distance scales. It may be 
impossible to take into account all the local 
factors required for a reliable prediction on such 
scales. The prediction may also change 
considerably with very small changes in the 
input parameters. Hence the precision of the 
input parameters significantly limits the time 
over which the model can give reliable 
predictions. Another very important limitation 
is the availability of atmospheric data, which is 
particularly sparse at high altitudes. This is due 
to the high cost involved with balloon 
observations. Hence one has to interpolate the 
initial data which leads to further uncertainties.

2. Total Monsoon Rainfall

The total monsoon rainfall is defined as the total 
rainfall over India during the entire monsoon 
season, which runs from June to September. It is 
usually predicted a month or a few months in 
advance by using its statistical correlation with 
several atmospheric parameters. There exist 
many different models, based on regression 
analysis or neural networks, for predicting total 
monsoon rainfall. Some of the variables 
currently being used by IMD are the north 
Atlantic sea surface temperature in December 
and January, Equatorial SE Indian ocean sea 
surface temperature in February and March, 
Equatorial Pacific warm water volume in 
February and March etc. A complete list is given 

1. Introduction

Monsoon Rainfall Forecasting is of great 
important for India, especially for farmers. There 
is considerable research effort both for making a 
long term prediction of the total monsoon 
rainfall over the entire country and short term 
prediction over localized regions. Indian 
Metereological Department (IMD) provides a 
forecast of the total monsoon rainfall in two 
stages, once in March/April and again in 
May/June. This is useful in order to get an 
estimate of the overall nature of the monsoon for 
the particular year. However there is 
considerable spatial and temporal variability in 
the rainfall. Hence it is extremely important to 
predict the rainfall at localized regions around 
the country a day or a few days in advance. Here 
one is interested in rainfall averaged over a day 
or over few days. In this article I shall briefly 
review the status of monsoon rainfall forecasting 
in India. I shall then review some work we have 
done in short term rainfall forecasting. 

The underlying physics of the atmosphere is 
embodied in the Navier-Stokes equation along 
with the thermodynamic equations describing 
the equation of state of the system, the 
transformation between different phases, such 
as vapor, water and ice, as well as heat transfer. 
Atmosphere is driven by the solar radiation 
which sets up temperature gradients due to 
unequal heating of the earth's surface. This 
causes the air to flow. The direction of flow is 
significantly modified by the Coriolis force due 
to earth's rotation. 

In principle it should be possible to solve the 
underlying equations and exactly forecast the 
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non-linear, are used with all possible 
combinations of input parameters. From these 
only a few models with best skill are selected. 
The forecast is the weighted average of the 
outcome of these models. The model error is 
found to be about 5% for the April forecast and 
about 4% for the June forecast. 

3. Short Term Forecasting

Here we are interested in predicting rainfall, 
averaged over a day or a few days, over localized 
regions, a few days in advance. The forecast is 
based on the NWF models. In India the 
government agency National Center for 
Medium Range  Weather  Forecas t ing  
(NCMRWF) is responsible for providing this 
forecast, mainly to assist farmers. The NWF 
models are used to make both short (1-3 days) 
and medium (4-10 days) range forecast. The 
model codes the Navier-Stokes equation on a 
spherical grid covering the entire earth. 
Currently the shortest grid size being used is 

at http://dst.gov.in/ whats_new/press-
release07/long-range.htm. The method used by 
IMD is called ensemble forecast. Here a large 
number of regression models, both linear and 

Figure 1. Schematic representation of the grid with the rain 
gauge located at S. The data at nine grid points surrounding 
S are used for the forecast of rainfall at S

Figure 2. The distribution of daily rainfall at Kanpur, measured in units of 0.1 mm. The 
dashed line shows a power law fit to the data.
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condensation, necessary for the formation of 
clouds, can take place. Although the detailed 
simulations so far are unable to establish this 
correlation, it remains a very interesting 
possibility. 

It appears better to use statistical correlation of 
the model output with the observed rainfall. This 
is the procedure generally used for short and 
medium range rainfall forecasting. One 
identifies several variables which are obtained as 
the model output and which may potentially 
have correlation with the observed rainfall. 
These include both primary variables such as 
temperature, wind velocity, pressure as well as 
derived variables such as precipitable water, 
vorticity, temperature gradient etc. The 
complete list of variables is given in Jain and Jain 
(2003). NCMRWF has been using a linear 
regression model for rainfall forecasting with a 
subset of these variables as the input (Kumar, 
Maini and Singh 1999). The variables are selected 
based on their correlation with the output. The 
output of the model is the rainfall recorded in a 
single rain gauge selected somewhere in the 
region of interest. The input variables at the nine

about 70 Kms  70 Kms. The basic variables are 
expanded in spherical harmonics, truncated up 
to a certain order. The model presently being 
used by NCMRWF is T254, which has a grid size 

o oof 0.5 x 0.5 . The model has 64 vertical levels and 
evolves in time steps of 7.5 minutes. The initial 
conditions are the different atmospheric 
variables, such as temperature, pressure, wind 
velocity, humidity as a function of position and 
height. The output of the model is the desired 
prediction. However, as already mentioned in 
the introduction, for many purposes this is not 
very reliable. This is particularly true for the 
rainfall forecasting over localized regions, which 
is strongly influenced by local factors, and can 
show considerable change with very small 
changes in the input parameters. 

There also exists the possibility of some 
unknown effect which may also affect the output 
rainfall and is not included in the model. One 
interesting possibility is the correlation of the 
observed cloud cover with the galactic cosmic 
rays. The cosmic rays can ionize the atmosphere 
and hence provide nuclei on which the 

 x

Figure 3. The distribution of hourly rainfall rate (in mm/hour), measured by satellite SSM/I at the grid location 
75E-80E in longitude and 5S-10S in latitude.
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has no characteristic scale. Large fluctuations are 
damped only as a power and hence have a 
relatively high probability of occurrence. Such a 
distribution is indicative of an underlying 
chaotic behaviour (Bak 1997). In Fig. 2 we show 
the distribution of daily rainfall at Kanpur. We 
see a power law distribution over two decades of 
the daily rainfall from 0.1 mm to 10 mm. The 
rainfall is measured in units of 0.1 mm and hence 
no information is available below this amount. 
The power law is expected to fail at very large 
rainfall rates, since beyond a certain value, the 
rainfall rate is not physically possible.

In order to study the distribution of rainfall in 
more detail, we considered SSM/I satellite data 
which provides an estimate of rainfall rate in 
mm/hour. We considered the data only over one 
year. In order to have a sufficiently large number 
of events we considered data over bins of 5 
degrees both in longitude and latitude. This 
cannot introduce any bias in our analysis as long 
as we assume that the distribution does not 
change significantly over such small intervals. 

grid points surrounding the position of the rain 
gauge are used (see Fig. 1). For each variable a 
weighted average at the nine grid locations is 
selected. The weights are chosen to maximize the 
correlation of the variable with the output. We 
have been interested in determining if neural 
networks can improve the short term rainfall 
forecast (Jain, Kumar, Maini and Singh 2002). For 
this purpose we used daily rainfall as the output 
variable. The study was conducted over some 
test stations, Delhi, Pune, Hyderabad, Bangalore 
and Bhubaneshwar. 

3.1 Scale invariance in daily and hourly 
rainfall 

The predictability of a variable can often be 
judged by the form of its distribution function. If 
the variable shows a normal distribution then 
large fluctuations about the mean are 
exponentially damped. However a power law 
distribution 

Figure 4. The exponent a as a function of the latitude. The red lines show the mean 
values, along with error bars, at different positions on the globe

axxf /1)( =
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3.2 Forecasting Daily Rainfall

As a test study for evaluating the performance of 
neural networks in comparison to linear 
regression models, we considered the daily 
rainfall forecast one day in advance over several 
test stations, listed earlier in this section. We 
considered six years data from 1994-1999 for the 
monsoon period. For Delhi the monsoon period 
is taken to be the months of June, July and 
August. For the remaining stations, the period is 
taken as June, July, August and September. 

Neural networks differ from regression analysis 
since one does not try to fit the output. By fitting 
we mean minimization of a suitable error 
function, which depends on the predicted and 
the observed output variable.  Instead one tries 
to learn the output. The observed data is 

separated into a training set and a validation set. 
The error over the training is made as small as 
required to get a suitable representation of the 
data. This is often accomplished by a procedure 
called Back Propagation. Here we use this along 
with another routine called Conjugate 
Gradients. The training period may be 
terminated when the error over the validation set 

The distribution of rainfall for a randomly 
selected region is shown in Figure 3. We also 
show a power law and an exponential fit to the 
data. The power law model has a cutoff at large 
rainfall rates. Likelihood analysis shows that in 
all cases the power law provides a much better fit 
to the data. This is especially true in tropics, as 
discussed in Jain and Jain (2002). Peters et al 
(2002) have also shown this for individual events 
over the Baltic coast. The extracted power law 

exponent a is shown in Figure 4. Remarkably we 

find that a shows a nearly universal behaviour, 
especially in the tropics, where we find                        

a = 1.13 ±  0.14.

