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The advantages of composite materials over the conventional ones include the ability to vary their properties in order to ensure the best combination for
each application. This is achieved through selection of their constituent materials, quantities, distribution and fibre orientation angle. In some cases, the
best results can be achieved by using a combination of composite and traditional metal materials. This paper analyses shafts made from a combination of
aluminium and different composite materials — carbon fibre/epoxy, glass fibre/epoxy, and aramid fibre/epoxy. The influence of these materials on twist
angle values and critical torques that impair the shaft stability has also been discussed. Finally, an experimental analysis of the shaft that exhibited the best
properties (carbon fibres/epoxy) has been performed.
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Utjecaj vrste materijala na kutove uvijanja i uvojnu stabilnost kompozitnog kardanskog vratila

Izvorni znanstveni ¢lanak
Prednost primjene kompozitnih materijala, u odnosu na konvencionalne materijale, ogleda se u moguénosti Sirokog variranja prakti¢no svih svojstava
materijala od kojih su sastavljeni, $to se postize putem izbora sastavnih komponenata, njihove koli¢ine, rasporeda i orijentacije u okviru materijala, a s
ciljem da se iskoriste njihova najbolja svojstva. U nekim slucajevima najbolji rezultati mogu biti postignuti uporabom kombinacije kompozita i
tradicionalnih metalnih materijala. U radu su analizirana vratila dobivena kombinacijom aluminija s razli¢itim kompozitnim materijalima — karbonska
vlakna/epoksi smola, staklena vlakna/epoksi smola, aramidna vlakna/epoksi smola. Razmatran je njihov utjecaj na vrijednosti kutova uvijanja i kriticne
vrijednosti momenta uvijanja koje dovode do gubitka stabilnosti vratila. Provedena je i eksperimentalna analiza vratila koje je pokazalo najbolja svojstva

(karbonska vlakna/epoksi smola).

Kljucne rijeci: aramidna vlakna, karbonska viakna, kombinirana aluminij/kompozitna vratila, staklena viakna

1  Introduction

In addition to new design and manufacturing
technologies, modern mechanical constructions involve
application of new materials with higher hardness and
strength but lower density and mass. In such
circumstances, the use of composite materials is very
advantageous because their properties are improved
compared to the known metals and alloys.

Composites are made by combining two or more
materials. These materials form a composite with
controlled properties and more desirable characteristics.
Composite materials have significantly better properties
than their constituents do. They have small masses, an
excellent mass to strength ratio and they are suitable for
various applications.

With designers being aware of the advantages of
composites in mechanical industry, composite materials
are being increasingly used instead of traditional steel
elements. At first, composites were used mainly in aircraft
industry, but today fibre strengthened composites are used
to manufacture structural elements in many different
industries. They are penetrating and conquering new
markets, therefore the number of composite materials and
possibilities of their application are constantly increasing.

The advantages of composite materials over metals
include the following:

* four to six times higher tensile strength compared to
steel or aluminium,

e increased impact resistance,

* increased fatigue resistance,

e Detter vibration resistance compared to metals,

* high corrosion resistance and resistance to
temperature changes,

» along life cycle,
e they eliminate the need for joints, which are
necessary when metal parts are used, etc.

Properties of composite materials (stiffness,
resistance, thermal expansion, etc.) can vary depending on
the type of the applied material, quantity, fibre orientation
angle, etc.

Composite industry worldwide constantly invests in
technologies for manufacturing of composites. Nowadays,
composite materials are used in manufacturing of drive
shafts in automotive industry.

In cases of transmission shafts, the best results can be
achieved using a combination of composite and
traditional metal materials. Many authors have analysed
static and dynamic characteristic of these types of shafts.

In paper [1], Badie et al. analysed the effects of fibre
orientation angles and stacking sequence on the torsional
stiffness, natural frequency, buckling strength and failure
modes of composite tubes using both finite element
method (FEM) analysis and experimental techniques.

In his paper [2], Naveen Rastogi, presented a design
for drive shaft used in automobiles. He considered two
important aspects of driveshaft design: a design of
composite shaft tube and a design of the joint between the
yoke and the shaft tube. He also discussed the obtained
results.

Hybrid shafts made of aluminium combined with
glass fibres were analysed in [3]. Static torsion capability
was studied experimentally. The results show that the
static torque capacity for the winding angle of 45° is
higher than 90°.

