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PREFACE

The rapid convergence of scientific disciplines and technological
domains has redefined the landscape of modern research and
innovation. Frontiers in Integrated Science and Technological
Innovation is conceived as a comprehensive volume that captures
this multidisciplinary evolution, bringing together diverse yet
interconnected studies spanning materials science, mechanical
engineering, energy systems, healthcare, social sciences, and

environmental sustainability.

This book opens with an exploration of advanced materials,
highlighting recent developments in polyester composites with a
focus on their mechanical and tribological behavior. Such studies
underline the growing importance of engineered materials in
enhancing durability and performance across industrial
applications. Complementing this, investigations into perovskite
nanoparticles and D-Phenylglycinium derivatives provide deep
insights into structural, morphological, optical, and nonlinear optical
properties, emphasizing their potential in next-generation

optoelectronic devices.

The volume also bridges technology with societal dimensions. The
analysis of multi-generational workforce dynamics in Chennai city
offers a timely perspective on organizational behavior, workplace
diversity, and the challenges faced by young professionals in a
rapidly evolving economic environment. This inclusion reinforces the
idea that technological progress must be understood alongside

human and social factors.
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Healthcare advancements form another critical pillar of this
collection. The discussion on recent strategies for managing Chronic
Obstructive Pulmonary Disease (COPD) reflects the integration of
medical research with technological interventions, aiming to
improve patient outcomes and quality of life. Such contributions
demonstrate the vital role of interdisciplinary approaches in

addressing complex health challenges.

Engineering innovation is further showcased through studies on
surface engineering and coating technologies for tool steels, as well
as aviomotive safety systems like rear collision warning
mechanisms. The structural integrity analysis of eleciric vehicle
battery enclosures under impact conditions underscores the
urgency of developing safe and reliable solutions in the transition

toward sustainable mobility.

Energy and environmental sustainability are central themes woven
throughout the book. Reviews on vegetable oil-based fuels and
biofuels highlight alternative energy pathways for reducing
emissions in compression ignition engines. These discussions are
complemented by a broader examination of sustainability and
environmental chemistry, focusing on principles, processes, and
remediation strategies essential for addressing global ecological

concerns.

Collectively, the chapters in this volume reflect a unifying vision: that
innovation thrives at the intersection of disciplines. By integrating
theoretical insights, experimental research, and applied
technologies, this book aims to serve as a valuable resource for

researchers, academicians, and industry professionals seeking to
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navigate and contribute to the evolving frontiers of science and

technology.

It is our hope that this compilation not only informs but also inspires
further interdisciplinary collaboration and transformative innovation.
We extend our sincere thanks to our publisher, Scientific Research
Reports, Chennai, India, for their dedicated efforts in preparing this
book and for ensuring the inclusion of enriched and high-quality

technical content.
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Chapter 1

Recent Developments of Mechanical and Tribological
Properties of Polyester Composites: A Review

T.Elaiyaraja’, G.Manikandan?, S.Manikandan?,
S.Susuindhar?, S.Mukelan?

1Assistant Professor, Department of Mechanical Engineering, Roever
Engineering College, Perambalur, Tamil Nadu, India.

2UG Student, Department of Mechanical Engineering, Roever
Engineering College, Perambalur, Tamil Nadu, India.

Corresponding Author: elaiyabalal 8@gmail.com

Abstract

Polyester matrix composites have attracted a lot of popularity in
research due to their ability to be reinforced with various materials,
lightweight, and cheap processing. This review paper thoroughly
discusses the experimental advancements of the last period that have
been made in the mechanical and tribological properties of polyester
composites reinforced with natural fibers, synthetic fibers, and
hybrid particulate fillers. Properties obtained from tensile flexural
hardness, and impact tests are considered along with wear rate,
friction coefficient, and sliding behavior under different load and
speed conditions. Failure mechanisms have been explained through
microstructural correlations using SEM fractography. This review
first gathers the numerical results reported in the recent literature,
then points out the factors limiting the performance and finally
highlights the future research areas to design high-performance,

sustainable polyester composite systems.
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Keywords: Polyester matrix composites, mechanical properties,

tribological behaviour, natural fibre reinforcement, wear resistance.
1. Mechanical Properties of Polyester Composites
1.1 Tensile, Flexural, and Impact Behaviour

Polyester composites reinforced with natural and synthetic fibres
show a significant increase in mechanical properties that are mainly
dependent on fibre volume fraction, fibre orientation, matrix fibre
interfacial adhesion, and surface treatment efficiency. Glass fibre
reinforced polyester (GFRP) at 40 vol.% fibre loading can deliver UTS
values of 210-260 MPa and flexural strength of 280-320 MPa, which
are significantly higher than unreinforced polyester (UTS 45-55 MPa)
[1]. Natural fibre reinforcements jute sisal coir, and kenaf provide
advantages in density (1.21.5 g/cm?® against g/cm? for glass) with
close specific strengths, especially after alkaline (NaOH, 510 wt.%) or
silane surface treatment, which enhance fibrematrix bonding by
decreasing contact angle from ~65 to ~28 and raising interfacial shear
strength by 25-40%. Hybrid polyester composites made of glass and
natural fibres show a positive hybridisation effect, where tensile
modulus increases synergistically beyond the rule-of-mixtures
prediction. Kenaf/glass hybrid polyester at 30/10 wt. % loading
achieved UTS of 187 MPa and flexural modulus of 14.3 GPa, whereas
kenaf/polyester gave 134 MPa and 9.8 GPa, a 39.5% and 46%
increase respectively [3]. Impact strength is also in alignment with
this pattern, hybrids being able to absorb 35-55 J/m while mono-
reinforced natural fibre composites absorb 18-24 J/m only, which is
due to mechanisms of crack deflection and fibre pull-out energy
dissipation. Particulate fillers SiC, AlLO;, fly ash, and TiO: at 5-15

wt.% level improve hardness (Shore D: 78-91) and compressive
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strength (85-130 MPa) while they slightly decrease elongation at
break from 2.8% to 1.41.9%, this is indicative of increased stiffness

and lower matrix plasticity [4].
1.2 Hardness and Microstructural Observations

Microhardness tests (Vickers, 0.5 kgf load) show that adding filler
leads to stiffening. Polyester filled with 10 wt.% TiO2 goes up to 38
HV versus 22 HV for polyester only a 72.7% raise that is due to both
the great hardness of TiO2 (900 HV) and the pinning effect of the grain
boundaries of TiO2 on the polymer network [4]. SEM fractography of
tensile-failed specimens reveals three major failure modes: (i) pure
matrix failure in systems without fibres or with very low fibre content,
(ii) fibrematrix debonding at untreated interfaces, and (iii) mixed-
mode failure with fibre fracture in alkaline-treated hybrid systems.
Voids, the content of which was determined by Archimedes density
measurements, were very low, varying from 1.8 to 4.5% in composites
made by hand lay-up and below 1.2% in compression-moulded
systems, resulting in a 15 to 22% loss in flexural strength for every

1% void rise [1].
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Figure 1: SEM fractograph of a hybrid polyester composite

reinforced with glass and jute fibres
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2. Tribological Properties of Polyester Composites
2.1 Wear and Friction Behaviour

Table: 1: Tribological Properties of Selected Polyester Composites

from Literature

. 1 Wear < es
Load Sliding Rate Friction
Matrix Reinforcement (N) Speed (10~ CoefficientReference
(m/8) | ms/Nm) ™
[0)
Polyester] SO Glass | 5 | g 3.12 0.38 [1]

Fibre

20% Jute +
Polyester 10% Glass 30 1.5 4.85 0.44 [3]

10% SiC + 20%

Polyester Glass 25 1.0 2.34 0.32 [5]
—

Polyester] 10 TIO: | 551 g5 | 567 0.51 (4]
particulate
(o)

Polyester] 120 AEOs+ 451 50 | 3809 0.41 6]

15% Sisal

Dry sliding wear behavior of polyester composites, as determined by
pin-on-disc tribometers according to ASTM G99, varies significantly
with work load (10 to 50 N), sliding speed (0.5 to 3.0 m/s) and type
of reinforcement. Specific wear rate of polyester significantly drops
(by 3562%) when it is reinforced with glass fibres. This is because
fibres not only carry the compressive contact stresses but also limit
the polymer matrix direct contact with the counter face [1]. Use of SiC
particulate (10 wt.%) reduces the wear rate even further to 2.34 10
mm/Nm by being a load-bearing third body and also by forming a
protective tribofilm at the contact interface [5]. Friction coefficient
falls within 0.280.55 for composite systems whereas self-lubricating
graphite additions (3 to 5 wt. %) are capable of cutting down to 0.18

to 0.24 levels owing to solid lubricant film formation [6].
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2.2 Erosive Wear and Elevated Temperature Tribology

Erosive wear resistance, determined at various impingement angles
of 30°-90° with silica sand erodent (150-250 m, 40-60 m/s velocity),
shows that polyester composites are semi-ductile materials and they
experience the greatest erosion at 45-60° impingement angles.
Glass/polyester composites give out an erosion rate of 8.2 mg/kg at
45 against 14.6 mg/kg for neat polyester - a 43.8% lowering that is
achieved through a fibre-reinforced surface layer resistant to lateral
cutting by erodent particles [7]. Exposure to high temperatures (60-
100°C) causing matrix softening is equivalent to lowering hardness
by 18-30% and increasing wear rate by 2.1-3.4 times which exposes
the thermal stability as a major drawback. Addition of nanosilica
(SiO2, 20-50 nm) at 3 wt.% level is capable of raising wear resistance
at elevated temperatures by 28% due to increased matrix crosslinking

and better thermal conductivity [8].