At higher latitudes the exponent ranges from 1.3 
to 1.6. A detailed simulation relating the 
individual events to hourly rainfall rate is 
presented in Jain and Jain (2002). We find that the 
power law obtained in hourly rate 
is directly related to the power law 
distribution of the individual 
events. 

Based on the distribution of daily 
and hourly rainfall, we conclude 
that this variable is likely to have 
very large fluctuations. It is better 
to use an alternative variable 
which we may have a better chance 
of predicting. In Jain and Jain 
(2003) we suggest that instead of 
using the rainfall at a single rain 
gauge, we should use the average 
of many rain gauges at the region 
of interest. Once we average over 
large number of rain gauges, the 
distribution is expected to become 
more normal and hence large fluctuations would 
be relatively un-probable. This is also a more 
sensible approach for another reason. The NWF 
model is usually over a grid size of order 100 Km  
100 Km. The model output should be considered 
as an average over this grid rather than as the 
value at any particular location. 

Figure 5. The validation result for H. K. index for the spatial average of 
rainfall over Delhi, averaged over three rain gauges (dashed line). The 
result for a single rain gauge (solid line) is shown for comparison
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reaches a minimum. It is also useful to test the 
model by considering a completely independent 
set. The error function normally has a large 
number of local minima. It is,  therefore, 
necessary to use with genetic algorithms or 
simulated annealing to evade such local minima. 
In our analysis we use simulated annealing. 

We have used neural networks to forecast (a) the 
Probability of Precipitation (PoP) and (b) the cube 
root of the precipitation (CRP). The skill of the 
model is tested through several performance 
indices. A model is skillful if it performs better 
than the persistence model. The persistence 
model is based on the idea that the variables do 
not change significantly over a time period of 
interest to us. Hence in our case it implies that the 
predicted rainfall tomorrow is equal to the 
rainfall observed today. For PoP we use three 
performance indices 

(I)  Ratio of the number of days predicted 
correctly to the total number of days. 

(ii)   B. S.: Let y  be the observed variable, y ' the i i

predicted variable and N the total number of 
observations. Then B. S. is defined as  

(iii) H. K. index: Let N(dry) and N(wet) be 
respectively the number of dry and wet days 
predicted correctly. Similarly let M(dry) and 
M(wet) be the days predicted incorrectly. 
Then

For CRP we use Root Mean Square Error (RMSE), 
defined as, 

The final validation results for Pune are shown in 
Table 1. Here we compare the results of the neural 
network with that of linear regression. We find 
that neural networks provide a small 

improvement over the regression results. The 
detailed results for all the test stations are given in 
Jain and Jain (2003).

We finally demonstrate that it is indeed 
advantageous to consider average of several rain 
gauges rather than employing a particular rain 
gauge. We consider Delhi for this purpose. We 
use the rain gauge data from Safdurjung, Palam 
and Delhi University. The results for H. K. index 
as a fuction of the number of variables, using no 
hidden layer, are shown in Figure  5. We see a 
definite improvement in all the results. 

4. Conclusions

We have considered the problem of forecasting 
daily rainfall one day in advance using neural 
networks. We find that neural networks lead to a 
small improvement in the forecast. We have 
considered the distribution of daily and hourly 
rain fall and found that they both show a power 
law behaviour. The hourly rainfall shows an 
almost universal behaviour over the tropics with 
the power law exponent of 1.13 ± 0.14. This 
observation leads us to conclude that the 
underlying dynamics determining the rainfall 
rate is chaotic. We suggest that the forecast may 
be much better if instead of using a single rain 
gauge over the area of interest one uses an 
average of many rain gauges. We also 
demonstrate this for Delhi using three rain 
gauges.
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throughout the year.  We depend on monsoon 
rainfall for meeting most of our water needs.  
The uneven spatio-temporal distribution of 
water and uncertain nature of rainfall patterns in 
India makes the equitable distribution of water 
at all places at all times a daunting task and calls 
for innovative methods for water utilization and 
forecasting. 

2. Runoff Forecasting

A key component in a water resources 
management model is the availability of runoff 
forecasts.  Amount of water at any time 

3measured in cubic meters per second (m /s or 
cumec) at any location in a river is called runoff.  
A graph showing value of runoff in a river versus 
time is called a flow hydrograph.  Runoff 
forecasts are normally made through the 
development of rainfall-runoff models that use 
hydrologic and climatic data.  Modeling of the 
rainfall-runoff process has been the subject of 
research among hydrologists and engineers for a 
very long time.  The transformation of rainfall 
into runoff is an extremely complex, dynamic, 
and non-linear process which is affected by 
many factors e.g. storm, catchment, climatic, and 
geo-morphological characteristics. The influence 
of these factors and many of their combinations 
in generating runoff is an extremely complex 
physical process and is not understood clearly 
(Zhang and Govindaraju, 2000). 

Historically, hydrologists and researchers have 
employed two types of models: conceptual 
models that consider the physics of the 
underlying process, and systems theoretic 
models that do not consider the underlying 

1. Introduction

Water circulates in atmosphere as vapour, on 
land as surface water, and inside the earth as 
groundwater.  The circulation and distribution 
of water in various parts of the earth is known as 
hydrologic cycle.  The hydrologic cycle, driven 
by heat energy provided by the Sun and other 
natural forces, consists of many sub-processes 
such as precipitation, evaporation, infiltration, 
deep percolation, surface water, groundwater, 
etc.  The hydrologic cycle is responsible for 
providing water to human beings and for the 
natural balance of water on the earth.  Out of 

31,386 million cubic kilometers (MKm ) water 
3available on the earth, only 10 MKm  is available 

as fresh liquid water that is fit for human 
consumption.  This global water availability has 
remained constant over the years but the global 
water demands are constantly increasing due to 
population growth, industrialization, and 
improved standards of living around the world.  
United Nations projections indicate that the 
global water demands will exceed the available 
water by the year 2050.  This calls for an efficient 
utilization of the existing water resources.  The 
scenario of water demand and availability is 
more acute in India.  Although the per capita 
water consumption in India is not as high as in 
the developed countries, the total water needed 
is significant due to our huge population.  
Further, the urbanized population in India is on 
the rise where per capita water consumption is 
high.  Moreover, water availability in India is 
highly uneven with respect to both space and 
time.  We have floods in one part of the country 
and droughts in another at the same time.  Also, 
water availability is concentrated in monsoon 
months (June-September) but water is needed 
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increasingly popular in hydrology and water 
resources among researchers and practicing 
engineers.

One can find numerous researches on rainfall 
runoff modeling employing either conceptual 
methods or ANNs in isolation.  However, the 
efforts of integrating the available techniques to 
develop integrated/hybrid models have been 

physics of the process.  The conceptual rainfall-
runoff models need a large amount of data for 
calibration and validation purposes and are 
computationally extensive.  This has led the 
hydrologists to focus on systems theoretic 
models also known as black-box models.  
Regression, time series, and Artificial Neural 
Network (ANN) models fall under this category 
of models.  In recent years, ANNs have become 

Figure 1(a).  Schematic of a Conceptual Model

Figure 1(b).  Schematic of a Black Box Model

Figure 1( c). Schematic of Integrated Model-1
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Figure 1(a) shows a conceptual model, which can 
be termed as a transparent box as the details of 
the physical processes and associated equations 
are visible.  On the other hand, in a black-box the 
details of the physical processes being modeled 
are not visible (see Figure 1(b)).  The integration 
of the two types of models results in a structure 
similar to the one depicted in Figure 1(c) wherein 
the details of only parts of the overall physical 
processes are visible.

The first integrated runoff forecast model used 
conceptual methods to model base flow, 
infiltration, continuous soil moisture account-
ing, and evapotranspiration.  A multi-layer feed-
forward ANN trained using back-propagation 
algorithm (Rumelhart et al., 1986) with 
momentum factor was used to model the 
complex, dynamic, and non-linear nature of the 
process of transformation of effective rainfalls 
into runoff in a catchment.  The daily rainfall and 
stream flow data derived from Kentucky River 
catchment, USA were employed for model 

limited in hydrology.  It is possible to obtain 
better runoff forecast accuracy by way of 
developing an integrated model capable of 
exploiting the advantages of the individual 
techniques.  Another aspect that needs careful 
consideration is to investigate various ways of 
integration depending on the domain 
knowledge about the physical process being 
modeled.  The objective of this paper is to briefly 
describe three integrated runoff forecast models 
developed at IIT Kanpur, which resulted from 
three different innovative integration 
approaches that were adopted in each of the 
models.

3. Integrated Runoff Forecast Model-1

The first integrated runoff forecast model 
presented here employed conceptual methods 
for modeling parts of the overall hydrologic 
system and ANNs for modeling the remaining 
parts.  The concept of integration of conceptual 
and ANN techniques is depicted in Figure 1.  