The FEM approach was used to analyse the influence
of the type of material (glass, carbon) and orientation
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angles on the natural frequency and the buckling torque
[4].

The torsional stability of a composite drive shaft
under torsion was studied by Shokrieh et al. [5] using
different fibre orientations and the stacking sequences.

The paper [6] gives a new method to manufacture a
one-piece aluminium/composite drive shaft for rear-drive
vehicles. Composite material made of several layers is
applied on the inside walls of the aluminium tube in order
to protect it from impact or corrosion damage.

2 Basic theoretical settings of the shell shaped finite
element

Shell is a thin surface structure of general shape.
Shells are frequently used in technical practice today.
Depending on their thickness, they are classified as thin,
medium thick or very thick shells.

With shells, it can be rather difficult to calculate the
stress state, deformation field, response at different
loading conditions, buckling, etc. For that reason,
different hypotheses and shell theories have been
developed and many elements with different degrees of
freedom, basic parameters, interpolations of displacement
and approximations of the shell geometry have been
formulated. However, none of these elements can be
considered universal or superior. Shells continue to be
studied and improved.

Basic parameters used to describe the shell geometry
are the middle surface area, the thickness and the normal
of the shell.

The middle surface area is defined as [7]:

f(x,y,2)=0. ey
In relation to the xyz coordinate system and it represents a
set of points M, as shown in Fig. 1. The vector

perpendicular to the plane g, is determined as a gradient
to the middle surface area [7]:

g, =V/, @)

with components:

of of of
=—, n =—, nz:_' 3
Bux =2 0 &y o 8 = (3)

The equation of the normal vector is [7]:
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Orthogonal line
Tangential plane
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Figure 1 Geometry of the shell

A tangential plane can be placed at the point M, in
the middle surface area. The vector is perpendicular to
the plane. The local coordinate system X, y,z,is also

placed at the point My. The X and y axes lie in the

tangential plane, while the z axis is in the direction of the
normal n. The shell thickness / is defined in the direction
of the normal, while the middle surface area cuts the
thickness into two halves.

For practical analysis of shells, it is necessary to
determine deformations at material points [7, 8]. This can
be done if the displacement field is known:

u=u(x,y,z). (5)
The field is known if the functions are known:

uy =uy(x, y,z). (6)
p=9(x,,2). (7)

Each of the Eqgs. (6) and (7) has three corresponding
scalar equations. These functions can be expressed in the
natural coordinates as follows:

uy = uy(r,s). )
p=9(r,s). 9)
In view of kinematics of shell deformation, it is

important to assume that the normal stress tension in the
direction perpendicular to the shell equals zero [7]:

o =0. (10)

zz

Under the effect of the normal stresses o, and &,

in the tangential plane, material deforms in the direction
of the normal, which is determined as:

= (o5, (1)

2.1 Orthotropic multiplayer shell

In multiple layer shells (Fig. 2), high stiffness of the
shell construction can typically be achieved with adequate
fibre orientations and material directions and with low
thickness. Basic hypotheses applied to cinematic
deformation of an isotropic shell can also be applied to
orthotropic ones.
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Figure 2 Multiple layer shells

All values are calculated layer by layer, by
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formulating finite elements of the multiple layer shell [8].
In this case, the basic values such as displacement and
deformation are calculated in the material coordinate
system x', ', z'.

We get:

& =T e=T"T’c=T"e, (12)

where € and &' are deformations in the system X, ),z

and x', y', z', respectively, and T* is the transformation
matrix.
The stiffness matrix of the layer s is [8]:

K° = jﬁSTﬁsﬁst, (13)

VS

here, p®is the interpolation matrix and D°®is the tensile

matrix of the layer, given in material coordinate system x',
V', z'. In practice, numerical integration is performed by
the layer volume 7*, while the stiffness matrix K is given
as the sum of layer stiffnesses [8]:

K=Y K" (14)

Stress at a material point in a layer s is given as:
o' =D’ (15)

where the stress ¢' corresponds to the coordinate system

X, ), z'. The force vector at nodes, F*, has the following
form [8]:

F =3 j?Ta'dV. (16)
S VS

Hollow shafts with small wall thickness, like
composite shafts, are usually analysed using shell
elements. In case of laminated shafts, analysis is
performed by application of orthotropic multi-layer shells
[7,8,9,21], etc.