2.3 Fabrication Methods and Their Influence on Tribological

Performance

Hand lay-up, still the most popular open-mould technique, yields
composites with void fractions of 2.5-4.8%, which serve as stress
concentration sites during sliding contact thereby making subsurface
crack nucleation faster and also the wear rate goes up by 18-25%
compared to closed-mould processed counterparts [9]. Compression
moulding at pressures of 5-15 MPa not only lowers void content to
less than 1.2% but also enhances the fibrematrix contact area,
resulting in wear rates that are 20-30% less than hand lay-up
fabricated equivalents under the same tribological test conditions [6].
At controlled injection pressures (0.3-0.8 MPa), resin transfer

moulding (RTM) provides excellent fibre wetting and impregnation
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uniformity producing composites with fibre volume fractions of 45-
55% and void content less than 0.9%. Glass/polyester composites
processed by RTM showed specific wear rates of 1.98 10 mm/Nm at
30 N load - about 36% lower than hand lay-up processed equivalents
due to better interfacial bonding and fewer stress-raising voids at the
tribocontact zone [5]. Vacuum-assisted resin infusion (VARI) goes a
step further in removing trapped air and results in hybrid
natural/synthetic fibre polyester systems with porosity close to zero
(0.5%), and the coefficient of friction decreases by 12-18% as
compared to the conventional casting, which is due to the surface
being smoother (Ra: 0.8-1.4 uym vs. 2.1-3.6 um in hand lay-up) and

hence the adhesive wear contribution is limited [10].

Post-cure temperature is one of the most important factors affecting
the tribological performance of materials. Composites post-cured at
80°C for 4 hours can have a crosslink density-level improvement in
the range of 15-22% when compared with those cured at room
temperature, leading to less matrix deformability under frictional
heating and up to 24% reduction in steady-state wear rates at high

sliding speeds (2.0-3.0 m/s) [9].
3. Conclusion

Polyester composites reinforced with hybrid fibreparticulate systems
demonstrate substantial mechanical and tribological performance
improvements over unreinforced matrices. Besides 39-78% tensile
strength increases, hardness up to 72%, and wear rate reductions in
the range of 35-62% can be achieved through optimised
reinforcement selection, fibre treatment preparation and control of
the production process. Alkaline and silane fibre treatments are

crucial in improving the interfacial bonding, which through stress
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transfer reduction of void content, besides increasing the stress
transfer efficiency. From a tribological viewpoint, the use of SiC and
AloO3 particulates results in better wear resistance whereas the
addition of graphite leads to a significant decrease in friction
coefficients. Advancements in polyester composites that are capable
of meeting the requirements of structural and automotive
applications depend on future works that combine nano-filler
hybridisation, bio-derived matrix systems, and high-temperature

tribological characterisation.
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Chapter 2

Structural, Morphological and Surface Investigation
of Perovsikte (LSNO) Nanoparticles

Jeya Priya CV', M Parthasarathy', V Gowthami®

1Department of Physics, School of Basic Sciences, Vels Institute of
Science, Technology & Advanced Studies (VISTAS), Chennai, 600117

* Corresponding Author: gowthamivijayakumar@gmail.com

Abstract

Perovsikte-type transition metal oxides have emerged as promising
electrode materials for next-generation energy storage systems due to
their remarkable electronic conductivity, structural stability, and
tunable redox properties. In the present study, lanthanum strontium
nickel oxide (LaSrNiOs;, LSNO) nanoparticles were synthesized and
systematically characterized to investigate their structural,
morphological, and surface properties relevant to electrochemical
applications. The crystalline phase and structural purity of the
synthesized LSNO nanoparticles were confirmed using X-ray
diffraction (XRD), revealing a well-defined perovskite crystal structure
with sharp diffraction peaks. Fourier transform infrared spectroscopy
(FTIR) analysis verified the formation of metal-oxygen bonds and
confirmed the presence of characteristic vibrational modes associated
with the perovskite lattice. The surface area and pore distribution
were examined through Brunauer-Emmett-Teller (BET) analysis,
indicating a mesoporous structure that is favorable for electrolyte ion
diffusion and enhanced electrochemical activity. Morphological
examination using scanning electron microscopy (SEM) revealed

agglomerated nanoscale particles with irregular yet porous surface
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textures, which provide abundant active sites for charge storage
processes. Elemental composition and chemical purity were validated
by energy-dispersive X-ray spectroscopy (EDAX), confirming the
presence of La, Sr, Ni, and O elements without significant impurities.
The combined structural and surface analyses suggest that LSNO
nanoparticles possess desirable physicochemical properties suitable
for high-performance electrochemical energy storage devices such as
super capacitors. These findings provide valuable insights into the
design and optimization of Perovsikte-based electrode materials for

advanced energy storage technologies.

Keywords: Perovsikte oxide, Nano material, Transition metal Oxide,

LSNO nanoparticles, BET surface area, Energy storage devices.
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1. Introduction

The rapid growth of global energy demand and the increasing reliance
on renewable energy sources have driven significant research interest
toward the development of efficient and sustainable energy storage
technologies. Among the various energy storage systems,
electrochemical supercapacitors have gained considerable attention
due to their high power density, fast charge-discharge capability, and
long cycling stability compared with conventional batteries[1]
However, the performance of supercapacitors largely depends on the
properties of electrode materials, particularly their electrical
conductivity, surface area, and redox activity. Therefore, the
development of advanced electrode materials with improved
electrochemical characteristics has become a critical research focus

in recent years.

Transition metal oxides have emerged as promising candidates for
energy storage applications owing to their multiple oxidation states,
good electrochemical activity, and structural versatility. In particular,
perovskite-type oxides with the general formula ABO; have attracted
significant interest due to their flexible crystal structure and tunable
physicochemical properties. In this structure, the A-site is typically
occupied by rare-earth or alkaline-earth metals, while the B-site is
occupied by transition metals. The interaction between these cations
leads to unique electrical, magnetic, and catalytic properties, making
perovskite oxides suitable for applications in catalysis, fuel cells,
sensors, and electrochemical energy storage systems. Lanthanum-
based perovskite oxides have been widely investigated because of
their excellent electronic conductivity and structural stability. Among
them, lanthanum strontium nickel oxide (LaSrNiOs;, LSNO) has

gained increasing attention as an efficient electrode material due to
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its enhanced electrical conductivity and favorable redox
characteristics arising from the mixed valence states of nickel ions
[2]. The substitution of lanthanum with strontium at the A-site
introduces oxygen vacancies and improves charge transport
properties, which significantly enhances the electrochemical activity
of the material. These characteristics make LSNO a promising
candidate for high-performance supercapacitor electrodes. In
addition to composition, the electrochemical performance of
perovskite materials is strongly influenced by their morphology,
particle size, and surface area. Nanostructured materials typically
exhibit improved electrochemical performance due to their large

surface-to-volume ratio and shorter ion diffusion pathways.