Table 1:  Statistical Results from Integrated Model-1
 

      _____________________________________________ 

Model   AARE     R 

During Training 

Conceptual   23.57  0.9363 
ANN Black Box  54.45  0.9770 
Integrated Model-1  21.58  0.9773 

During Testing 

Conceptual   24.68  0.9332 
ANN Black Box  66.78  0.9700 
Integrated   23.09  0.9704 

      _____________________________________________ 
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different natural processes on-going in a 
catchment.  Once data classification based on 
domain knowledge was achieved, appropriate 
modeling technique was employed to model 
each part of the decomposed flow hydrograph.  
Such a decomposition and integration approach 
based on domain knowledge can provide better 
model performance than a single model 
attempting to model the whole f low 
hydrograph.  The same data set (Kentucky 
River) was used for this integrated model also.  
The performance of a Single ANN Model and the 
Integrated Model-2 in terms of AARE and R is 
provided in Table 2.

It can be observed that the performance of the 

Integrated Model-2 in terms of AARE is 
significantly better than the Single ANN model 
during both training and testing; whereas, the 
performance in terms of R is comparable.  The 
observed and predicted runoff from the 
Integrated Model-2 during a sample year is 
shown in Figure 4.

development and testing.  A total of 26 years of 
data set was divided into training and testing 
sub-sets of 13 years each.  The performance was 
evaluated using two standard statistical 
parameters: average absolute relative error 
(AARE) and Pearson coefficient of correlation 
(R).  The values of these statistics for the three 
models (Conceptual, ANN, and Integrated) are 
provided in Table 1.  It is found that the 
performance of Conceptual and Integrated 
Model-1 is comparable; and the performance of 
integrated model is slightly better in terms of 
both AARE and R.  The observed and predicted 
runoff from the integrated model during a 
sample year is shown in Figure 2.

4. Integrated Runoff Forecast Model-2

The second integrated runoff forecast model first 
decomposed the rainfall and runoff data 
associated with different parts of a flow 
hydrograph into different categories as shown in 
Figure 3.  The decomposition of data was based 
on the physical concepts that different portions 
of a flow hydrograph are produced due to 

Figure 2.  Observed and Predicted Runoff from Integrated Model-1
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Figure 3.  Decomposition of a Flow Hydrograph based on Domain Knowledge

 

      _____________________________________________ 

Model   AARE     R 

During Training 

Single ANN Model 54.97  0.9770 
Integrated Model-2  23.85  0.9780 

During Testing 

Single ANN Model 65.71  0.9700 
Integrated Model-2  21.63  0.9678 

      _____________________________________________ 

Table 2.  Statistical Results from Integrated Model-2
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(AR) type was also developed for comparison 
purposes.  All the models were developed for 
two different lags, two and four.  The monthly 
stream flow data derived from Colorado River at 
Lees Ferry, USA for 63 years were employed for 
this purpose.  First 50 years of data were used for 
training/calibration and the remaining 12 year 
of data were used for testing/validation 
purposes.  Statistical results from the Integrated 
Model-3 are presented in Table 3.

It is clear from the results presented in Table 3 
that the performance of ANN3 model that 
integrates time series and ANN techniques is far 
superior to the other models.  The average 
forecast error of 92.78% from a lag-2 AR model 
reduces to 12.55% from a lag-2 integrated model.  
Similarly, the average forecast error of 88.52% 
from a lag-4 AR model reduces to only 9.62% 
from a lag-4 integrated model.  The performance 
of integrated models gradually becomes better

5. Integrated Runoff Forecast Model-3

The third integrated model presented here 
involves integration of ANN and time series 
modeling techniques.  The steps involved in a 
time series model are: de-trending for any long 
term trends, de-seasonalization for any seasonal 
variations, and investigation for auto-correlation 
structure in the filtered data.  In developing an 
ANN model, the raw data are normally 
presented at the input layer.  It is possible to 
obtain better model performance if the time 
series steps are first carried out and filtered data 
are presented to the ANN at the input layer.  
With this type of integration in mind, three 
different ANN models were developed.  The 
first ANN model employed raw data as the 
inputs; the second ANN model was presented 
with the de-trended data at the input layer; and 
the third ANN model was presented with the de-
trended and de-seasonalized data at the input 
layer.  A time series model of auto-regressive 

Figure 4.  Observed and Predicted Runoff from Integrated Model-2
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approaches depending on the domain 
knowledge about the physical processes being 
modeled.  The experience of the modeler can also 
play an important role in developing integrated 
runoff forecast models capable of exploiting the 
advantages of individual techniques.
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as the time series steps are embedded in an ANN 
model.  It was also found that the performance of 
ANN1 model that uses raw data at the input 
layer was much better than the AR models for 
both the lags considered.

6. Conclusions

Runoff forecasting is important in many water 
resources management activities.  The results 
from three case studies emphasizing the use 
integrated approaches in runoff forecasting are 
presented.  The methods investigated include 
conceptual methods based on laws of physics, 
statistical methods of time series, and ANNs.  
The ANN models have the potential to perform 
better than the conventional models.  It has been 
found that the integrated models have the 
potential of producing more accurate forecasts 
than their individual counterparts.  There is a 
need to develop innovative integrated 
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USA for three years before joining the Department of Civil Engineering in December 1997. 
He has carried our research at Kentucky Water Research Institute, USA, University of 
Leeds, UK and University of Adelaide, Australia. His research interests include surface 
hydrology, stochastic hydrology, neural networks, and genetic algorithms. 

           ____________________________________________________ 

 Model  AARE    R  AARE    R 
    

     Lag 2 Results      Lag 4 Results 
 

Time Series  92.78  0.48  88.52  0.51 
ANN1   44.51  0.62  44.01  0.68 
ANN2   19.55  0.77  17.67  0.80 
ANN3   12.55  0.86    9.62  0.89 

           ____________________________________________________ 

Table 3:  Statistical Results from Integrated Model-3
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and Wolff (1987) further showed that these 
econometric models are outperformed by the 
random walk model even when time-varying 
parameters are incorporated in the models.  
Although these results are supportive of the 
efficient-market hypothesis (Bachilier 1900, 
Samuelson 1965, Fama 1970) researchers have 
continued to explore various alternate 
techniques for modelling of exchange rates. 
Since these empirical studies mainly rely on 
linear time series techniques, it is not 
unreasonable to conjecture that the linear 
unpredictability of exchange rates may be due to 
limitations of linear models.  Meese and Rose 
(1991) and Chinn (1991) observe that exchange 
rates exhibit significant nonlinearities.  

Many studies in recent times have presented 
evidence of existence of autoregressive 
conditional heteroskedasticity (ARCH) effect in 
exchange rate series; see e.g. Bollerslev et.al. 
(1992) for a review.  ARCH models (Engel 1982) 
and later variants of it like ARCH-M, GARCH 
and GARCH-M account for the most apparent 
type of nonlinear structure in financial market 
prices, namely that small (large) price changes 
are followed by small (large) changes of either 

1. Introduction

Forecasting currency exchange rates is an 
important financial problem that has received a 
great deal of attention especially because of its 
intrinsic difficulty and practical applications. 
Since the break up of the Bretton-Woods system 
in 1973, the volatility in spot foreign exchange 
rates has fostered a growing body of literature to 
decipher the behavior of currency movements.  
Traditional methods of exchange rate 
forecasting, using structural econometric 
models, linear time series models, non-linear 
time series model, artificial intelligence models, 
has been a recurrent theme of research among 
statisticians and econometricians during the last 
two decades. Pointing out the difficulties 
involved, Meese and Rogoff (1983) observed that 
forecasts arising out of several important 
structural models based on monetary and asset 
theories of exchange rate determination perform 
no better than (in terms of out-of-sample 
forecasting ability) ones generated by the 
simplest of all models, i.e., the simple random 
walk model.  Boothe and Glassman (1987) also 
confirmed these findings for a number of key 
exchange rates.  Alexander and Thomas (1987), 

Gas Turbine Combustion and Power Generation
FORECASTING DAILY SPOT FOREIGN EXCHANGE RATES 
USING WAVELETS AND NEURAL NETWORKS*

Amit Mitra                                                              Department of Mathematics & Statistics

Exchange rate forecasting is an important and fundamental problem in finance and has always been a challenging 
area of research to applied statisticians and econometricians.  In this talk, we review the various approaches of 
exchange rate forecasting and present a new forecasting methodology that combines artificial intelligence 
modeling techniques with wavelet multiresolution technique for forecasting of daily spot foreign exchange rates of 
major internationally traded currencies.  In the empirical studies, we apply the proposed forecasting technique for 
forecasting one and multi-step ahead spot exchange rates. Results of the empirical study indicate superior 
performance of the proposed technique as compared to the traditional exchange rate forecasting models.
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analysis.  In Fourier analysis, we assume the 
frequency content of the function to be stationary 
along the time axis. Wavelets, on the other hand, 
are defined over a finite domain and unlike the 
Fourier transform; they are localized both in time 
and in scale.  The most important fact about 
wavelets is that they are localized in time and 
space, contrary to what happens with the 
trigonometric functions.  This behavior makes 
them ideal candidates for analyzing non-
stationary signals and those with transients or 
singularities. They have advantage over 
traditional Fourier methods in analyzing 
physical situations where the signals contain 
discontinuities and sharp spikes.  

The philosophy of the proposed method is based 
on the realization that the observed exchange 
rate series can be thought of as a mixture of some 
distinct process components at different scales 
and volatility levels, which is typical of financial 
time series.  Since the observed time series is a 
mixture of such complex processes, a forecaster 
who is unable to identify the separate scale-
related components of the series, is unable to 
produce models which is capable of giving 
accurate forecasts.  On the other hand, if we are 
able to decompose the original time series into 
scale or frequency related components and 
model each component separately, we can 
produce more accurate models.