3 Numerical analysis of the hybrid Al/lcomposite
cardan shafts

This paper studies the shaft of a truck TURBO ZETA
85.14B. It considers a possibility to use one shaft made of
aluminium and composite materials instead of two steel
cardan shafts, while the basic demands concerning the
load carrying capacity remain satisfied.

The analysed shaft [9] has the following dimensions:
the length of the shaft is 1,35 m, its mean radius is 0,041
m, while the wall thickness of the ring shaped cross
section of the shaft is 0,003 m. The shaft was tested for
the maximum value of the static torque of 5000 N-m.

A combination of aluminium and composite material
has been shown to give good results [1, 3], etc. The shafts
analysed here are formed combining aluminium and
carbon fibres/epoxy composites, glass fibres/epoxy
composites and aramid fibres/epoxy composites. Tab. 1
shows the basic characteristics of this composite material.

Table 1 Basic characteristics of the composite material

Material E| (GPa) | E,(GPa) | Gy (GPa) | Gy, (GPa) v p (kg/m’) ¢, (mm)
Carbon fibres/epoxy composite (USN150) 131,60 8,20 3,50 4,50 0,281 1550 0,125
Glass fibres/epoxy composite (UGN150) 43,30 14,70 3,50 4,40 0,300 2100 0,125
Aramid fibres/epoxy composite (UKN100) 81,80 5,10 1,82 1,51 0,3100 1380 0,125
In Tab. 1, the following notation is used: E, — analysis.

longitudinal modulus; E, — transverse modulus; G1,, Go; —
shear modulus; v — Poisson's ratio; p — density; ¢, —
composite layer thickness.

Characteristics of the aluminium tube used in
combination with the composite material in hybrid
aluminium/composite shafts are given in Tab. 2.

Table 2 Basic characteristics of the aluminium tube

Tensile modulus £ 72 GPa
Shear modulus G 27 GPa
Density p 2695 kg/m’
Yielding strength R, 325 MPa
Shear strength 210 MPa
Thickness aluminium tube 2,5 mm

3.1 Analysis of the shaft twist angles

The analysed shaft was modelled by linear
isoparametric square shell finite elements. It was divided
into 80 elements in axial and 50 elements in circular
direction. The total of 4050 elements was used for
modelling. For the numerical analysis, the shaft was fixed
at one end while the other was free and under the effect of
the torque. The NX Nastran software was used for the

The composite part of the shaft consists of 8§ layers
(carbon fibres/epoxy resin, glass fibres/epoxy resin and
aramid fibres/epoxy resin) with the fibre orientation angle
of +45° Since the bonding thickness between the
aluminium tube and the composite layer was very small
when co-cured under the pressure, perfect bonding
between the aluminium tube and the composite layers was
assumed for the finite element analysis.

0.149 .

0.13 =
0112 |

0.0931 E
0.0745

0.0558 =+

0.0372

4 0.0186
Outplt'SEt NX NASTRAN Case 1
Contour: Total Rotation 0
Figure 3 Twist angle for the hybrid Al/carbon fibre/epoxy composite

shaft (Al/+45ysn.4)

Figs. 3, 4 and 5 show the obtained values of the shaft
twist angles for all three types of composite materials
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under the same conditions (the same shaft dimensions,
loads and fibre orientation angles). All these figures (Fig.
6, in particular) show that the lowest values of the twist
angles are obtained when the shaft is made of
aluminium/carbon fibre/epoxy composite (Al/USN).
Combinations of aluminium/glass fibre/epoxy composite
(AVUGN) and aluminium/aramid/epoxy composite
(AI/UKN) give similar shaft twist angles, but their values
are significantly higher than in the case of carbon fibres.

0.192
0.168
0.144
012
0.0961
0.0721

0.048

0.024
Outpﬂ;ﬁt NX NASTRAN Case 1
Contour: Total Rotation

Figure 4 Twist angle for the hybrid Al/glass fibre/epoxy composite shaft
(Al/+45u6n4)

0

0.173
0.151
0.129
0.108
0.0863
0.0847
0.0431

0.0216

Outpﬁ;ﬁt: NX NASTRAN Case 1

Contour: Total Rotation 0.
Figure 5 Twist angle for the hybrid Al/aramid fibre/epoxy composite
shaft (Al/:l:45m(N4)
Twist angles

glass fiber/epoxy composite 192

aramid fiber/epoxy composite

carbon fiber/ epoxy composite

<z L

0 0,05 01

0,15 0,2

Figure 6 The bar chart of the influence of the shaft material type on the
values of the twist angles

Similar results were obtained in papers [1, 11, 12,
13]. The authors analysed shafts made of carbon and glass
fibres in [1, 11, 12], and concluded that carbon-epoxy
shafts experience smaller angles of twist than the glass-
epoxy specimens for the same value of the torque.
Although they analysed shafts of various dimensions and
with different number of composite layers (but with the
orientation angle of #45°) using different numerical
programs (LUSAS, Abaqus, ANSYS, etc.), they all
reached the same general conclusions.