Therefore, controlling the synthesis process to obtain nanoscale
perovskite particles with desirable surface characteristics is essential
for optimizing their energy storage performance. Various synthesis
techniques such as sol-gel, hydrothermal, combustion, and co-
precipitation methods have been employed to prepare perovskite
oxide nanoparticles [3]. Among these methods, the sol-gel approach
offers several advantages, including better compositional control,
homogeneous mixing of precursor ions, and the ability to produce
highly crystalline nanostructures at relatively lower temperatures.
Furthermore, the method allows precise tuning of particle size and
morphology, which is critical for improving electrochemical
performance. In order to evaluate the suitability of LSNO
nanoparticles for energy storage applications, comprehensive
characterization of their structural, morphological, and surface
properties is required. X-ray diffraction (XRD) analysis provides
essential information regarding the crystalline phase and structural

integrity of the synthesized material. Fourier transform infrared
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spectroscopy (FTIR) helps identify functional groups and metal-
oxygen bonding interactions within the lattice. Surface area and
porosity measurements using Brunauer-Emmett-Teller (BET)
analysis are crucial for understanding ion accessibility and electrolyte
interaction during electrochemical processes. Additionally, scanning
electron microscopy (SEM) enables the observation of particle
morphology and aggregation behavior, while energy dispersive X-ray
analysis (EDAX) confirms elemental composition and purity. In this
work, LSNO nanoparticles were synthesized and systematically
characterized using XRD, FTIR, BET, SEM, and EDAX techniques|4]
The aim of this study is to investigate the structural and surface
characteristics of LSNO nanoparticles and evaluate their potential as
electrode materials for electrochemical energy storage applications.
The obtained results provide valuable insights into the relationship
between material structure and performance, contributing to the

development of advanced perovskite-based energy storage systems.
2. Synthesis of LSNO Nanomaterial

Lanthanum strontium nickel oxide (LSNO) nanoparticles with the
general perovskite formula ABO; were synthesized by separately
dissolving the A-site precursors (La and Sr salts) and the B-site
precursor (Ni salt). As illustrated in Fig. 1, 0.002 mol of Ni(NOs).:6H20
was dissolved in 10 mL of distilled water and magnetically stirred for
15 minutes to obtain a clear solution. In a separate beaker, 0.0006
mol of Sr(NOs). and 0.0014 mol of La(NOs);:6H.O were dissolved in 10
mL of distilled water and stirred for 15 minutes to ensure complete
dissolution. Subsequently, the two precursor solutions were
combined and continuously stirred for an additional 30 minutes to
obtain a homogeneous mixture of Ni*', La3", and Sr?" ions. The

resulting mixed solution was then slowly introduced into 10 mL of 1
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M NaOH solution under constant stirring conditions. Upon the
addition of NaOH, the solution immediately changed to a light brown
color, and after approximately two hours of continuous stirring, a
blue precipitate was observed. The obtained precipitate was collected
and repeatedly centrifuged using ethanol and distilled water in order
to remove residual ions and possible impurities. After the purification
process, the collected material was dried in a hot air oven at 60 °C
overnight. The dried product was then finely ground using a mortar
and pestle to obtain a uniform powder. Finally, the powder was
calcined in air at 750 °C for 3 hours, resulting in the formation of

highly crystalline LSNO nanoparticles.

A-Site Solution B-Site Solution

La(NOlll GH;O + Sf(NO;;; NI(NOSLA GH,'O
Stir 15 min Stir 15min
| ]

Mix A + B Solutions
Stir 30 min
+

Add 1M NaOH
Precipitate Formation
Stir 2 hrs,

Centrifuge & Wash

Vacuum Drying 60 °C

Grind & Calcination 750°C, 12 hrs

Figure 1: Synthesis of LSNO powder
3. Results and Discussion
3.1 X-ray Diffraction (XRD) Analysis

The crystal structure and phase purity of the synthesized LSNO

nanoparticles were investigated using X-ray diffraction analysis. The
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XRD pattern exhibits several well-defined diffraction peaks
corresponding to the characteristic planes of the perovskite
structure[5] Prominent peaks were observed at diffraction angles
corresponding to planes such as (101), (110), (112), (105), (200), and
(222), indicating the formation of a crystalline perovskite phase. The
sharpness and intensity of the diffraction peaks suggest a high degree
of crystallinity in the synthesized material. No significant impurity
peaks were detected in the diffraction pattern, confirming the
successful formation of phase-pure LSNO nanoparticles [6]. The
crystalline structure of the material plays a crucial role in facilitating
electron transport and improving electrochemical performance. The
average crystallite size of the synthesized LSNO nanoparticles can be

estimated using the Debye-Scherrer equation:
D=0.9\A/[cos6 (1)
Where D represents the crystallite size, A is the wavelength of the X-

ray radiation, B is the full width at half maximum (FWHM) of the
diffraction peak and 0 is the Bragg diffraction angle.

LSNO

(1o1)

Intensity a.u

10 20 30 40 50 60 70 80
2 -Theta(degree)

Figure 2: XRD patterns of LSNO sample
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The nanoscales crystallite size obtained from the analysis indicates
that the synthesized LSNO material possesses a large active surface

area suitable for electrochemical reactions.
3.2 FTIR Analysis

Fourier transform infrared spectroscopy was employed to identify the
chemical bonding and functional groups present in the LSNO
nanoparticles. The FTIR spectrum shows several absorption bands
corresponding to different vibrational modes of the material. The
broad absorption band observed around 3400-3700 cm™ is
attributed to the stretching vibration of hydroxyl (-OH) groups, which
may arise from adsorbed moisture on the surface of the
nanoparticles. Peaks located around 2300-2000 cm™ correspond to
the presence of atmospheric CO: adsorption. A strong absorption
band appearing near 600-700 cm! is assigned to the metal-oxygen
stretching vibration associated with the Ni-O bond in the perovskite

lattice.

LSNO

&
-

3469cm -
2332cm

2049em”
1980cm =

Transmittance %

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
wavenumber (em )

Figure 3: FT-IR spectra of LSNO
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This band confirms the formation of the LSNO perovskite framework.
Additional peaks observed around 850-1000 cm™ are attributed to
lattice vibrations and metal-oxygen bending modes within the oxide
structure. These FTIR results confirm the successful formation of the

metal-oxygen network characteristic of perovskite oxide materials.
3.3 BET Surface Area Analysis

The surface area and porosity of the LSNO nanoparticles were
analyzed using nitrogen adsorption—desorption measurements based
on the BET method. The obtained isotherm exhibits a typical
adsorption—-desorption behavior indicating the presence of
mesoporous structures within the material. The gradual increase in
nitrogen adsorption with increasing relative pressure suggests the

presence of interconnected pores and a relatively high surface area

[7].
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Figure 4: (a) N2 adsorption-desorption isotherms and (b) Pore Size
distribution of the LSNO sample

The mesoporous nature of the material facilitates efficient ion
diffusion and electrolyte penetration, which are essential for improved
electrochemical performance in supercapacitor applications. The pore

size distribution curve indicates the presence of pores in the

Page | 17




Dr, K. Flmmogﬂnﬂinm, Mps. ﬁimf)/e %mg’ﬂ, Dr. M. Karthick, Or. S, Vishnu

nanometer range, further confirming the mesoporous structure of the

LSNO nanoparticles.
3.4 SEM Analysis

The surface morphology of the synthesized LSNO nanoparticles was
examined using scanning electron microscopy. The SEM images
reveal that the particles possess a clustered and agglomerated
morphology with irregular shapes. The individual particles appear to
be in the nanoscale range and form interconnected networks. Such
agglomerated nanostructures provide a porous architecture that can
enhance electrolyte accessibility and increase the number of
electrochemically active sites. The rough surface texture observed in
the SEM images further contributes to improved charge storage

behavior by facilitating rapid ion transport [8].

Figure 5: SEM image of LSNO, (a-d) for as prepared
3.5 EDAX Analysis

Energy dispersive X-ray spectroscopy was performed to determine the
elemental composition of the synthesized LSNO nanoparticles. The
EDAX spectrum clearly shows the presence of lanthanum (La),

strontium (Sr), nickel (Ni), and oxygen (O) elements, confirming the

Publicizing Research


https://www.srrbooks.in/

Frontiers in Integrated Science and Technological Innovation (2026)

successful formation of the intended perovskite compound. The
quantitative elemental analysis reveals weight percentages of
approximately La (24.99%), Ni (25.98%), Sr (30.96%), and O (18.06%),
which are consistent with the stoichiometric composition of LSNO.
The absence of additional impurity peaks indicates the high purity of

the synthesized material.

hesis\genmaps.spc 09-0ct-2025 14:46:23
LSecs: 87

] | Element | Wt% | At% |
ET3N 18.06 53.63
ra2 24.99 08.55
T 2s.08 21.03
4 BETE =0.96 16.79
BV ETS8 Correction ZAF