First we apply a Discrete Wavelet Trans-
formation (DWT) for decomposing the original 
observed exchange rate series into various 
frequency related components.  A DWT is 
obtained using an algorithm referred to as the 
Mallat's pyramid algorithm in the literature.  In 
the Mallat's algorithm, the original signal is first 
passed through two complementary filters, 
lowpass and highpass (as illustrated in Figure 1) 
and the original signal is decomposed into two 
components, a low-frequency content and a 
high-frequency content of the same size.  The 
low-frequency content of the signal gives a 
signal its basic identity, the high-frequency 

sign.  There are results to show that accounting 
for conditional heteroskedasticity leads to better 
forecasts of monthly exchange rate as compared 
to random walk and other non-linear models 
(Nag and Mitra 2002).  Neural networks and 
genetic algorithm based artificial intelligence 
techniques have also been used in the recent past 
for exploiting the non-linearity of the exchange 
rate dynamics.  Exchange rate forecasting using 
neural networks provides evidences that they 
are significantly better than the existing 
statistical models in terms of out-of-sample 
forecasting ability.  See for example Refenes 
(1996), Hann and Steurer (1996), Lisi and Schiavo 
(1999).  Recently, Nag and Mitra (2002) applied 
genetically optimized neural network modelling 
technique for forecasting daily foreign exchange 
rates of major internationally traded currencies.  
They observed that such models outperform 
commonly used non-linear models of exchange 
rate, like the conditional heteroscadastic models 
and usual fixed geometry neural network 
models, in terms of out-of-sample forecasting 
ability.

In this talk, we present a methodology for 
building forecasting models for daily spot 
foreign exchange rates.  The proposed method   
is based on wavelets multi resolution 
decomposition and artificial intelligence 
modeling.  The rest of the paper is organized as 
follows. In Section 2, we give a outline of  the 
proposed methodology.  Section 3 will present 
the case studies of application of the proposed 
methodology for forecasting of the daily 
exchange rates. 

2. Wavelet based proposed Forecasting 
Methodology

Wavelet theory has its roots in the classical 
Fourier analysis, but there are important 
differences between the wavelet theory and the 
theory based on Fourier analysis. In a way, 
wavelet analysis is a refinement of the Fourier 
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3. Empirical Studies

We apply the proposed method to build one and 
multi-step ahead forecasting models for major 
internationally traded foreign exchange rates.  
The daily spot exchange rate data for the study 
have been taken from the Reuters data stream.  
The sample size of the dataset is of 1000 data 
points, stretched over a period of three and half 
years.  For the one-step ahead forecasting 
models, the target variable in all the models is the 
closing exchange rate one day ahead.  For the 
multi-step ahead models, the target variable is 
the closing spot rate at the chosen lead period.  
For the purpose of examining the out of sample 
forecasting ability of the proposed forecasting 
model, the last 10% data points (100 data points) 
are reserved for evaluation of the out of sample 
performance and are not used in any way during 
the model building stage.  We compare the out-
of-sample forecasting ability of the proposed 

content on the other hand presents the finer 
details of the data.  The high-scale, low-
frequency components of the signal is called the 
'approximation' in the literature of DWT.  While 
the low-scale, high-frequency components of the 
same signal is referred to as the detail.  For a 
detailed mathematical formulation refer to Mitra 
and Mitra (2006).

While the decomposed series component at the 
lowest frequency level relates to the long term 
movement of the original series, the decomposed 
series at the highest frequency level gives the 
high volatility component of the series and may 
be associated with periodic movements with a 
very short period.  After the wavelet 
decomposition is obtained, we apply artificial 
intelligence forecasting technique of genetically 
optimized neural networks (Nag and Mitra 
2002) to each component of the decomposed 
series.  The final forecast is obtained by 
combining the forecasts of the component series.  
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Figure 1.  A 3-level wavelet decomposition of a signal using a sequence of lowpass and highpass filters
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Figure 2. Daubechis-5 3-level decomposition of US Dollar/Pound Sterling rate and Yen/ US Dollar
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Model AAE AAPE RMSE MSE PCM RSQ 
WDGONN 0.00143 0.08561 0.00189 3.6E-06 89 0.99418 

GONN 0.00557 0.33242 0.00779 6.07E-05 55 0.89287 
ARCH(1) 0.00466 0.27883 0.00614 0.00004 47 0.93463 

ARCH(1)-M 0.00466 0.27872 0.00614 0.00004 47 0.93492 
GARCH(1,1) 0.00465 0.27817 0.00613 0.00004 48 0.93481 

GARCH(1,1)-M 0.00576 0.34444 0.00772 0.00006 50 0.93250 
AGARCH(1,1) 0.00465 0.27815 0.00613 0.00004 47 0.93479 
EGARCH(1,1) 0.00465 0.27805 0.00613 0.00004 49 0.93483 

 

Table 1.  One-step ahead prediction: US Dollar/Pound Sterling 

Table 2. One-step ahead prediction: Japanese Yen /US Dollar

Model AAE AAPE RMSE MSE PCM RSQ 
WDGONN 0.45465 0.35595 0.5853 0.34257 90 0.99702 
GONN 1.32432 1.05021 1.85730 3.44957 51 0.97075 
ARCH(1) 1.34068 1.05266 1.78341 3.18055 41 0.97459 
ARCH(1)-M 1.32856 1.04242 1.74768 3.05439 47 0.97549 
GARCH(1,1) 1.33800 1.05069 1.78166 3.17430 39 0.97456 
GARCH(1,1)-M 1.35050 1.06051 1.80022 3.24080 44 0.97464 
AGARCH(1,1) 1.33861 1.05133 1.78470 3.18514 42 0.97452 
EGARCH(1,1) 1.33861 1.05129 1.78419 3.18334 43 0.97453 

 

 Table 3.  4-step ahead prediction: US Dollar/Pound Sterling

Method AAE AAPE RMSE MSE PCM RSQ 
WDGONN 0.00601 0.35940 0.00781 0.00006 80 0.89668 

GONN 0.00988 0.59021 0.01288 0.00017 56 0.73257 
ARCH(1) 0.01013 0.60558 0.01288 0.00017 44 0.73057 

ARCH(1)-M 0.01011 0.60433 0.01286 0.00017 46 0.73178 
GARCH(1,1) 0.01012 0.60489 0.01286 0.00017 44 0.73108 

GARCH(1,1)-M 0.01043 0.62284 0.01367 0.00019 46 0.72648 
AGARCH(1,1) 0.01012 0.60484 0.01287 0.00017 44 0.73104 
EGARCH(1,1) 0.01012 0.60483 0.01286 0.00017 44 0.73116 
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method with those of the well-known 
traditionally best performing models.  Using a 
Daubechies-5 wavelets, we first obtain a wavelet 
decomposition of the 'training set' data and then 
use genetically optimized neural networks for 
modeling each component of the decomposed 
series. The component-wise forecasts are 
combined to get the forecasts of the original 
series. We judge the performance of the 
forecasting models from their out-of-sample 
predictive ability in terms of the following well-
known evaluation criteria; (i) Average Absolute 
Error (AAE), (ii) Average Absolute Percentage 
Error (AAPE), (iii) Root Mean Square Error 
(RMSE), (iv) Percentage of Correct Movements 
(PCM) and (v) R-Square (RSQ) between actual 
and predicted.  We present here some 
representative results.
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operators for capacity planning. Understanding 
the evolution of telephone market and its likely 
future trend is equally important for policy 
makers. The main objective of this paper is to 
model and forecast the diffusion of telephones in 
India to inform the larger discussion of 
managing the communication services as well as 
to assist analysts concerned about assessing the 
impact of public policies in the evolution of 
telecom sector. 

2. Diffusion model to project 
teledensity and telephone demand

There are typically two ways to estimate the 
future teledensity and telephone demand. First 
is generally based on independent projections of 
mobile and landline telephone demand. 
Typically, projection for each means of access 
(i.e., mobile and landline) builds on a different 
method, and the total telephone demand 
becomes simply an aggregate of the independent 
estimates for mobile and landline demand. 
Second approach is based on projection of total 
telephone demand in a first step, and the related 
percentage share of mobile and landline 

1. Introduction

India had only 170000 telephones in 1950-51 with 
teledensity, number of telephones per 100 
inhabitants, of just 0.05. By the end of 2005-06, 
there were around 140 million phones in the 
country, out of which, 90 million were mobiles 
and the rest landlines. There has been a 
phenomenal growth in mobile phones since their 
introduction in the market in 1995-96. Mobile 
phone subscriber base has increased from a 
meager 0.03 million in 1995-96 to 90 million in 
2005-06. The growth in mobile phones has been 
far higher in comparison to landline phones 
during the recent years. From 2000-01 to 2005-06, 
mobile subscriber base increased at the rate of 
90% per year whereas corresponding growth 
rate for the landline telephones was less than 9% 
per year. Due to rapid growth in mobile 
subscriber base, overall teledensity in the 
country increased from 3.6 in 2000-01 to 12.6 in 
2005-06.