The paper [13] analyses stresses and deformations of
shafts of made of glass and aramid fibres. It was
concluded that aramid fibres exhibit better properties than
glass fibres.

3.2 Analysis of shaft stability

Critical buckling torque values that cause instability
of the shaft exposed to torsion can be determined
numerically by buckling analysis. In fact, the value of the
factor A for the first buckling mode can be determined
numerically, while the critical torque can be determined
using the following expression:

(17)

where T, is the value of the maximum torque the shaft
is exposed to (in this case 5000 N-m).

The obtained values of the factor A for the first
buckling mode for all the three types of the analysed
hybrid shafts are given in Figs. 7, 8 and 9.

OutputySet: Eigenvalue 1 2.321824
Deforfed(1.004): Total Translation
Contour: Total Translation

Figure 7 The factor A for hybrid Al/ carbon/epoxy composite shafts
(Al£45usn.4)

QutputiSet: Eigenvalue 1 2.024483
Deforl (1.004): Total Translation
Contour: Total Translation

Figure 8 The factor A for hybrid Al/ glass/epoxy composite shafts
(Al/£45u6n.4)

Outputﬁet. Eigenvalue 1 2.27145
Defor (1.004): Total Translation
Contour: Total Translation

Figure 9 The factor A for hybrid Al/ aramid/epoxy composite
shafts (Al/+45ukn4)

The obtained values of the critical buckling torques for
the analysed hybrid shafts are given in Tab. 3.

Based on Tab. 3 and especially the bar chart given in
Fig. 10, it can be concluded that the critical buckling
torque has the highest values for hybrid AI/USN
carbon/epoxy composite shafts, slightly lower values for
hybrid AI/UKN aramid/epoxy composite shafts, and the
lowest values for AI/UGN glass/epoxy composite shafts.
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Table 3 Critical buckling torque 7,

Material Buckling load | Critical buckling
factor A torque (N'm)

Al/[+45y5n 8] carbor'l 2322 11609
fibre epoxy composite

Al/[#45y6n;s] glass fibre 2,024 10122
€poxy composite

Al[E45yiy 5] aramid 2271 11357

fibre epoxy composite

Critical buckling torque

glass fiber/epoxy
compaosite

aramid fiber/epoxy
composite

carbon fiber/
epoxy composite

9000 10000 11000 12000

Figure 10 The bar chart of the influence of the material type on the
critical buckling torque values

In papers [1, 4, 17], the authors also concluded that
the carbon fibre shafts had higher values of T, compared
to glass fibre shafts.

4 Experimental determination of the shaft twist
angle

Numerically determined values of the shaft twist angle
were verified by experimental analysis performed on the
shaft made of aluminium and carbon fibres/epoxy that
gave the best numerical results. The composite part of the
shaft consisted of 8 layers carbon fibres/epoxy resin, with
the fibre orientation angle of +45°. A scale shaft model
with dimensions determined based on the similarity law
was used. The real work conditions were simulated. Tab.
4 gives basic dimensions and load values for the real shaft
and the shaft model made for experimental analysis.

Table 4 Basic dimensions of the real shaft and the shaft model

Basic characteristics Real shaft Model
Outer shaft diameter 85 mm 21,8 mm
Inner shaft diameter 78 mm 20 mm
Composite layer thickness 8x0,125=1 4x0,10=04

mm mm
Aluminium tube thickness 2,5 mm 0,65 mm
Shaft length 1350 mm 346 mm
Torque 5000 N'm 85 N'm

The shaft was clamped at one end and twisted at the
other end by a torque in the range of 0 + 85 N-m. These
values multiplied by the torque increase factor yield the
torque values in the range of 0 + 5000 N-m, which equals
the loading of a real shaft.