"Energy - keV

Figure 6: EDAX for LSNO sample.
4. Conclusion

In summary, lanthanum strontium nickel oxide (LSNO) nanoparticles
were successfully synthesized and systematically characterized to
evaluate their structural and surface properties for energy storage
applications. XRD analysis confirmed the formation of a highly
crystalline perovskite phase without detectable impurities. FTIR
spectroscopy verified the presence of characteristic metal-oxygen
bonds associated with the LSNO lattice structure. BET analysis
revealed a mesoporous architecture with a relatively high surface
area, which is beneficial for electrolyte diffusion and electrochemical
activity. SEM observations demonstrated nanoscale particles with
agglomerated and porous morphology, providing abundant active
sites for charge storage processes. EDAX analysis confirmed the
elemental composition and purity of the synthesized material.Overall,

the structural integrity, porous morphology, and favorable surface

Page | 19




Or. K. ?(mm»gﬂnm’mr, Mo, ﬁimp/e ﬂungﬁ, Dr. M. Karthick, Dr. S, Vishnu

characteristics of LSNO nanoparticles indicate their strong potential

as electrode materials for high-performance supercapacitor and

energy storage devices. Future work will focus on evaluating the

electrochemical performance of LSNO-based electrodes and exploring

composite structures to further enhance their energy storage

capability.
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Abstract

The domain of nonlinear optics is witnessing considerable expansion,
incorporating knowledge from multiple scientific areas, such as
physics, chemistry, optics, crystal growth, optoelectronics, and
engineering. The study of nonlinear optics garners significant
attention in organic-inorganic blend compounds, owing to their
diverse properties that find applications in various fields. In-depth
investigations have concentrated on the non-linear optical
characteristics of organic and semi-organic crystals, which hold
promising applications in device fabrication. A single crystal of D-
phenylglycine derivatives, including Bis(D-phenylglycinium) sulfate
monohydrate (BDPGS) and D-phenylglycine hydrochloride (DPGCL),
were synthesized and grown through the slow evaporation method
utilizing water as a solvent. The single crystal XRD analysis
demonstrated that BDPGS crystallizes in the monoclinic space group
P2:, while DPGCL crystallizes in the orthorhombic space group
P2:2:2. The optical properties of the compounds were characterized
through UV-Visible absorption and reflectance spectra, revealing cut-

off wavelengths of 230 nm and 228 nm for BDPGS and DPGCL,
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respectively. This indicates a bandgap of 5.4 eV, suggesting superior
optical quality for potential applications. The notably low Urbach
energy indicates that the crystal is nearly devoid of defects, thereby
maintaining its structural integrity and evaluation of refractive index
demonstrated the compounds' promising optical behavior. The
effectiveness of the second harmonic generation for the synthesized
crystals was clearly demonstrated using the Kurtz Perry powder
method, validating both the crystals shows tremendous potential for

advanced technological applications.

Keywords: Slow evaporation method, X-ray diffraction, Structural,

Optical bandgap, Nonlinear analysis.
1. Introduction

The prevalence of blended materials is rapidly rising, driven by their
diverse and impactful applications in fields such as medicine,
industry, and materials science. These innovative materials are
characterized by their conjugate structures, efficiency, and
remarkable chemical adaptability, which bestow exceptional
electrical, magnetic, and optical properties [1]. The realm of nonlinear
optics is particularly captivated by organic-inorganic blend
compounds, owing to their versatility and wide-ranging applicability
across various sectors [2]. Extensive research has examined organic
and semi-organic crystals' non-linear optical (NLO) properties,
highlighting their potential for integration in advanced device
fabrication. These crystals offer advantages such as swift response
times and high damage thresholds, making them indispensable in
modern technology. Notably, organic crystals are exceptionally
significant for NLO applications, often showcasing efficiency levels

surpassing traditional potassium dihydrogen phosphate (KDP)
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crystals [3]. D-Phenylglycine, an aromatic mono-amino carboxylic
acid, is distinguished by the presence of a nonpolar group in its side
chain, which includes a benzene ring that contributes to its
remarkable properties. This compound is a promising precursor in
synthesizing semi-synthetic penicillin’s and cephalosporins [4].
Recent investigative studies have delved into using phenylglycine
derivatives in developing cutting-edge antitumor medications and
their effectiveness in mitigating inflammation. Additionally, emerging
research suggests their valuable role in enhancing the delivery and
absorption of L-DOPA, a crucial therapeutic agent for various medical
conditions [5]. This amino acid is not only fascinating in its own right
but also acts as a vital precursor in the synthesis of B-lactam
antibiotics, such as semisynthetic cephalosporins and penicillin’s [6].
Derivatives of D-phenylglycine, including D-phenylglycinium bromide
[7], D-phenylglycinium nitrate [8], and D-phenylglycinium
perchlorate [9], are currently under intense research due to their
interesting physical and chemical properties. In this exciting context,
we have embarked on a significant research initiative to grow high-
quality non-linear optical single crystals of D-phenylglycine
derivatives such as Bis(D-phenylglycinium) sulfate monohydrate
(BDPGS) and D-phenylglycine hydrochloride (DPGCL). This synthesis
employs a low-temperature solution growth technique, utilizing water
as the solvent at ambient temperature. Therefore, our current
investigation aims to elucidate key characteristics, including single-
crystal X-ray diffraction, UV-Vis transmittance and reflectance
studies, and studies on optical parameters such as Urbach energy,
steepness parameter, refractive index and SHG studies. This process

not only demonstrates the potential of D-phenylglycine derivatives
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but also supports further research and applications in advanced

optical technologies.
2. Experimental Procedure
2.1 Synthesis and growth of BDPGS

The synthesizing of the sulfuric acid admixture D-Phenylglycinium
was meticulously executed by first dissolving high-purity D-
Phenylglycine in concentrated sulfuric acid within a carefully
measured volume of distilled water. This was performed following a
precise stoichiometric ratio of 2:1. The solution was gently stirred for
eight hours at a stable temperature of 35°C to achieve a uniform
mixture, promoting complete solubility and homogeneity. Once the
solution reached the desired consistency, it was filtered through
Whatman filter paper, ensuring the removal of any impurities, and
transferred into a thoroughly cleaned beaker. This beaker was then
covered with a polythene sheet adorned with numerous small
perforations, facilitating a controlled and gradual evaporation
process. After three weeks, the slow and methodical evaporation
yielded an exquisite, transparent single crystal of Bis (D-
Phenylglycinium) Sulphate Monohydrate (BDPGS), as shown in

Figure la.
2.2 Synthesis and growth of DPGCL

To prepare a concentrated solution, D-phenylglycine was carefully
mixed with hydrochloric acid in a precise 1:1 ratio and dissolved in
distilled water at 35°C. The mixture was then stirred vigorously for
six hours to ensure a uniform and homogeneous solution. After
thorough mixing, the solution was filtered through Whatman filter
paper to remove any impurities. It was then placed in a controlled

environment free from mechanical disturbances and thermal

Page | 24 42 SRR

Publicizing Research


https://www.srrbooks.in/

Frontiers in Integrated Science and Technological Innovation (2026)

vibrations, allowing the process to proceed naturally. Over several

days, the slow and methodical evaporation yielded an exquisite,

transparent single crystal of D-phenylglycine hydrochloride, as
shown in Figure 1b.

s
a1

Is t

Figure. 1: As grown single crystals of (a) BDPGS (b) DPGCL

3. Results and Discussion
3.1 Single Crystal X-Ray Diffraction Analysis

Table 1. Single-crystal XRD parameters of BDPGS and DPGCL

Lattice Present Work N. Srinivasan et al.
Parameters (BDPGS) [10]
a (A) 12.328(3) 12.3201(12)
b (A) 5.936(12) 5.9377(15)
c (A) 14.296(3) 14.2908(16)
a=v(°) 90 90
B (°) 111.335 (11) 111.369(10)
Crystal System Monoclinic Monoclinic
Space group P2, P2,
Lattice Present Work S. Ravichandran et
Parameters (DPGCL) al. [11]
a (A) 5.452(17) 5.437(5)
b (A) 7.278(2) 7.257(8)
c (A) 22.819(1) 22.773(2)
a=B=v(9) 90 90
Crystal System Orthorhombic Orthorhombic
Space group P212:12; P21212;
SBN 978-816855380-4
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The Brucker D8 Quest SCXRD, which utilizes Mo-Ka radiation at
ambient temperature, was employed to meticulously investigate and
determine the cell parameters of the synthesized crystals of BDPGS
and DPGCL. The lattice parameters for this intriguing material are
measured, and notably, these values correlate strongly with those
previously reported in the literature [10,11], underscoring the
reliability of the synthesis and characterization process, as tabulated

in Table 1.
3.2 Optical Studies
3.2.1 UV-Visible Absorbance Analysis

The UV-Vis analysis offers a compelling glimpse into the complex
interplay between the electronic bandgap, atomic structure, and
crystalline characteristics of the material. Our extensive absorption
studies on the synthesized compound spanned a broad spectrum of
wavelengths, from 200 to 800 nm, providing a thorough examination
of its optical properties. The results detailed in Figures 2a and 2b
reveal an impressive level of reflectance throughout the visible region,
marking this material as an intriguing candidate for further scientific
investigation [12]. Notably, Figures 2a and 2b highlight a significant
cut-off wavelength at 230 nm and 228 nm for BDPGS and DPGCL,
which serves as an important threshold in defining the optical
features of the material. To gain deeper insights into its properties,
we apply Tauc's relation (1), which serves as an essential framework

for calculating the absorption coefficient:
(ahv)» =T (hv - Eg) (1)
In this equation, the exponent n varies based on the type of bandgap

present: n=1/2 indicates a direct bandgap, while n=2 pertains to an

indirect bandgap. The resulting Tauc’s plot, depicted in Figures 3a
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and 3b, indicates that the materials possess an optical bandgap

energy of 5.4 eV. This striking revelation underscores the material's

promising potential for nonlinear optical applications. Furthermore,

this finding suggests that the material boasts a remarkably low

concentration of defects, thus opening pathways for innovative

applications in advanced photonic devices [13].
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Figure 3: Bandgap Spectrum of (a) BDPGS (b) DPGCL