An effective management of telephone services 
requires an understanding of the factors that 
underlie the evolution of the market. Factors 
such as market potential and timing and speed of 
adoption are of great importance for telecom 

Gas Turbine Combustion and Power GenerationMODELLING AND FORECASTING THE DIFFUSION OF 
TELEPHONES IN INDIA

Sanjay Kumar Singh Associate Professor of Economics
Indian Institute of Management Lucknow

The main aim of this paper is to estimate the future trend and analyze the pattern and rate of adoption of telephones 
in India. The paper uses S-shaped growth curve models for the same. It is found that the teledensity in India will 
increase from 12.6 telephones per 100 inhabitants in 2005-06 to 107.5 telephones per 100 inhabitants in 2015-16. 
Consequently, telephone subscriber base is projected to increase from 140 million in 2005-06 to 1361 million in 
2015-16. Moreover, mobile phone is becoming and will continue to become the dominant means for accessing 
communication. It is estimated that the modal share of mobile phone will increase from around 64% in 2005-06 to 
nearly 85% in 2015-16. Due to this, mobile subscriber base will increase from 90 million in 1995-96 to more than 
1150 million in 2015-16. The projected rapid growth in telephone subscriber base will have important implications 
for telecom operators, infrastructure providers, handset suppliers, and vendors. Telecom operators should be 
ready with contingency plans to deploy and operate infrastructure including customer care, billing, applications, 
etc., faster than that they might have initially planned. Infrastructure providers, handset suppliers, and vendors 
should be prepared to respond to such plans.
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time captures the effect of omitted variables, 
equation (1) can now be approximated by, 

where  Td  is teledensity, GDP/CAP  is per capita 
GDP, and  t  is time.

The innovation diffusion literature reveals that 
the spread of a successful innovation over time 
typically follows a sigmoid or S-shaped curve. 
This happens primarily because during an early 
phase of diffusion only a few members of the 
social system adopt the innovation whereas, 
over time, due to network consumption 
externality, dissemination of information about 
technical and economic characteristics, increase 
in income, etc., many people opt for innovation 
as the diffusion process unfold. Finally, during 
the maturing phase, the rate of diffusion goes 
down when diffusion curve approaches a 
saturation level. Therefore, if we plot teledensity 
against the GDP per capita or time, it is expected 
that it will look like some sort of S-shaped curve. 
There are a number of different functional forms 
that can describe S-shaped curves, for example, 
the logistic, Gompertz, logarithmic logistic, log 
reciprocal, simple modified exponential, general 
modified exponential, and cumulative normal 
functions. Among these, the logistic, Gompertz, 
and simple modified exponential functions are 
the most widely used functional forms. 
Therefore, it is decided to use these three 
functions to model and forecast the diffusion of 
telephones in India. 

2.1. Logistic model

Teledensity, Td, can be represented by the 
logistic function as, 

      (3)

where all the variables have their previous 

computed afterward. Second approach is a 
better one for developing long-term scenarios 
since it takes into account for competition 
between mobiles and landlines. This paper 
follows the second approach especially to allow 
formulation of aggregate and long-term 
scenarios.

Demand for telephone depends on various 
socio-economic factors such as income and 
income distribution, price and quality of 
communication services, age distribution and 
household composition, educational level, 
technological development, regulatory 
mechanism, government policy towards 
telecommunication, etc. At national level, the 
relationship between teledensity and factors 
influencing the same can be written as,

                                                                       (1)

where Td is teledensity (representing the 
number of telephones per 100 inhabitants) and   
X is a vector of variables determining the level of 
teledensity.

Using equation (1), it is possible to project the 
future teledensity if data for each of the variables 
on the right hand side are available. However, 
time series data for many of these variables are 
not readily available for India. In this situation, it 
is important to find out the key determinants of 
teledensity for which time series data are 
available. Jipp (1963), Cronin et al. (1991), 
Greenstein and Spiller (1995), Mbarika et al. 
(2002), and many others have shown that there is 
a close relationship between income and 
demand for telecommunication services. The 
strong relationship between income, measured 
in terms of per capita Gross Domestic Product 
(GDP), and telecommunication services, 
measured in terms of teledensity, is found for 
both cross-sectional as well as time-series data. 
Therefore, it is decided to use per capita GDP as 
the main explanatory variable to project the 
future teledensity in India. Assuming that the 

) ,( t
cap

GDP
fTd =

)(XfTd =

),(

1
t

cap

GDP
f

e

Td

b

a

+

=

135



a reasonable assumption about the functional 
form of  f(GDP/cap,t).  Thus,  to estimate the 
model using OLS method, equation (8) can 
written as, 

       (9)

where b ,  b , b ,  b , and b  are parameters to be 1 2 3 4 5

estimated using OLS and e  is a disturbance term 
with zero mean and constant variance.

2.3. Simple modified exponential model

The simple modified exponential function can be 
written as,  

                                                                                                    
(10)

where all the variables have their previous 

meaning and parameters a (saturation level) and   

b are positive.

In line with the logistic and Gompertz functions, 
simple modified exponential function can be 
transformed in a linear form as,

                                                                                           
(11)

In line with the logistic and Gompertz functions, 
equation (11) can further be simplified to 
estimate the model using OLS method in the 
following way, 

                                            (12)

where b ,  b , b ,  b , and b  are parameters to be 1 2 3 4 5

estimated using OLS and e is a disturbance term 
with zero mean and constant variance.

meaning and a is the saturation level. 

Parameters  a and  b are positive.

To transform the model in a linear form, 
equation (3) can be written as,

(4)

Taking natural logarithm on both sides, equation 
(4) can be transformed in a linear form as follows,

(5)

This can further be simplified by making a 
reasonable assumption about the functional 
form of  f(GDP/cap,t) . So, to estimate the model 
using Ordinary Least Squares (OLS) method, 
equation (5) can be written as,

                                               (6)

where b ,  , ,  , and  are parameters to be 1

estimated using OLS and  e  is a disturbance term 
with zero mean and constant variance.

2.2. Gompertz model

Gompertz function is of the form,  

(7)

where all the variables have their previous 

meaning and parameters a (saturation level) and  

b are positive.  

In line with the logistic function, equation (7) can 
also be transformed in a linear form as follows,

(8)

Equation (8) can further be simplified by making 
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Projected boom in telecom sector will have 
equally important implications for the 
government revenue particularly in the form of 
regulatory charges and service tax. Telecom 
sector in India pays direct regulatory charges in 
the form of license fee (including universal 
service obligation levy) and spectrum charges. 
License fee varies from 5% to 10% whereas 
spectrum charges vary from 2% to 6% of the 
revenue. On an average, annual direct 
regulatory cost faced by the telecom sector in 
India is more than 13%, much higher than that in 
the comparable developing countries. The 
corresponding figure for Pakistan, Sri Lanka, 
Malaysia, and South Africa is 4.5%, 0.3%, 6.5%, 
and 5% respectively. It is remarkable that despite 
the heavy regulatory charges (and other form of 
taxes such as service tax, sales tax, value added 
tax, etc.) in India vis-à-vis many other countries, 
telecom tariff in the country is among the lowest 
in the world. However, there is a case to reduce 
the levies particularly regulatory charges to 
further boost the sector. The sector paid nearly 
Rs. 100 billion to the government as regulatory 
charges during the year 2005-06. Even if we 
assume a reduction in regulatory charges from 
13% to say 10% in forthcoming years, 
contribution of the telecom sector to the 
government's revenue will be more than Rs. 200 
billion in 2010-11 and Rs. 500 billion in 2015-16.

Telecom sector is already the largest contributor 

expected to get stabilized at Rs. 300 per month by 
the year 2010-11 whereas the corresponding 
figure for landline is likely to be around Rs. 400. 
Based on this assumption about the ARPU and 
estimates of the number mobile and landline 
subscribers, telecom operators' revenues during 
the year 2010-11 and 2015-16 have been 
estimated and presented in Table 3.

Revenues generated by the telecom sector in 
India during the year 2005-06 is estimated to be 
Rs. 763 billion (Rs. 405 billion from mobile 
services and Rs. 358 billion from landlines), an 
amount which is around 2.4% of the country's 
GDP. When we assume average mobile 
spending of Rs. 300 per month per user and 
average landline spending of Rs. 400 per month 
per user during 2010-11 and 2015-16, total 
telecom spending in India during 2010-11 and 
2015-16 is estimated to be Rs. 2031 billion and Rs. 
5149 billion respectively. India's telecom 
revenue will be equivalent to 3.5% of its GDP in 
2010-11 and around 5% of its GDP in 2015-16 
(Table 4). This suggests that the revenues of 
Indian operators may prove significantly greater 
than the amount that might have been 
commonly assumed. Most of the revenue 
increases in India's telecom sector will accrue to 
mobile operators. Revenue from mobile services 
is estimated to increase from 1.3% of GDP in 
2005-06 to 4.0% of GDP in 2015-16. 

 No. of 
mobile 

subscribers  
(in million) 

Mobile 
ARPU per 

year   
(Rs.) 