Experimental values of the twist angles were
determined in two ways: they were directly measured
with a protractor and they were obtained using measuring
stripes.

V shaped rosettes with grid axes at the angle of £45°
with respect to the longitudinal axis of the shaft were used

for twist angle measuring. Strain gages type 3/120 XY21,
produced by HBM (Hottinger Baldwin Messtechnik),
were also used (Fig. 11).

P g

Ved

’

— R o —
W ot o = ~

Figure 11 V-shaped rosettes

The strain gages were connected to the multichannel
measuring device UPM 60. This is a digital measuring
device equipped with a microprocessor. It performs a
variety of functions (choice of measuring spot, choice of
measuring unit, numerical values display, etc). CATMAN
program was used for communication between the UPM
60 and the computer. It also enabled the use and
adjustments of the measuring equipment.

Fig. 12 shows the shaft model with glued and
connected strain gages, mounted on the testing device.

Figure 12 Shaft model ready for tc:st{ng

The values of the drive shaft twist angles could be
determined using the known procedure [9, 20], and based
on deformations of the measuring tapes.

In the experimental analysis, the values of the drive
shaft twist angles were directly measured with a
precise special custom made protractor (Fig. 13).

Figur Measurement of the tw{stle of the shaft

In order to verify the results, experimental results
obtained with measuring stripes (G.,) and directly
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measured values (@exp.mecn) Were compared to the values
obtained using the numerical method (Gymeric). Fig. 14
shows how the drive shaft twist angle depends on the
torque.

0,2
- Onumeric
0.15 = Oexp-mech
— Oexp
o
e
5
o 01
=)
[~
©
B
Z
0,05
0 T T T T
0 1000 2000 3000 4000 5000

Torque 7, Nm
Figure 14 Twist angle as a function of the torque

Based on the values given in the diagram, it can be
concluded that numerical results are in good agreement
with the experimental results. The difference between
these results is insignificant for low values of the torque,
but with higher values, the difference increases. However,
since the greatest difference does not exceed 3,2 %, it can
be concluded that there is an excellent compliance
between the results.

A slightly larger difference in results is obtained
when the two experimental methods are compared. In that
case, the difference varies from 8,5 % to 10 %. The
difference between the numerical values and the values
obtained using measuring stripes is slightly smaller, and it
varies from 6 % to 9 %.

5 Conclusion

The primary objective of this paper was to choose the
most suitable material to replace a two-piece steel
driveshaft of the truck TURBO ZETA 85.14B with a
hybrid driveshaft made of aluminium and composite
material, while the basic requirements concerning the load
carrying capacity and stability remain satisfied.

Based on the investigations carried out here, the
following conclusions have been drawn:

e The numerical analysis showed that smallest
deformations (smallest values of the twist angles)
were obtained for combined Al/carbon/epoxy shafts.
Aramid fibres have slightly worse characteristics,
while the worst results were obtained for shafts made
from a combination of aluminium and glass fibres.

e Buckling analysis showed that aluminium combined
with carbon fibres gave the best results (the highest
torque values), aramid fibres showed slightly worse
results, while glass fibres yielded the worst results.

e A good agreement between the numerical and
experimental results is a confirmation that the
developed model of numerical analysis and the
applied experimental method were both correct.
Based on the conducted tests it can be concluded that

carbon fibres have the best properties concerning strength
and stability.
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and conclusiens of the work to be described in the
final paper. Final acceptance will be based on the
full-length paper, which if accepted for publication
must be presented at the conference.

The language of the conference

will be English.

Online submission
wessex.ac.uk/energy2014

Email submission
cyoung@wessex.ac.uk

Submit your abstract with Energy and Sustainability
2014 in the subject line.

Please include your name, full address
and conference topic.

Located in the Klang Valley, Kuala Lumpur is
the capital and most populated city of Malaysia,
and is ranked as the sixth most visited ¢ity in
the world. The main in landmark in the city is
the Pefronas Twin Towers. Standing at 450m
(1,483ft) they are the tallest twin buildings in the
world, and together with the Kuala Lumpur
Tower, dominate the skyline of the city.