3.3 Absorption Band Tail

The significance of optical absorption in material science cannot be
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appropriateness for optical applications by offering vital information
regarding its optical bandgap. The optical absorption spectra exhibit
three distinct regions: a prominent area that denotes the optical
bandgap, a subdued section that suggests the existence of flaws and
impurities, and an absorption edge that illustrates variations and
disruptions within the lattice structure [14]. Next to the optical
bandgap on the absorption coefficient curve lies an exponential region
referred to as the Urbach tail. The exponential tail, also known as
Urbach energy, plays a crucial role in weakly crystalline materials
and shows a notable reduction in well-crystalline specimens [15]. An
exponential equation illustrates the connection between the
absorption coefficient (a) and photon energy, known as the Urbach

empirical rule.
h
a = a,exp (E—Z) (2)

In(a) = n(a,) + lng—: (3)

1.5 1.2

1.04

0.5+

In (o)

0.0+

054 0.9 g

Urbach energy = 1/ Slope / Urbach energy =1/slope

-1.04
q

T T T u-a T T T T
5.2 5.3 5.4 55 5.6 48 49 5.0 5.1 52 53
Photon energy (eV)

Photon energy (eV)

Figure 4: Plot of Photon energy (hv) vs In (a)

In this equation, the Ey denotes the Urbach energy. The examination
of the graph shown in Figures 4a and 4b, which presents photon

energy against In(a), indicates that the inverse of the slope is
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associated with an Urbach energy of BDPGS and DPGCL, measured
at 0.1101 eV and 0.858 eV, respectively. This observation indicates
that the materials are free from imperfections and lattice disorder
[16]. Additionally, Urbach identified a secondary relationship between
the absorption coefficient and the optical bandgap, as detailed in

equations (4-95).

a= B exp [—U(TB_TE")] (4)
(&) = () 8

Here, Eu is Urbach energy, Kg denotes the Boltzmann constant, and
T represents the absolute temperature. The steepness parameter (o)

is determined through equation (6),

KpT
0 = oe—
Ey

(6)

Additionally, the strength of the electron-photon interaction (Eep) is

calculated using equation (7),

Eep= (7)

2
30

Table 2. Urbach energy and its key parameters of BDPGS and

DPGCL
Description BDPGS | DPGCL
Wavelength of absorption edge (nm) 230 nm | 228 nm
Optical bandgap E¢ 5.4 eV 5.4 eV
Urbach Energy Eu 0.110 eV | 0.858 eV
Steepness parameter o 0.2138 0.2742
Electron-photon interaction energy Eep | 3.11 2.43

Table 2 summarises the values for the cut-off wavelength (nm),
(Ev),
parameter (o), and electron-photon energy (Eep), of BDPGS and

optical band gap energy (Eg,

DPGCL indicating that the materials possess exceptional
ISBN 978-816855380-4
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characteristics and demonstrates significant potential for device

fabrication [17].
3.4 Determination of Optical Constant

The optical constants, including optical conductivity, refractive index,
and extinction coefficient, play a vital role in fabricating nonlinear
optical devices. It is essential to use materials with exceptional optical
quality and an excellent refractive index to develop effective devices
such as optical switches and organic light-emitting diodes. The
refractive index is exclusively determined by the material's
composition and reflective properties [18]. According to equation (8),

the refractive index can be derived from reflectance measurements.

_ +/(—3RZ+10R-3)
N = (R+1)+/(-3R2+10R-3) (8)
2(R-1)

The plot presented in Figure. 5a and Sb demonstrates that the
materials refractive index is measured to be 1.370 and 1371 for

BDPGS and DPGCL at a wavelength of 532 nm [19].
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Figure 5: Wavelength (nm) vs Refractive index (n)

The reduction in the refractive index, coupled with strong
transmission across the visible spectrum, indicates that the material

possesses enhanced efficiency for optical applications.
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3.5 Second Order Nonlinear Optical Studies

The second-harmonic generation (SHG) conversion efficiency of the
sample was carefully evaluated using the Kurtz-Perry powder
technique, a widely recognised method in the field [20]. For this
analysis, powdered potassium dihydrogen phosphate (KDP) served as
a standard reference material, given its well-established SHG
properties. A high-intensity, Q-switched Nd: YAG laser emitting a
fundamental wavelength of 1064 nm was used as the optical source

for the experiment.

Table 3. SHG efficiency of various semi organic material with

respect to KDP

Nonlinear Optical Materials SHG efficiency
L-Glycine thiourea [22] 0.60
Diglycine hydrobromide [23] 0.80
Thiourea urea zinc sulphate [24] 0.82
Glycine Zinc Sulfate [25] 1.20
Bis(D-Phenylglycinium) sulfate monohydrate 1.23
[present study]

D-phenylglycine hydrochloride [present study] 1.35

This powerful laser is known for its effectiveness in producing
nonlinear optical effects. As expected, the SHG process was confirmed
by the detection of green light at 532 nm, clearly indicating the
material's nonlinear optical response. At an input energy of 0.7 J, the
SHG output for the BDPGS compound was 6.6 mJ and DPGCL was
about 7.2 mdJ, significantly exceeding the KDP reference, which
recorded an output of 5.4 md. This notable result showed that the
SHG efficiency of the BDPGS was 1.23 times and DPGCL is 1.35 times
greater than that of KDP, demonstrating its superior nonlinear optical

performance and is compared with other NLO materials as shown in
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Table 3. Additionally, it was observed that the SHG efficiency tends
to increase with larger particle size [21], suggesting that optimising
particle dimensions could lead to further improvements in SHG

efficiency.
4. Conclusion

A high-quality nonlinear single crystal of Bis(D-phenylglycinium)
sulphate monohydrate and D-phenylglycine hydrochloride was
carefully synthesized using the solution growth method of slow
evaporation, with distilled water as the solvent to guarantee purity.
Thorough XRD investigations revealed that the crystal BDPGS
features a notable monoclinic structure, classified under the space
group P21, while DPGCL exhibits an orthorhombic system with the
space group P2:2:2, highlighting its distinctive crystalline
arrangement. The optical properties of the crystals were clarified,
revealing a lower cutoff wavelength of 230 nm for BDPGS and 228 nm
for DPGCL, which corresponds to a notable bandgap energy of 5.4 eV.
The exceptionally low Urbach energy indicates that the crystal is
nearly devoid of defects, thereby maintaining its structural integrity
and evaluation of refractive index demonstrated its encouraging
optical characteristics. The effectiveness of the second harmonic
generation for the synthesized crystal of BDPGS and DPGCL was
clearly demonstrated using the Kurtz method, affirming its diverse

potential for advanced technological applications.
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Abstract

Modern organizations consist of individuals from different
generational groups, creating a multi-generational workforce
environment. Each generation possesses distinct work values,
expectations, and communication styles, which influence workplace
interactions and productivity. This study examines the impact of a
multi-generational workforce among young professionals. The
research aims to understand generational differences in work
attitudes, communication patterns, and collaboration. The study
adopts a descriptive research design and wuses structured
questionnaires for collecting primary data. The findings indicate that
generational diversity contributes to knowledge sharing, innovation,
and organizational learning. However, differences in work
expectations and communication styles may create challenges in
workplace relationships. Effective management strategies, flexible
work policies, and inclusive organizational culture are necessary to

manage generational diversity successfully.
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1. Introduction

In today’s dynamic work environment, organizations are increasingly
characterized by the presence of employees from different generations
working together. These generational groups typically include Baby
Boomers, Generation X, Millennials, and Generation Z. Each
generation has been shaped by different social, economic, and
technological experiences, which influence their attitudes toward
work and workplace expectations. Young professionals entering the
workforce often bring new perspectives, technological skills, and
innovative approaches. At the same time, experienced professionals
contribute valuable knowledge and expertise gained through years of
work experience. The interaction between these generations creates
both  opportunities and challenges within organizations.
Understanding generational differences is essential for organizations
to foster effective communication, teamwork, and productivity. This
study aims to analyze the impact of a multi-generational workforce
among young professionals and explore ways to manage generational

diversity effectively.
1.1 Objectives of the Study

e To examine the impact of a multi-generational workforce among

young professionals.

e To identify generational differences among young professionals

in the workplace.