Revenues 
from mobile 

services 
(Rs. in billion) 

No. of 
landline 

subscribers  
(in million) 

Landline 
ARPU per 

year   
(Rs.) 

Revenues 
from landline 

services 
(Rs. in billion) 

Telecom (mobile 
+ landline) 

revenue  
(Rs. in billion) 

2005-06 90.0 4500 405 49.7 7200 358 763 

2010-11 435.8 3600 1569 96.3 4800 462 2031 

2015-16 1154.4 3600 4156 206.9 4800 993 5149 

 

Table 3. Estimates of telecom operators' revenue
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around 45 in 2010-11 and around 108 in 2015-16. 
Consequently, total telephone demand is 
projected to increase from around 140 million in 
2005-06 to 532 million in 2010-11 and 1361 
million in 2015-16.

Mobile phone is becoming and will continue to 
become the dominant means for accessing 
communication in India. It is projected that the 
modal share of mobile phone in India will 
increase from around 64% in 2005-06 to around 
82% in 2010-11 and very close to 85% in 2015-16. 
On an average, mobile phone subscription will 
increase at the rate of 37% per year from 2005-06 
to 2010-11 and 21.5% per year from 2010-11 to 
2015-16. Due to this, mobile subscriber base in 
the country is expected to reach 436 million in 
2010-11 and more than 1150 million in 2015-16. 
Rapid growth in telephone subscriber base in the 
India will have important implications for 
revenues collected by the telecom operators and 
the government. Revenue collected by the 
telecom operators is projected to increase from 
Rs. 763 billion (2.4% of GDP) in 2005-06 to Rs. 
2031 billion (3.5% of GDP) in 2010-11 and Rs. 
5149 billion (5.0% of GDP) in 2015-16. Most of the 
revenue increases in India's telecom sector will 
accrue to mobile operators. Revenue from 
mobile services is estimated to increase from 
1.3% of GDP in 2005-06 to 4.0% of GDP in 2015-
16. The government's revenue from regulatory 

of service tax in India. Almost 30% of the 
country's service tax comes from this sector. 
During the year 2005-06, the sector contributed 
around Rs. 75 billion in the form of service tax. 
The rate of service tax faced by the sector has 
increased from 5% up to May 2003 to 8% up to 

March 2004, 10% up to March 2006, and 12% 
from April 2006 onwards. If we include the 
education cess of 2% (of 12%), tax burden on 
telecom services would be 12.24% from the 
financial year 2006-07 onwards. If this rate 
persists, government's revenue from the service 
tax on telecom sector will increase from around 
Rs. 75 billion in 2005-06 to around Rs. 250 billion  
in 2010-11 and Rs. 630 billion in 2015-16.

7. Concluding remarks

In this paper, the growth of telephones and 
teledensity in India has been analyzed using S-
shaped growth curve models. The result shows 
that the Gompertz model adequately describes 
the path of telephone diffusion in India. The 
analysis shows that the high growth phase of the 
diffusion of telephones will continue for another 
six years till 2011-12. Teledensity in India 
increased at the rate of 28.5% per year from last 
five years and is expected to increase more or less 
at the same rate during the next five years as 
well. Teledensity in the country is projected to be 

 GDP  
(Rs. in billion at factor 
cost at current prices) 

Mobile revenue as a 
percentage of GDP 

Landline revenue as a 
percentage of GDP 

Telecom (mobile + 
landline) revenue as a 

percentage of GDP 

2005-06 32000 1.3 1.1 2.4 

2010-11 57600 2.7 0.8 3.5 

2015-16 103680 4.0 1.0 5.0 

 

Table 4. Telecom revenue in India as a percentage of its GDP

8142



economic activity: an empirical investi-
gation, Industrial and Corporate Change, 
Vol. 4, pp. 647-665 (1995).  

[3]  A. Jipp A. , Wealth of nations and telephone 
density, Telecommunications Journal, July, 
pp. 199-201 (1963).

[4]  V. Mbarika et al. , Growth of teledensity in 
least developed countries: need for a 
mitigated euphoria, Journal of Global 
Information Management, Vol. 10, pp. 14-27 
(2002).

[5] World Population Prospects: The 2004 
Revision Population Database, United 
Nations Population Division, United 
Nations. This is available at

        http://esa.un.org/unpp/index.asp?panel=3.   

charges and service tax will increase 
substantially due to rapid increase in operators' 
revenue. The government's revenue from 
regulatory charges is expected to increase from 
nearly Rs. 100 billion in 2005-06 to more than Rs. 
200 billion in 2010-11 and around Rs. 500 billion 
in 2015-16. The government's revenue from 
service tax is projected to increase from Rs. 75 
billion in 2005-06 to around Rs. 250 billion in 
2010-11 and Rs. 630 billion in 2015-16.
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like Artificial Neural Network (ANN), Fuzzy 
Logic (FL), and combination of ANN and FL 
(FNN) have been received much more attention 
in STLF. Due to flexibility in data modeling, 
different models of ANNs have been extensively 
applied for STLF in EMs [1], [5]. FNN [6] has also 
been used for STLF. Moreover, wavelet 
transform as an external decomposer-composer 
with ANN has been applied in [7]-[8]; however, 
this approach may lose some information of 
original hourly load series. Therefore, more a 
robust and efficient STLF method is needed in 
the Ems.

In this work, an Adaptive Wavelet Neural 
Network (AWNN) is examined for day-ahead 
load forecasting in the California EM for the year 
2007. The set of loads at different lagged hours 
based on Auto Correlation Function (ACF) of the 
load series and temperature values at different 
lagged hours (as exogenous variables) have been 
considered as input variables for the forecasting 
model. To demonstrate the effectiveness of 
AWNN model, the obtained results are 
compared with ANN and day-ahead forecasted 
load published by California ISO (CAISO).

2.   Wavelet Neural Network

The Wavelet Neural Network (WNN) was first 

1.   Introduction

With the introduction of deregulation in electric 
power industry, load forecasting becomes more 
important than ever before, not only for system 
operators but also for transmission owners, 
producers, consumers and traders [1]. Short-
term load forecasting (one hour to a week ahead) 
helps to make an appropriate operational and 
management decisions such as generation 
scheduling and cost-effective risk management. 
Since load is a major determinant of the 
electricity price, an accurate forecasted load 
would be the key information for the electricity 
price forecast. However, an accurate load 
forecast is becoming difficult task because of 
load series exhibits variability and non 
stationarity.  

So far, several approaches have been 
implemented for STLF in Electricity Markets 
(EMs). Two major categories are hard computing 
and soft computing techniques. Hard computing 
techniques are based on the exact model of the 
system, which includes multiple linear 
regression, stochastic time series, state space and 
kalman filter, etc. [2]-[4]. However, these 
techniques are based on linear analysis and they 
have limited ability to capture non-linear and 
non-stationary behavior of the hourly load 
series. Furthermore, soft computing techniques 

Gas Turbine Combustion and Power Generation
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                           (3)

As there is no point in using wavelets for 
reconstructing linear term, it is customary to 
have additional direct connection from input 
layer to output layer in order to map linear input-
output relation. Finally, the output of the 
AWNN can be computed as

                                      (4)

where w  is the layer weight, v  is the input weight j i 

and g is the bias of output node.

3. Case study

3.1 Data set and selection of input variable

The publicly available hourly load data of 
California EM [12] for the year 2007 has been 
used in this study. Hourly actual air historical 
temperature and electricity load data of the 48 
days previous to the day of the week whose 
hourly loads are to be forecasted have been 
considered to build the forecasting model. The 
last week of winter and summer seasons has 
been considered as a test week. The first test 

th thweek is from Feb. 19  to Feb. 25  and second one 
th thfrom Aug.  20  to Aug.  26 . The hourly data used 

to construct the model for winter and summer 
nd thtest weeks are from January 2  to Feb. 18 , 2007 

rd thand from July 3  to August 19 , 2007, 
respectively.

In order to develop an appropriate model, we 
examined the main characteristics of the hourly 
load series (Figure 2) of winter season. 
According to Figure 2 (a), it is clear that the load 
series exhibits multiple seasonal patterns 
corresponding to daily and weekly seasonality. 
Figure 2(b) shows the ACF for load series of 
Figure 2(a), showing daily periodicity. The ACF 
curve indicates that load at hour of prediction, 

proposed by Zhang et al. [9], which combines the 
time-frequency localization property of wavelet 
and learning ability of ANN into a single unit. 
Based on Continuous Wavelet Transforms 
(CWTs) and Discrete Wavelet Transforms 
(DWTs), WNNs can, be categorized into the 
Adaptive WNNs (AWNNs) and Fixed grid 
WNNs, respectively [10]. 

Architecture  of  AWNN

The structure of an AWNN model [11] is shown 
in Figure 1. It consists of an input layer, wavelet 
layer, product layer and a linear output layer. 
The input data in input layer is  

                         
where n is the number of dimensions (input 
variables), are directly transmitted into wavelet 
layer. In 1-D, the Mexican hat wavelet used as 
mother wavelet in this study, can be expressed as 

              (1)

The wavelet family can be generated by 
translating and dilating the mother wavelet. The 
activation function of jth neuron in wavelet layer 
connected with ith input data is represented as:

                                

 (2)

where, m is the number of wavelons in wavelet 
layer, b  is the translation parameter, a  is the ij

dilation parameter and f(.) is wavelet basis 
function.

