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ABSTRACT
There is an acute shortage of energy facing the world. The existing reserves of petroleum are depleting

and newer reserves are often in the deep sea or have high pressure and temperature conditions which
make their exploitation unviable. The challenge facing the scientific community is to find alternative fuels
to offset the demand to supply gap of conventional sources of energy like petroleum. Among various
techniques used, Density Functional Theory (DFT) is a technique that is promising in the quest for
alternative fuels. This paper discusses the various alternative fuels that have been studied using DFT and
tries to generalise the findings of this technique over a broad spectrum of possible alternative fuels. It also

suggests newer horizons that can be explored using this technique.
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1. INTRODUCTION

Density Functional Theory (DFT), as the name
suggests, uses functionals of electron density as
a modelling method, where electron density as
the basic variable. A functional is traditionally a
map from a vector space to the field underlying
the vector space, which is usually real or
complex numbers, like functions map number to
numbers. In other words, a functional takes a
function as its argument or input and returns a
scalar’. The referred source may be further
accessed for detailed explanation on DFT, but
this paper, in its course, will stick with only
reviewing its practical applications in the field of
energy.

The various applications covered in this paper
are hydrogen fuel cell, newer perspectives into
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Fischer-Tropsch process, biofuels, photovoltaic
cells used in solar energy and nuclear energy.

2. Review of DFT Applications

2.1 Hydrogen Fuel Cell

An area where DFT has been used extensively is
in research of Hydrogen Fuel Cells. Hydrogen is
a clean and efficient fuel, but there is a
significant challenge facing its production,
storage, and use. At the moment, hydride
compounds cannot provide competitive storage
for transportation, but research in this field is
being carried out through DFT. DFT is
implemented on computer clusters for
calculating the electronic and crystal structures,
bond strengths and heats of reaction for many
compounds. This same process can and is
carried out by synthesising and discovering the
compounds and its properties in the laboratory,
but in the same time frame, a computational tool
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like DFT can generate more comprehensive
information®. Therefore, DFT has found ready
usage in hydrogen storage tools to the extent of
examining the structures, hydrogen storage
capacities and decomposition temperatures for
300 compounds®. Another aspect of DFT in
hydrogen storage is the charge/release
phenomena which refers to charging and
discharging of hydrogen from the storage media.
Nanostructures have opened up many
possibilities for hydrogen storage challenge
because it allows for the control of both the
static and dynamic parameters of the
phenomena. The reaction pathways and material
science at this nanoscale can be effectively
studied by DFT? Another domain that has been
studied with the help of DFT in this field is
catalysts and catlaysis. Catalysts are needed to
control the speed of the reactions occurring at
the electrodes of the fuel cells. A study has
already been done on Near Surface Alloys
(NSAs) using DFT to check their applicability as
catalysts in hydrogen rich environment like fuel
cells and the results have been encouraging”.
DFT studies have also been extended to
adsorption of hydrogen for storage in fuel cells.
Light metals like Magnesium and Aluminium
have high storage densities and safe endothermic
hydrogen release making them promising
candidates for hydrogen storage devices.
However, as experimental studies are not
feasible on such highly reactive metals, so DFT
has been used to study Al cluster properties like
cluster size and hydrogen site specific effects”.

As has been reviewed in this section, DFT has
been used extensively in the research of
hydrogen fuel cells as a source of alternate
energy. It has been used to identify and study the
compound properties for hydrogen storage. It
has been used for studying the catalysts that can
be used in the cells. It has been used to develop
new materials for the storage of hydrogen. Thus,
a review clearly shows that DFT has a huge
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potential to unlock the obstacles that prevent
hydrogen from becoming a commercial fuel.

2.2 Fuel Generation from Synthesis Gas
Another area that has been probed extensively
using DFT is the generation of fuel from
Synthesis Gas. Synthesis Gas is a mixture of CO
and H,. It has been used to convert coal into
liquid fuels and over the past decade is being
used to convert biomass into liquid fuels®. DFT
has been used to propose alternate reaction
pathways that yield higher hydrocarbons from
Synthesis Gas (CO/H, 2:1). This was done by
microkinetic simulation using DFT which
showed that the main pathway of Fischer-
Tropsch process on Co{0001} is not the carbide
mechanism but an alternate mechanism that
involves the hydrogenation of CO to
oxymethylidyne species. This discovery has
proposed to reduce the pressure gap in
heterogeneous catalysis at realistic pressures’.
This research was furthered on Ru catalysts as
well to yield similar results and parallels could
be drawn  between homogenous and
heterogenous catalysis®. Other than used for
predicting reaction pathways, DFT has also been
used to study the intermediates in Fischer-
Tropsch process. The relative stabilities of the
intermediates can be compared to give an idea of
the final product and the reaction barriers may
be used for determining the stepwise
mechanism®.