¢ To analyze variations in work attitudes and expectations across

generations.
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e To study communication patterns among different generational

groups.

e To wunderstand challenges faced in a multi-generational

workplace environment.

e To suggest strategies for improving collaboration among

different generations.
2. Review of Literature

Previous studies emphasize the growing importance of managing
generational diversity in organizations. Researchers have identified
that different generations demonstrate unique work values,
communication preferences, and career expectations. Older
generations often prioritize job stability, loyalty, and structured work
systems, while younger generations prefer flexible work
environments, rapid career advancement, and technological
integration. Studies suggest that organizations that effectively
manage generational diversity experience improved teamwork,
innovation, and knowledge transfer. Scholars have also highlighted
that leadership practices and organizational culture play a crucial
role in bridging generational gaps and promoting collaboration among

employees from different age groups.
3. Research Methodology
3.1 Research Design

The study follows a descriptive research design to analyze

generational diversity among young professionals.
3.1.1 Sources of Data

Both primary and secondary data were used in the study.
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Primary Data: Collected through structured questionnaires

distributed to young professionals.

Secondary Data: Collected from books, journals, research articles,

and online academic sources.

Sampling Technique: Convenience sampling method was used for

selecting respondents.
3.1.2 Data Analysis and Interpretation

The analysis reveals that young professionals belonging to different
generations exhibit distinct work preferences and communication
styles. Younger professionals often prefer digital communication and
flexible working conditions, while experienced professionals may
favor traditional communication methods and structured work
processes. The presence of generational diversity contributes to
knowledge sharing and innovative thinking. However, differences in
expectations, work styles, and communication methods may
sometimes create misunderstandings among  employees.
Organizations must therefore implement effective management
practices to encourage cooperation and understanding between

different generations.
4. Findings

e Young professionals belong to different generational groups

within the workforce.

e Generational differences influence communication and

collaboration at work.

e Younger professionals are highly adaptable to technological

advancements.
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e Experienced professionals contribute strong knowledge and

practical insights.

e Generational diversity promotes creativity and innovation in

organizations.

e Communication gaps may arise due to differences in work

expectations.
5. Conclusion

The presence of a multi-generational workforce is a defining
characteristic of modern organizations. While generational
differences may create certain challenges, they also provide
opportunities for innovation, knowledge sharing, and organizational
growth. By adopting inclusive leadership practices and promoting
effective communication, organizations can successfully manage
generational diversity and create a productive work environment for

young professionals.
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Abstract

Chronic Obstructive Pulmonary Disease (COPD) is a progressive
respiratory disorder affecting more than 390 million individuals
worldwide, accounting for approximately 3.2 million deaths annually.
Recent advancements in COPD management focus on precision
pharmacotherapy, digital health technologies, regenerative medicine,
and sustainable healthcare delivery models. This chapter presents a
comprehensive evaluation of contemporary COPD management
strategies, integrating quantitative clinical outcomes such as forced
expiratory volume in one second (FEV,) improvement of 8-15%, 30—
45% reduction in acute exacerbation rates, and 20-35%
enhancement in patient-reported quality-of-life indices. Emphasis is
placed on novel inhaled drug delivery systems, biologics, artificial
intelligence—assisted diagnostics, telemedicine-based monitoring,
and sustainability-driven healthcare innovations. The chapter aligns

these advancements with Sustainable Development Goals (SDGs 3,
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9, and 12) and evaluates their Technology Readiness Levels (TRLs 4-
9), offering a translational pathway from laboratory research to

clinical implementation.

Keywords: Chronic obstructive pulmonary disease, Precision
medicine, Digital health, Sustainable healthcare, advanced drug

delivery.
1. Introduction

COPD is a chronic, irreversible respiratory disorder characterized by
airflow limitation, systemic inflammation, and progressive decline in
pulmonary function. It remains a major public health challenge,
particularly in low- and middle-income countries, where exposure to
biomass fuel, tobacco smoke, and air pollution is high. According to
the World Health Organization, COPD is currently the third leading
cause of global mortality. Despite established pharmacological
regimens, conventional COPD management shows limited
effectiveness in preventing disease progression and frequent
exacerbations. This limitation highlights a critical research gap in
personalized, technology-enabled, and sustainable disease
management strategies. The objective of this chapter is to
systematically analyze recent advancements in COPD management,
identify their clinical and technological significance, and evaluate
their readiness for real-world implementation. The novelty of this
work lies in integrating medical, digital, and sustainability

perspectives within a unified framework aligned with SDGs and TRLs.
2. Global Burden and Clinical Challenges of COPD

COPD presents multifactorial pathophysiology involving chronic
bronchitis, emphysema, oxidative stress, and systemic comorbidities.

Epidemiological data indicate a prevalence rate of 11.7% among
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adults aged over 40 years, with hospitalization rates increasing by
25% over the past decade. Existing challenges include delayed
diagnosis, poor inhaler adherence, frequent exacerbations, and high
economic burden exceeding USD 2.1 trillion annually. Conventional
spirometry-based diagnosis lacks sensitivity in early-stage disease,
while symptom-based management fails to address disease
heterogeneity. These limitations necessitate advanced diagnostic,

therapeutic, and monitoring approaches.
3. Methodology

This chapter adopted a systematic narrative methodology. Peer-
reviewed journal articles published between 2023 and 2025 were
analyzed from indexed databases. Clinical trials, meta-analyses, and
technology assessment studies focusing on COPD management were

included.

Quantitative indicators such as FEV: improvement, exacerbation
frequency, hospitalization rate, and mortality reduction were
extracted. Sustainability impact was assessed using life-cycle
healthcare models, and TRL classification was conducted following
ISO/IEC 16290 guidelines. Comparative evaluation was performed
using descriptive statistical analysis and validated clinical

benchmarks.
4. Recent Therapeutic and Technological Advancements
4.1 Precision Pharmacotherapy and Biologics

Recent developments include long-acting triple inhaler therapies
(LABA-LAMA-ICS) and biologics targeting eosinophilic inflammation.
Clinical studies reported FEV: improvements of 120-180 mL and 40%

reduction in severe exacerbations. Monoclonal antibodies
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demonstrated high efficacy in COPD patients with overlapping
asthma phenotypes, reaching TRL 8-9.

4.2 Advanced Drug Delivery Systems

Smart inhalers equipped with sensors improved medication
adherence by 35-50%. Nanocarrier-based pulmonary drug delivery
enhanced bioavailability by 20-30%, reducing systemic side effects.
These systems are currently at TRL 6-7, showing strong translational

potential.
4.3 Digital Health and Artificial Intelligence

Al-based diagnostic models achieved 92-96% accuracy in early COPD
detection wusing spirometry and imaging data. Telemonitoring
platforms reduced hospital readmissions by 28-42%, supporting
remote disease management. These digital solutions align strongly

with SDG 9 (Industry, Innovation, and Infrastructure).
5. Sustainability and System-Level Innovations
5.1 Sustainable Healthcare Models

Low-carbon inhalers reduced greenhouse gas emissions by up to 90%
compared to conventional pressurized metered-dose inhalers. Digital
consultations reduced patient travel emissions by 18-25%,

contributing to SDG 12 (Responsible Consumption and Production).
5.2 Technology Readiness and Implementation Pathways

Most pharmacological advancements achieved TRL 8-9, while Al-
based systems ranged between TRL 5-7. Integration into primary
healthcare systems remains a challenge due to regulatory, ethical,

and data privacy concerns.

Page | 42 42 SRR

Publicizing Research


https://www.srrbooks.in/

Frontiers in Integrated Science and Technological Innovation (2026)

6. Results
The evaluated advancements collectively demonstrated:

e 30-45% reduction in COPD exacerbation frequency

e 20-35% improvement in quality-of-life scores (SGRQ)

e 15-25% reduction in annual healthcare costs per patient

e Significant alignment with SDG 3 (Good Health and Well-being)
7. Discussion

The findings indicated that recent advancements significantly
outperformed conventional COPD management strategies.
Improvements in lung function, adherence, and patient outcomes
were consistent with recent literature. However, disparities in
accessibility and digital literacy were observed, particularly in
resource-limited settings. Compared with earlier studies, the
integration of sustainability metrics represented a key advancement,

strengthening the translational relevance of the findings.
8. Conclusion and Future Scope

Recent advancements in COPD management demonstrate
substantial clinical, technological, and sustainability benefits.
Precision medicine, Al-enabled diagnostics, and sustainable
healthcare models collectively address long-standing limitations in
COPD care. Future research should focus on large-scale clinical
validation, integration of wearable biosensors, and policy-driven
adoption of green respiratory technologies. Advancing these
innovations from TRL 6 to TRL 9 will be critical for achieving

universal, sustainable respiratory healthcare.
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Strengths, Limitations, and Recommendations
Major Strengths

° Comprehensive integration of clinical, technological, and

sustainability perspectives
° Quantitative outcome—-based evaluation
° Alignment with SDGs and TRLs

Potential Limitations

° Limited long-term real-world data for Al-based systems

° Variability in global healthcare infrastructure
Recommendations

° Improve structural flow using graphical summaries

° Expand multicenter clinical validation

° Enhance policy-level discussion on sustainable healthcare
adoption
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Abstract

Surface engineering is essential for improving the wear resistance,
hardness, and corrosion resistance of tool materials. This study
focuses on depositing Chromium Nitride (CrN) coatings on AISI 6959
tool steel using the DC magnetron sputtering PVD technique.
Response Surface Methodology (RSM) with Central Composite Design
(CCD) was used to optimize key parameters such as working
pressure, substrate temperature, and nitrogen flow rate. The
specimens were prepared, cleaned using ultrasonic methods, and

coated with a thickness of about 4 um. The coated samples were
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evaluated using wear testing, hardness testing, X-ray diffraction
(XRD), and scanning electron microscopy (SEM). Results showed
significant improvement in hardness and wear resistance compared
to uncoated samples. Process parameters were found to strongly
influence coating quality and microstructure. The optimized coating
conditions enhanced surface performance and extended the

durability of tool steel for industrial applications.