Kuala Lumpur is the retail and fashion hub of
Malaysia, being voted the fourth best city in the
world for shopping. The city has aver 68
shopping malls, and has designated numerous
zones in the city to market locally manufactured
products such as textiles and fabrics, including
Chinatown which is home to Kuala Lumpur’s
Central Market

v
-\ Sl
Energy & Sustainability 2014 is the 5th International
Conference in the series, following the meetings held in the

New Forest, home of the Wessex Institute of Technology, in
2007; the second in Bologna (2009); the third in Alicante
(2011); and the fourth in 2013 in Bucharest.

The modern world is highly dependent on

the exploitation of fossil fuels. More recently,
resources depletion and severe envircnmental
effects deriving from the continuous use of these
fuels has resulted in an increasing amount of
interest in renewable energy resources and the
search for sustainable energy policies.

The changes required to progress from an
economy mainly based on hydrocarbons to one
taking advantage of sustainable energy
resources are massive and reqjuire considerable

MYRENTM™ Malaysian Research

and Education network

MYREN™ is spearheaded by the Ministry of
Higher Education (MoHE). MYREN ™ links twenty
eight institutions of higher learning and ressarch as
wiell as twenty-two polytechnics and thirty-six
community colleges throughout Malaysia.
MYREN™ is also linked to several other Natioral

nfer roceed Papers presented
at Energy and Sustainability 2014 will
be published by WIT Press in Volume 186
of WIT Transactions on Ecology an the
Environment (ISSN: 1746-448X Digital
ISSN:1743-3541) WIT Press ensures maximum
worldwide dissemination of your research
through its own offices in Europe, the USA and
its extensive international distribution network.

Delegates will have the choice of receiving the
conference book in either hard cover or digital
format on a USB flash drive. The USB flash drive
will additionally contain papers from previous
conferences in this series.

scientific research as well as engineering
systems. The effect also involves collaboration
between different disciplines in order to arrive at
optimum selutions, including buildings, energy
networks, convenience systems, new energy
storage solutions, waste to energy technologies,
and many others.

The Conference will cover the topics related to
sustainability in energy and power production,
storage, distribution and management.

Research & Education Networks (REN) overseas,
including Asia Pacific, Eurcpe & the United States.
A government-funded programme, MYREN™ aims
to provide accessible broadband to all Malaysian
researchers fo run data-intensive applicaticns,
share computing eguipment and run advanced
applications within Malaysia as well as overseas.

Ind. ) and Archiving Papers presented at
Wessex Institute conferences are referenced by
CrossRef and regularly appear in notable reviews,
publications and databases, including referencing
and abstract services such as SCOPUS,
Compendex, Thomson Reuters Web of
Knowledge, ProQuest and Scitech Book News,
All conference books are archived in the British
Library and American Library of Congress.

tations When referencing papers presented at
this conference please ensure that your citations
refer to Volume 186 of WIT Transactions on Ecology
and the Environment as this is the title under which
papers appear in the indexing services.
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F hive All conference papers are
archived online in the WIT eLibrary
http:/Aibrary.witpress.com) where they are
immediately and permanently available to the
intematicnal sclentific community.

Open Access allows for the full paper
to be downloaded from the WIT eLibrary archives,
offering maximum dissemination, Authors who
choose this option wil also receive complimentary
access for one year to the entire WIT eLibrary.

pers Participants of Energy and
Sustainability 2014 will be invited after the
conference to submit an enhanced version of their
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research for possible publication in the International
Scientific Journal of Sustainable Development and
Planning published by the Wessex Institute.

let ng Participants can present their research
and interact with experts frem around the world,
becoming part of a unique community.

ju f { Stu The Wessex

Institute believes in the importance of encouraging
PhD students to present and publish innovative
research at their conferences. As a result, the
Institute offers PhD students a much reduced
conference fee.

K P Ramachandran

Caledonian College of Engineering, Oman
S Riley

Tertiary Engineering and Sustainable
Tech Pty Limited, Australia

S A Sulaiman

Universiti Teknologi PETRONAS, Malaysia
Q Wang

Saitarma University, Japan

T Yusaf
University of Southern Queensland, Australia

S Yusup
Universiti Teknologi PETRONAS, Malaysia

Conference Topics
Smart grids

Smart metering

Green ICT

‘Green buildings

Energy storage

Renewable energy resources
Plug-in Hybrid Vehicles (PHEV)
Biofuels (solid, liquid, gas)
Waste to energy

CO2 capturing and management
Energy and transportation
Environmental risk

Energy policies

Greener power plant technologies
Hydrogen recovery techniques
Sustainable energy preduction
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