For the n-D input, the multivariate wavelet 
function can be calculated by the tensor product 

thof n single wavelet functions and hence j  

wavelon output,  y, of the product layer is given j

by  

ij
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Figure 2. Hourly system load for January, 2007. (a) Time series plot (b) histogram of autocorrelation
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Figure 1. General structure of a feed-forward wavelet neural network
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tested for training set for different number of 
wavelons {2, 3,…, 12} and finally optimum 
number of wavelons was found to be 3. 
Convergence results of AWNN and ANN for 
training of 1500 epochs of winter test week is 
shown in Figure 3(b). This clearly shows that 
AWNN is having faster training capability in 
compared to ANN.

3.2 Forecasting Results

Figures 4 and 5 show forecasted results along 
with actual load values for winter and summer 
test weeks respectively, using ANN and AWNN 
model. The day-ahead forecasted load (publicly 
available and published by CAISO) for the same 
period is also depicted in Figures 4 and 5. In 
Table 1, AWNN is compared with CAISO day-
ahead forecasted load and ANN, in terms of 
daily and weekly MAPE, weekly error variance, 
and R-Squared error. It has been observed that 
WMAPE of AWNN model are less than that of 
ANN model and day-ahead forecasted load 
published by CAISO. Moreover, it is also 
observed that R-squared error of AWNN is close 

i.e. L , and lags up to the load measured 3 hours h

earlier than the hours of prediction, i.e. L are h-3 

highly correlated. Therefore load information of 
three previous hours can be used to model the 
trend of the load signal. 

Since, the temperature is the most dominant 
weather factor that drives the short-term load, 
the correlation of hourly actual air temperature 

st th[13] and load data for the 1  January 30  
November, 2007 is depicted in Figure 3(a). It can 
be seen that temperature and load demand are 
highly correlated. With the consideration of all 
above factors and inclusion of the exogenous 
variables (T , T , T  and T ), the following set h-1 h-2 h-3 h-24

of input variables has been used to forecast the 
load L  at hour h,h

 (5)

In the present work, an adaptive learning rate 
has been considered. An AWNN model has been 

Figure 3 (a) Temperature and load demand Correlation and (b) Comparison of Training performance 

(a) (b)
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Figure 5. summer test week forecast results

Figure 4. Winter test week forecast results
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approach to short term forecasting, IEEE 
Trans. on Power System,  2, (3), pp. 785791 
(1987).
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evaluation of five short term load 
forecasting techniques, IEEE Trans. on 
Power Systems,  4, (4), pp. 14841491 (1989).

[5]  H. S. Hippert,  C. E. Pedreira  and R. C. Souza, 
Neural networks for short-term load 
forecasting: A review and evaluation, IEEE 
Trans. on Power System, 16, (1), pp. 4455 
(2001).

[6]  K. H. Kim, H. A. Youn and Y. C. Kang, Short-
term load forecasting for special days in 
anomalous load conditions using neural 
networks and fuzzy inference method, IEEE 
Trans. on Power Systems, 15, (2), pp. 559565 
(2000).
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Cheng, Wavelet transform and neural 
networks for short-term electrical load 
forecasting, Energy Conversion and 
Management, 2000, 41, pp. 19751988.

[8]  A. J. Rocha Reis and A. P. Alves da Silva, 
Feature extraction via multiresolution 
analysis for short-term load forecasting, 
IEEE Trans. Power Syst., 2005, 20, (1), pp. 
189198.

[9] Q. Zhang and A. Benveniste, Wavelet 
network, IEEE Trans. on Neural Networks,  

to unity as compared to CAISO as well as ANN 
model. These statistical measures clearly show 
that AWNN is predicting accurately compared 
to CAISO and ANN for all test weeks.

4.   Conclusion

This paper presents an Adaptive Wavelet Neural 
Network (AWNN), which combines the 
localization property of wavelet and learning 
capability of the feed-forward Artificial Neural 
Network (ANN), for day-ahead load forecasting 
in electricity market of California. The test 
results obtained by the AWNN and ANN are 
presented and compared with the day-ahead 
forecasted load published by CAISO. The 
presented STLF results confirm the superiority 
of AWNN model over ANN.
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data obtained during the course of the week to 
ndbetter forecast the stock prices for 2  week of 

June.

We now discuss a very simple model that is often 

used in forecasting-linear prediction.

Linear Prediction 

In Linear Prediction, the future samples are 
predicted based on a linear combination of the 
past samples. Therefore, given a sequence of 
data samples x[1]... x[N-1] we would like to 
predict  the Nth sample x[N], based on previous 
P samples. 

Mathematically,  

where P is the order of the linear-predictor.

For example, suppose we have observed 20 data 
thsample x[1]...x[20], and we are using an 8  order 

linear-predictor. Then we can predict  x[9] based 
on x[1] to x[8]. Similarly, we can predict x[10] 
based on x[2] to x[9].  In each case, the 
parameters of linear-combination a[1] to a[8] 
remain the  same. This is illustrated below.

Given x[1]………x[20].  Let P = 8,  

In the model-building step, we use the observed 
data x[1] to x[16] to estimate the parameters of 

Forecasting usually involves estimation or 
prediction in advance the value or occurrence of 
an event, based on analysis of past behavior.  
Forecasting plays an important role in many 
applications of signal processing.

Most forecasting methods would involve the 
following three steps:

1)  Train: Given Historical data, develop or train 
mathematical model that explains the data 
very well.

2) Validate: Optimize or test this model to 
determine how well it forecasts some of this 
historical data which is as yet unobserved by 
the model, but for which we know the 
ground truth.

3)  Test: Finally, use this model to forecast future 
values or occurrence of a phenomenon.

Often the parameters of the model may change 
as it observes new data to better forecast future 
data, i.e. model may vary with time.

As an illustration of the above steps, we take the 
example of forecasting of stock market data.  We 

stassume that we have historical data from Jan 1  
st2008 to May 31  2008. We build a mathematical 

st thmodel using data from Jan 1  to April 30  2008. 
We may use this model to forecast the stock 

st stmarket price from May 1   to May 31  2008 which 
was not used during building of the model. We 
may compare it with the actual stock market 
price during this period to determine the efficacy 
of the model. If we are confident of our model, 
we may use it to forecast the stock-market prices 
in 1st week of June. At the end of the week, we 
may choose to update the model using the new 
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If the prediction is good then we can use this 
model with confidence to estimate the unseen 
data x[21], x[22]  etc. 

Linear Predictive techniques have been applied 
in Stock market price prediction, speech coding, 
and in predicting foreign exchange rate.

Linear Predictive Coding (LPC)

One of the important applications of Linear-
Prediction is to compress speech data for 
efficient transmission and storage.  The idea is to 
transmit or store the speech signal using as few 
bits as possible. It forms the basis for mobile 
telephony and Voice over IP.  Linear Prediction 
is a good model for speech signal, since the 
speech samples can be estimated very accurately 
based on previous speech samples. Further, the 
parameters of the predictor  a[i] for a particular 
speech sound have close correspondence with  
the vocal-tract shape required to produce the 
sound.

Speech signal production by humans can be 
modeled by the source-filter model shown in 

the model, namely a[1] to a[8].  The optimality 
criterion that we will use to estimate the 
parameters will be based on minimizing the sum 
of the squared errors as discussed below.

If we define the prediction error  by
 

the parameters of the predictor, a[i]'s are 
estimated by minimizing the sum of squared 
errors, i.e.

Here we have shown the case for P=8. The 
parameters are a , i = 1, 2,. .. 8.i

Let   , I =1,2,...8  be the estimated parameters 
obtained by minimising the above criterion. 
Then we can use them to predict the future 
values which were not used during parameter 
estimation but for which we know the ground 
truth.
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In practice, another signal        is generated at the 
decoder and used as the excitation, which is not 
same as e[n]. This forms the basis of Code 
Excitation Linear Prediction (CELP) and is used 
in many of the GSM standards of mobile-
telephony.

Auto-Regressive Estimation

Another application of linear prediction is in 
spectral estimation, where from given data x[n] 
we would like to find the dominant lines or 
frequencies present in the data. The power-
spectral density and the autocorrelation function 
are Fourier transform pairs as shown below.

However, the estimation of power spectral 
density (PSD),      ,      requires  the knowledge of
           for all  k  from         to       .

In practice,  the observed data is of finite length 
N, i.e, x[n] = x[0], x[1], . . . x[N -  1], and the 
corresponding Auto-correlation Function (ACF) 
can be estimated only  over the interval  [-(N-
1),(N-1)].

Outside this interval, the  ACF is assumed to be 
zero  even though it is not  zero. This leads to a 
poor estimate of the PSD.

figure 1. The source models the excitation 
(glottis) that drives the filter representing the 
vocal tract and is closely related to the 
characteristics of the speaker. The filter or vocal-
tract parameters are related to the actual sound 
produced by the speaker as shown in Figure 1. 

Using linear-prediction for speech compression 
involves converting the speech signal to a set of 
parameters during the encoding stage, and 
converting the parameters back to the speech 
signal during the decoding stage. These two 
stages are described below.