Thus, it may be clearly seen that DFT has
contributed in a large way in the field of
hydrocarbon production from Synthesis Gas. By
understanding the reaction mechanism, the
intermediates and the catalytic effects, one may
optimize the process to viably generate different
desirable products.
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2.3 Biofuels

The applications of DFT in the field of biofuels
are widespread. The structures and the
energetics of model biofuels have been studied.
Studies have been carried out, using DFT, on
Isopropyl Butanoate (IPB). It is mentioned in the
paper that there are seven different channels of
dissociation of IPB, but the formation of
Butanoic Acid and Propene via a six-member
ring transition is the most favourable reaction.
Formation of lower esters was found to be
hindered by high energy barriers. It was also
seen that IPB disassociates faster than methyl
and ethyl esters’®. Similar studies have been
carried out on 2-butanol as a possible biofuel,
using DFT. Studying various dissociation
mechanisms, it was found that dehydration to 1-
and 2- butene through four centre transition
states is the most dominant channel at lower
temperatures of less than 700 K. At higher
temperatures of more than 800 K, however, a
simple C-C bond fissure takes place™’. However,
it must be noted that there also have been claims
to the contrary saying that to study the chemical
kinetics of chemical combustion, DFT may be
inaccurate™. The study on biofuels has also been
extended to its synthesis. The starting materials
of biofuel synthesis has been studied using DFT.
By using DFT, it was possible to calculate two
things. One was the ground state energy and the
second was the molecular structure of the
triglycerides™. Triglycerides are present in
vegetable oils and fatty acids which are then
trans-esterified with alcohol to give esters
(biodiesel) and glycerol. However, vegetable
oils may also be directly used as fuel oils and
may be used to produce liquid hydrocarbon. A
study was conducted to model the catalytic
cracking of palm oil to produce hydrocarbons
using MCM-41 as catalyst. The pore size
distribution of the catalyst was determined using
DFT™.
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Thus, it is amply clear that various uses of DFT
have been employed to study biofuels. DFT has
been used to study the structures of potential
biofuels and their energetic on dissociation.
They have also been used to model the starting
triglycerides for biodiesel synthesis. Not only
limited to reaction compounds, catalysts’ pore
size distributions have been studied using DFT,
which are employed in cracking vegetable oil
like palm oil.

2.4 Photovoltaic Cells

Photovoltaic cells are used widely used to
harness solar energy. Semiconductor physics
often operate at the micro and the nano level and
it is no surprise that DFT has been used to study
photovoltaic cells.

DFT has been used to study the semiconductor
grain  boundaries and the junctions. A
combination of DFT and high-resolution
electron microscope has revealed the grain
physics at a variety of semiconductors like Si,
CdTe, CulnSe; and CuGaSe,. Of these four, it
has been found that the former two
semiconductors require special passivation while
the other two do not™. Passivation significantly
affects performance of photovoltaic cells and
understanding this phenomena for different solar
cells will help increase the efficiency'®. DFT has
also been used in thin-film photovoltaic cells to
calculate the structural parameters and the
formation energies. However, DFT cannot
predict the band gaps and optical absorption
spectra’’. Research has also progressed to a
remarkable extent on the nano scale, an example
of which is the use of DFT in photovoltaic
heterojunctions formed by poly-3-
hexylthiophene interfaced with metallic and
semiconducting carbon nano-tubes. It is found
that a majority of the interfaces at these
junctions are inefficient as they are in contact
with the metallic carbon nano-tubes rather than
the semiconducting ones™.
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Hence, it is clear that DFT research has
progressed from simple grain boundaries and
passivation techniques to thin-film cells to
heterojunction efficiency. This clearly illustrates
the ability of DFT to keep up to date with
modern advancements in the field of
photovoltaics.

2.5 Nuclear Energy

This is another field of energy that can be
studied using DFT. That is the field of nuclear
energy. Research has been carried out already in
this field. In all such research, it is vital to
understand the atomic nuclei, so as to apply that
knowledge to societal applications like nuclear
energy generation. DFT calculations have been
carried out to understand the two following
parameters, namely the neutron local density in
the nucleus and the ground state deformation of
nuclei lying in the stable region. This helps in
understanding the reactions of short-lived and
stable nuclei'. But further study is needed for
understanding those nuclei that have higher
neutron number®. In general, DFT can be used
to study the following topics related to the
nuclei, namely pairing, broken symmetries,
single-particle energies and improving empirical
energy density functionals. Each of the topics is
described further.