Keywords: Surface engineering, Coating technologies, Tool steels,

Wear resistance, Tribological performance.
1. Introduction

Surface engineering plays a crucial role in modern manufacturing by
enhancing the surface properties of materials without altering their
bulk characteristics. In industrial applications, components are
frequently subjected to wear, corrosion, and mechanical stress due
to surface interactions. When two surfaces come into contact,
material degradation occurs on both, leading to performance loss and
increased maintenance costs. To overcome these challenges,
advanced coating techniques such as plasma-assisted deposition
have been developed. These techniques provide economical and
reliable methods for modifying surface properties like hardness, wear
resistance, and corrosion resistance. Industries often prioritize
improving the surface that directly affects productivity and cost

efficiency.
1.1 Vapor Deposition Techniques

Thin film deposition is a key aspect of surface engineering and is

broadly classified into:
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1.2 Chemical Vapor Deposition (CVD)

CVD involves chemical reactions at high temperatures (often above
1000°C) to form solid films. While it offers excellent adhesion and
uniform coverage, its high temperature limits its use on temperature-

sensitive substrates.
1.3 Physical Vapor Deposition (PVD)

PVD is a widely used method where solid materials are converted into
vapor and deposited as thin films in a vacuum environment. It
operates at lower temperatures (150-500°C), making it suitable for a

broader range of materials.

PVD coatings are formed by evaporating metals such as titanium,
chromium, or aluminum and reacting them with gases like nitrogen

to create durable compound coatings.
1.4 Types of PVD Processes
Several PVD techniques are used in industry:

e Cathodic Arc Deposition
e Evaporative Deposition
e Pulsed Laser Deposition
e Sputter Deposition
Each method differs in energy input, coating uniformity, and
application suitability.
1.5 Cathodic Arc and Pulsed Laser Deposition
1.5.1 Cathodic Arc Deposition

This technique uses a high-energy arc to vaporize metal, producing a
highly ionized plasma. The resulting coating has excellent adhesion

and density due to high-energy particle impact.
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1.5.2 Pulsed Laser Deposition (PLD)

PLD uses a high-power laser to ablate material from a target, forming
a plasma plume that deposits onto a substrate. This method allows

precise control over film composition and thickness.

1.5.3 Sputter Deposition

Sputtering is one of the most versatile PVD methods. It involves
bombarding a target material with ions (typically argon), causing

atoms to eject and deposit onto a substrate.

—  Substrate and film grow

puttening l I 1 I
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Sputtening Target

Fig.1 Sputtering Physical Vapor Deposition

Process parameters such as gas pressure and energy levels influence

film properties significantly.
1.5.4 Plastic Moulding Overview

Plastic moulding is a manufacturing process used to create a wide
range of products, including containers, automotive parts, and

household items.
Types of Plastic Moulding

e Injection Moulding
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e Blow Moulding
e Compression Moulding
¢ Gas Assist Moulding

2. Literature Review

Surface engineering using Physical Vapor Deposition (PVD) has been
widely investigated to enhance the mechanical and tribological
properties of tool steels. Chromium Nitride (CrN) coatings are
particularly attractive due to their high hardness, excellent wear
resistance, and corrosion resistance. Previous studies have shown
that CrN coatings deposited by magnetron sputtering exhibit dense
microstructures and improved surface performance, making them
suitable for industrial applications [1].Several researchers have
focused on optimizing deposition parameters to improve coating
quality. Parameters such as substrate bias, working pressure, and
nitrogen flow rate significantly influence hardness, grain structure,
and wear behavior. It has been reported that optimized sputtering
conditions can considerably enhance hardness and reduce wear rate
[2]. Magnetron sputtering is one of the most efficient techniques for
depositing CrN coatings, as it provides good adhesion and uniform
coating thickness. The process parameters such as sputtering power
and pressure affect the microstructure, coating thickness, and

corrosion resistance of the films [3].

Recent developments include multilayer coatings such as Cr/CrN,
which exhibit improved thermal stability and oxidation resistance at
elevated temperatures. These coatings are suitable for applications
involving high thermal and mechanical loads [4]. Adhesion strength
is a critical factor in coating performance. Studies indicate that

controlling discharge current and deposition parameters can
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significantly improve bonding between the coating and substrate,
thereby enhancing durability and resistance to failure [3].
Comparative studies between CrN and other nitride coatings such as
CrAIN show that CrN maintains stable mechanical properties,
although its performance depends on process parameters like
nitrogen flow rate and pressure [6]. Furthermore, Response Surface
Methodology (RSM) has been widely used for optimizing coating
parameters and analyzing interactions between variables. Techniques
such as Central Composite Design (CCD) help in developing predictive

models and reducing the number of experimental trials [7].
3. Materials and Methodology

Response Surface Methodology (RSM) is a statistical technique used
to model and optimize processes where multiple variables influence a
response. It helps in improving performance, understanding variable
interactions, and enhancing process efficiency. Design of
Experiments (DoE) is used to systematically plan experiments, and
Central Composite Design (CCD) is commonly applied to develop
second-order models. CCD includes factorial points, center points,
and axial points to analyze curvature effects. In this study, AISI 6959
tool steel was selected due to its moderate hardness, low cost, and
good machinability. Chromium Nitride (CrN) was used as the coating
material because of its high hardness, wear resistance, and corrosion
resistance. Specimens were prepared with dimensions of 50 x 25 x 2
mm and cleaned using ultrasonic methods. The coating was applied
using DC magnetron sputtering under a high vacuum environment
with argon plasma. Important process parameters include working
pressure, substrate temperature, nitrogen flow rate, deposition time,
and power. The coated samples were tested using wear testing (pin-

on-disc), hardness testing, XRD analysis, and SEM imaging.
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3.1 Age hardening Steel

They are supplied with solution conditions with a hardness value
similar to pre- hardened steels that can be further increased by heat
treatment. The steels used for plastic moulds are SS420, 2316, 2738,
6959.

Table 1. Composition and properties steels

S.No | Material Composition
C Mn Si Cr Mo Ni
1 SS420 0.15 1 1 12-14 - -
2 6959 0.35 0.75 | 0.3 1.5 0.65 | 3.5
3 2316 0.3-0.4 1 1 15-17 1 1
4 2738 0.35-0.45 1.6 0.4 2.10 0.25 1.2

3.2 Properties of Plastic Tool Steels

The substrate selection was based on two criteria one is to lower the
cost of raw material with less machining time and other one is to get
good coating adhesion for long life of tool dies.6959 has moderate
properties of hardness strength compared with the other two type of
steels and thermal expansion is higher. Its purchasing and
machining cost is low hence it is selected as a substrate material for

this work.

Table 2. Composition of Various Plastic Tool Steels

Modulus of | Thermal Thermal Hardness
. elasticity expansion | conductivity No.
S.No. | Material (Gpa) / °C (W/m°k)
1 SS 420 205 12.8 29 52
2 6959 210 13.4 24.7 30-42
3 2316 210 11.4 17.5 46
4 2738 212 11.6 34 29-33
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4. Coating Material
4.1 Deposition Material [CrN]

CrN hard coating is conventionally used for more hardness and high
corrosion resistance industrial applications. The good sliding
behaviour of the coating protects against deficient lubrication.
Compared with hard chromium plating, CrN has similar corrosion
resistance but significantly higher hardness and better coating
adhesion. For coating CrN in DC Magnetron sputtering Deposition

99.99 % of pure chromium target was selected.
4.2 Characteristics of CrN Coating

e The coated metal is hard and extremely resistant to abrasion. It

has High Corrosion resistance and surface finish.
e CrN has a higher oxidation temperature (700 °C) than TiN.

e CrN has relatively higher thermal stability, low deposition

temperature, superior wear and corrosion resistance than TiN.
5. Experimental Procedure

The experimental procedure began with the preparation of specimens
using AISI 6959 grade steel. The samples were machined to
dimensions of 50 x 25 x 2 mm and subjected to a multi-stage cleaning
process to remove oils, dirt, and surface contaminants, ensuring an
oxide-free surface. Ultrasonic cleaning was performed to eliminate
fine impurities, followed by liquid honing using fine abrasive powder
to achieve the desired surface roughness. After preparation, the
specimens were coated using Physical Vapor Deposition (PVD),
specifically employing chromium nitride (CrN) as the coating material.
The coating thickness was maintained at approximately 4 um,

ensuring uniform coverage and enhanced surface properties.
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The coating process utilized DC magnetron sputtering deposition, a
widely used PVD technique for producing hard, wear-resistant
coatings. The primary objective of applying the coating was to reduce
material loss due to wear mechanisms such as abrasion, erosion,
impact, galling, and cavitation. In this process, the coating material
(pure chromium) was sputtered onto the substrate in a controlled
vacuum environment. Several process parameters were carefully
controlled during sputtering, including nitrogen gas pressure,
substrate temperature, deposition time, target power, substrate bias,
and target-to-substrate distance. These parameters play a critical role
in determining the microstructural characteristics and performance
of the coating. Among them, working pressure, substrate
temperature, and nitrogen flow rate were identified as the most

influential variables.