Encoder

The linear prediction coefficients of the filter 
(vocal tract) are calculated every 10 msec to keep 
up with the constantly changing vocal-tract 
configurations. The residual error in prediction 
models the glottis excitation. If P is intelligently 
chosen (P=8 to 10) then these sets of parameters 
can effectively represent the vocal-tract shape 
and hence the sound produced. We also need to 
parameterize the error signal. For example,  800 
samples of speech are produced every 10 msec. 
in the case of telephone speech.  These can be 
represented using only 10-12 linear-prediction 
parameters corresponding to vocal-tract shape 
and a few more parameters are required to 
represent the residual or the glottis excitation.

Decoder

In the decoder side, using the residual and the 
LPC coefficients we can predict the speech 
signal. Perfect prediction is possible if residual is 
exactly transmitted.

    is the predicted speech samples that is 
obtained by 
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better. This is illustrated in the Figure 2.

Language Modeling (LM) (N-gram)

In Linear-Prediction, given previous P samples, 
we  predict next sample x[n].  Similarly,  given a 
sequence of P words, can we predict the next 
word?  For example, consider the following 
example:

I want to make a collect..............?

Given the above sequence of words, can one 

Correlation Extrapolation

In many cases, the ACF can be extrapolated 
using the idea of linear prediction as shown 

Since the ACF can be calculated for all values of 

k, the estimation of the line frequencies are 

 

Figure 2. Spectral estimation using ACF
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Markov Property:  P(w  | w  - 1, w  - 2, ....., w ) = i 0

P(w   | w   - 1, w   - 2, ....., w   - N)i i i i

First-order Markov: It is a case in which N = 1 (or 
bi-gram LM) where word prediction depends 
only on previous word or state. Example: 

P(“That cat sat on mat”) = 
    P(“mat”|“on sat cat That”)·P(“on”|“sat cat 
That”)·
 P(“sat”|“cat That”)· P(“cat|“That”)·   
P(“That”) 
 =  P(“mat”|“on”)  ·  P(“on”|“sat”)  ·  
P(“sat”|“cat”)·   P(“cat|“That”) · P(“That”)

In the next section, we discuss Automatic Speech 
Recognition (ASR) and how Language Models 
are used in ASR. The Speech-Laboratory in IIT-
Kanpur does cutting-edge research in the area of 
Automatic Speech Recognition.

Speech Signal Processing

There are 3 broad areas in the field of Speech 
Signal Processing. These are:

1) Speech Compression: Using speech 
compression algorithms, speech signal can 
be efficiently transmitted using less bit rates.

2)   Speech Recognition:  Involves conversion of 
Speech signal to text. It is highly multi-
disciplinary in nature. Signal processing 
algorithms and statistical modeling 
methods are heavily used in ASR. Apart 
from this linguistics, phonetics, and 
methods from psychology are also used 
very frequently. 

Before the early 1990's recognition was done 
for Isolated words and Small Vocabulary. 
Since then, there have been many laboratory 
type Large Vocabulary  Continuous Speech 
recognition systems that work well. 

  i ipredict the next word?  Most people would say 
that the word is

is used as a

 Call.  This is because we have 
learnt that given the above sequence of words 
Call is often the next word.  This idea is extended 
to finding out the probability of a particular 
word following a sequence of words in a 
particular language.  If we use N previous words 
to find the probability of a word, then it is 
referred to as N-gram language model (LM).  
There are many applications of this N-gram 
language model.

One application  is  to correct “real-world” 
spelling mistakes depending on context (i.e. 
sequence of words).  For example, the sentence :

They are leaving in 15 minuets to go home.

has a valid English word minuets.  However, 
based on the sequence of words,  They are leaving 
in............,  minutes has a higher probability and 
would be shown by spell-checker . 

Another application of LM is  in Automatic 
Speech Recognition (ASR) where we may  have 
many possible sentences as competing 
hypothesis. LM helps increases the likelihood of  
grammatically correct sentences. 

In the statistical N-gram LM,  the Conditional 
Probability  measure unlike squared-
error in linear prediction. We use a large corpus 
of text for a particular language to compute,

In actual applications, we predict the next word 
as the one with highest probability. However, 
distant words have little influence on the current 
word. Therefore normally the conditional 
probability is assumed to depend  on only 
previous N words (i.e. finite memoryness), N = 1, 
2, …, which is the N-gram LM.
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There are many sources of variabilities which 
affect the performance of an ASR system. These 
are:

Type of Channel:

Telephone speech versus microphone speech

l     Types of microphone

Speaker Characteristics:

l     Differences in vocal tract length (VTL). Same 
sound (e.g., /ah/, /iy/) spoken by different 
speakers have different  frequency spectra.

l      Prosody (durations, pitch)
l      Speaking Rate

Noise: Environmental noise also play a vital role 
in ASR performance.

3)  Speech Synthesis:  Speech synthesis involves 
converting  text to speech.

Overview of Speech Recognition:

The goal of Automatic Speech Recognition is  to 
f ind the  most  l ikely  word sequence 
corresponding to a speech utterance. Most state-
of-the-art systems use statistical pattern 
classification algorithms. The following figure 
shows different blocks in a ASR system. Given a 
speech signal, the front end signal processing 
stage is used to extract relevant features from the 
speech signal. 

Let O represent the sequence of features (also 
called Observations vectors), such that O = {O , 1

O , · · · , O }. Let word sequences be denoted by,  2 T

W = {W , W , · · · , W  }.1 2 n

ASR can be formulated as, given speech data, 
find most likely word-sequence,       .

Using Bayes' rule we can write

)|(maxargˆ OWPW
NwÎ
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)(

)()|(
maxarg

)|(maxargˆ
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WPWOP

OWPW

ModelLanguageModelAcoustic

Nw

Nw

87648476

Î

Î

=

=

8156

Figure 3. Block Diagram of an ASR System
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transform the frequency axis

we can obtain

Here, S (n) and S ( ) are the spectra of the same A B

speakers in the transformed frequency domain. 
It can be noted that the scaling in the original 
frequency appears as a translation term in the 
new domain.

Interestingly, it is known that ear analyses 

frequency in the “n-scale” and not in linear 
frequency, f, (Hz) domain.  Further, the 
tonotopic theory of auditory processing suggests 
that speaker differences manifest as translations 
in basilar membrane.  Therefore, our model 
which was obtained by analysis of speech signal 
provides a connection between speech 
production mechanism and the hearing 
mechanism and seems to validate tonotopic 
theory. This paper was voted the top in its review 
category in the IEEE-ICASSP'04 conference.

Finally these are some areas that the Speech 
Laboratory at IIT-Kanpur would like to focus 
on.

Speaker Normalization and Acoustic Modeling 
Speaker Recognition & Verification
Emotion detection (Stress, anger, sadness etc.. 
Speech Recognition Systems for Indian 
Languages (Ils)

Our ultimate goal is to build speech recognition 
systems for Indian Languages.  Speech 
recognition is particularly relevant in India since 
speech i s  the  most  natural  form of  
communication and hence also the most 
convenient interface if it is to be used by the 
masses. Speech, unlike the use of keyboards or 
mouses does not require reading and writing 
skills, or typing proficiency, or mastery over the 

n

Speaker Independent model (SI):

When the ASR system is used by many speakers, 
it is better to build an ASR system that is trained 
using the speech data taken from many speakers, 
so that the speaker variabilities are captured by 
the statistical models.  SI-ASR systems have 
applications in

m   Railway Enquiry System, Direct Assistance 
etc.

But SI models are not compact, due to speaker 
related variabilities in spectra. So the Word 
Recognition Accuracy is not very good when 
compared to a system built to recognise speech 
from one particular speaker (such as in desktop 
dictation applications).

The area of speech processing that involves 
reducing the inter-speaker variabilities is 
referred to as speaker-normalisation and 
speaker-adaptation.  This has been the main area 
of focus of the Speech Laboratory at IIT-Kanpur.  
We briefly describe one of our recent 
contributions in this area.

To account for such variabilities, we have 
proposed a model in [Bharath, Umesh, IEEE-
ICASSP'04]  to describe the relationship between 
the spectra of two speakers enunciating the same 
sound. Our proposed model is given below

where S (f) and S (f) are the spectra of two A B

different speakers A and B. The frequency axis of 
one of the speakers is warped to match the 
spectrum of the other speaker reducing the inter-
speaker variability. This method of reducing the 
variability in speech signal caused due to 
differences in speaker's vocal-tract length (VTL)  
is known as Vocal Tract Length Normalization 
(VTLN). 

More importantly, using the above relation, if we  
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recognition system requires a large corpus of 
such data to train the models. IIT Kanpur and a 
few other institutes have formed a consortium to 
generate such annotated speech databases with 
funding from the Government of India.  Using 
these speech databases we plan to build speech 
recognition systems in Indian Languages.

control of mouse movement and clicking. It is 
therefore more suitable for applications that 
need to be used by the general public. This 
requires the development of speech recognition 
systems in Indian Languages. One of major 
reasons for the non-existence of such systems is 
the lack of  annotated Speech database in Indian 
Languages. The building of a good speech 
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