Pairing can be studied by ab initio DFT using
non-local pairing fields. The details of the DFT
calculations are not given here but can be looked
up in the referred source?. Broken symmetries
include the translational and rotational
invariance and other phase symmetries. Broken
symmetries have been well explored in for
mean-field approximations but it is a relatively
new concept in the context of ab initio DFT?.
The detailed discussion of each may be again
looked up in the source referred. Single-particle
properties, like spectrum, may also be explored
using DFT?. Empirical energy density
functionals are generally reliable when the
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experimental data is available but where it is not,
extrapolation becomes difficult, thus also
suggesting the benefit of ab ignition DFT?.
Further research has also been carried out using
covariant DFT to analyse the nuclear structure,
particularly of low-lying excited states in
transitional nuclei as well as exotic nuclei, the
details of which may be accessed from the
referred source®,

Thus, it has been established that DFT can be
used to understand the nuclear structures and
their deformation mechanism. Ab initio DFT
and covariant DFT have also been used for
varied applications to study different aspects of
the nuclei.

3. The Global Petroleum Scenario and DFT
Research Worldwide

Petroleum and other fossil fuels are the chief
sources of energy to the world. The need for
DFT applications, as described in the previous
section, becomes paramount because of the need
for alternative fuels. In the following sections,
we discuss the current petroleum production
scenario and the role of DFT being actively
pursued to research alternative fuels.

3.1 The Global Current Petroleum Scenario
Petroleum and other fossil fuels are the primary
source of energy in the world. At the moment,
the production from the existing fields is
declining, especially the major or the giant oil
fields. It is evident that lesser numbers of giant
fields are being discovered in the newer decades
and it has been following a decreasing pattern
since the 1960s and 70s. The average decline
rate of the existing fields is an annual -6.5%%. It
clearly illustrates the diminishing production
from existing, especially large, fields.

Of the newer fields that are being discovered,
many are High Pressure/High Temperature
(HPHT) wells and Deep Sea wells. But these are
expensive to drill and complete and are expected
to increase the crude barrel price further. There
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are inherent problems with HPHT wells,
significant among which are pressure related
problems?®. The cost associated with deep sea
drilling are also very high. On a point of
comparison, a land (onshore) well of drilled
depth to 20,000 feet cost around $11 million in
2003”. The 2010 figures quote the cost of a
deep sea well to be between $100 to $200
million®®.

This clearly illustrates that with lesser large
fields being discovered, existing fields declining
and newer discoveries likely to increase the
barrel cost of crude due to high cost of drilling
and completion, the market is likely to face a
supply shortage at the current cost of crude in
the near future and escalating costs will make
other alternative energies, that are currently
uncompetitive, viable.

Of the newer fossil fuels that are being explored,
the primary are tar sands, ultra heavy oil, oil
shale, tight gas, and coal bed methane. However,
they all have evolved on the geologic time scale
and compared to our rate of energy consumption
are decidedly finite. On the human time scale,
alternative energies like renewable biomass can
therefore compete with these newer fossil fuels,
along with an added advantage of being less
destructive to the environment?’.

3.2 DFT research for alternative energy

As has been described in the previous sections,
DFT has wide applicability in the field of
alternative energy internationally. In this section,
the current research that have been completed or
are in progress are discussed.

DFT has left solid foundations for research in
alternative energy in the future. The majority of
the research that is ongoing in the field of
alternative energy are happening in the countries
of USA, Germany, China, Japan, Great Britain
with USA topping the list®.

In 2007 in the USA, it was decided that
computational needs in alternative and
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renewable energy were paramount. It urged
academia and industry to work in tandem with
the governmental Department of Energy to meet
these ends. The key priority research directions
were designated as hydrogen fuels, bioenergy
conversion, photovoltaic ~ solar  energy
conversion, wind energy, and grid futures and
reliability”. 1t was a great step towards
prominent role of computational methods in the
energy sector within the chemical engineering
domain; the stated goals of computational
chemistry being to reduce the costs of
development, improve energy efficiency and
environmental performance, and increase
productivity and profitability®.

In 2010, research was carried out in European
Synchrotron  Radiation Facility, Grenoble,
France (ESRF), to develop new energy sources
and improve the efficiency of existing sources
by X-Ray beams of Synchrotron Radiation
Source, which help in understanding the
structure and behaviour at the fundamental
microscopic level. The results were compared
with DFT calculations and they were found to be
similar®,

In India, research groups at the National
Chemical Laboratory, Pune are involved in the
study of organic molecules using ab initio DFT
modelling.

4. CONCLUSION
The review of the various DFT applications in
the field of alternative energy clearly suggest its
immense potential. It has been used to study a
variety of alternative fuels, ranging from nuclear
energy to biofuels. It clearly has an advantage
over time consuming physical experimentation
by using faster computational methods. The final
word comes from the pioneer of DFT, Dr.
Walter Kohn, who received the 1998 Nobel
Prize in Chemistry for his role in the
development of density functional theory. He
talks about the decline in crude oil production
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and the increase in greenhouse gas production
and he envisages ‘a world powered
predominantly by solar and wind energy’*.

With increasingly better computational
methods and with the interest shown in DFT
research by various international agencies,
coupled with the growing need for viable
alternative energy, DFT presents an exciting

prospect for further research.
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