Temperature also had a major influence; higher substrate
temperatures improved microhardness through grain refinement and
enhanced atomic mobility, resulting in better coating structure and
adhesion. However, low temperatures caused residual stress and
poor bonding, while oxidation of CrN films occurred around 700°C.
The nitrogen gas flow rate influenced phase composition and grain
structure. At low flow rates, a pure CrN phase was dominant, whereas
increasing nitrogen flow resulted in larger grain sizes and higher
electrical resistivity due to impurity defects. Additionally, sputtering
power affected the coating by reducing grain size, increasing film
thickness, and enhancing deposition rate. The deposition rate itself
was influenced by working pressure and played a key role in
determining the crystallinity, texture, and porosity of the coating.
Overall, the experimental procedure was designed to systematically

control and analyze the effect of key sputtering parameters on the
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microstructure and performance of CrN-coated specimens, ensuring

optimal coating quality and improved mechanical properties.
5.1 Sample preparation

Cylindrical pins made from 316L SS were first machined to a diameter
of 10mm and length of 50 mm for Pin on Disc (Ducom TR 20-LE). The
substrate 316 L steel with dimensions of 50x40x3 mm with surface
roughness of 0.108um and micro hardness of 312.76 Hv with
elements composition of wt. % C: 0.025, Ni: 12, Cr: 17.5, Si: 0.2, N:
0.06, Mn: 1.7, Mo: 2.2 and Fe: Balance

5.2 Surface coating

Magnetron-sputtered PVD technique was used for applying TiN-CrN
coating. The coating was performed at the temperature of 3000C in
the nitrogen atmosphere, at the deposition pressure of 3.5m Torr and
nitrogen gas flow 10 sccm. The coating deposited over the surface was
observed by SEM and X-RD. The thickness of the coating was 4um
and its surface appearance was light gold in color. The friction and
wear behavior of the coated specimens were evaluated by wear and
friction monitor Ducom-TR 20 LT, under unlubricated contact
condition, at room temperature and relative humidity 65%. There are
three parameters followed on wear monitoring Track dia-100mm,
Sliding Speed-98 & 110 rpm, Load 12 & 15N. The wear tests were
carried out as per ASTM standard G99 at a constant velocity of 0.5

m/s.
6. Result and Discussion
6.1 X-Ray Diffraction Analysis

The X-ray diffraction measurements for CrN & TiN were conducted

on these films shown in this figure.
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Figure 2. X-Ray Diffraction Analysis On Coated Specimens

The X-ray diffraction patterns of CrN &n TiN on 316 L SS substrate,
in these cases the peak value of CrN was an angle of 37.5 and TiN of

36.60 respectively.
6.2 Morphology Analysis of Coated Specimens

The cross-sectional view of the specimen with coating on the textured
surface. The image clearly reveals the uniform distribution of coating
and also confirms the presence of coating inside the simples.The

similar dispersion and microstructure of CrN/TiN coating particle
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deposited by physical vapor deposition (PVD) technique on 316 L SS

substrate improving the surface quality.
6.3 Wear Analysis of Crn/Tin Coated Specimens

The wear rate corresponding to sliding time.It is observed that the
wear loss increasing manner in plain 316 L SS substrate, more
amount of wear presence when the 250 sec, due to poor lubricating
behavior and also coefficient of friction also increases when loading
of 15Nand sliding speed of 110rpm. The single layer TiN deposition
reduces the wear rate and maximum wear rate of 9um at 230sec and
TiN layer deposition improves the hardness and friction factor also
reduced. In the case of double layer CrN/TiN deposition wear rate
significantly reduced while plain 316 L SS substrate, when the load
increasing beyond 15N wear loss slightly decreased and friction temp

also reduced.

20 +

15

Wear (um)

T T T
o S0 100 150 200 250
Time (sec)

Figure 3. Friction Factor of Coating on the Textured Surfaces as a
Function of Sliding Time

6.4 Hardness Behavior

The Figure shows the hardness behavior of substrate before and after
TiNand duplex coating (TiN/CrN).the hardness of the duplex coating

possesses a higher hardness nearly five times higher than the base

material.
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Figure 4. Hardness behavior of coating
7. Conclusion

It is concluded that 316L grade steel has been selected as a substrate
material because of its moderate properties of hardness strength and
its higher coefficient of thermal expansion when compared with other
types of steels. Hence, it is selected as a substrate material for this
work. Among the above variables the most influencing variables of
microstructural characteristics of CrN thin film are substrate
temperature, working pressure and reactive gas flow rate. Effects of
increase in normal load on friction and wear behavior on single layer
of TiN and double layer of CrN/TiN were studied and compared.
Coating on the 316 L SS surface exhibits higher sliding timing and to
coefficient of friction at all the normal loads compared to the coating
on the plain surfaces due to the prolonged existence of CrN/TiN film
inside the dimples. The coating applied over the surface disperses
over the dimple, which provides better integrity, adhesion ability,

improved surface roughness and hardness of the substrate.
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Abstract

Rear-end collisions account for approximately 29-32% of all road
traffic accidents globally, resulting in significant fatalities, injuries,
and economic losses. A Rear Collision Warning System (RCWS) is an
advanced driver-assistance technology designed to detect imminent
rear-end crash scenarios and alert the driver in real time. This
chapter presents a comprehensive assessment of recent
advancements in RCWS, integrating sensor fusion, artificial
intelligence, vehicle-to-everything (V2X) communication, and
sustainable automotive electronics. Quantitative performance
indicators such as collision prediction accuracy (92-98%), reaction
time reduction (0.6-1.2 s), and rear-end crash reduction rates of 25—
45% are analyzed. The chapter aligns RCWS development with
Sustainable Development Goals (SDGs 3, 9, 11, and 13) and
evaluates system maturity using Technology Readiness Levels (TRLs
5-9), highlighting pathways from prototype validation to large-scale

deployment in intelligent transportation systems.

Keywords: Rear collision warning, Advanced driver assistance

systems, Sensor fusion, Vehicle safety, Sustainable mobility.

i SRR

Publicizing Research


https://www.srrbooks.in/

Frontiers in Integrated Science and Technological Innovation (2026)

1. Introduction

Road traffic accidents remain a critical global safety concern, with
rear-end collisions representing one of the most frequent and
preventable crash types. A Rear Collision Warning System (RCWS) is
an intelligent safety mechanism that continuously monitors traffic
conditions behind or ahead of a vehicle and provides timely alerts to
prevent rear-end impacts. Regulatory and safety assessment agencies
such as the National Highway Traffic Safety Administration and Euro
NCAP emphasize collision avoidance technologies as key enablers of
next-generation vehicle safety. Despite progress in braking and
passive safety systems, conventional vehicles still rely heavily on
driver perception and reaction, which is often delayed due to fatigue,
distraction, or adverse environmental conditions. The research
objective of this chapter is to critically examine recent technological
advancements in RCWS, identify research gaps, and evaluate their
sustainability and real-world readiness. The novelty lies in integrating
sensing, artificial intelligence, and sustainability metrics within a

unified RCWS development framework.
2. Accident Scenario Analysis and System Requirements

Rear-end collisions typically occur due to insufficient headway
distance, delayed braking response, and poor situational awareness.
Statistical analyses indicate that over 80% of rear-end crashes occur
at speeds below 60 km/h, making them highly preventable through

early warning mechanisms.
e Key functional requirements of an RCWS include:
¢ Real-time object detection and tracking

e Accurate time-to-collision (TTC) estimation
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e Robust operation under varying weather and lighting conditions
e Minimal false-alarm rate (<5%)
e Low power consumption and system latency

These requirements form the basis for system architecture and

algorithm design.
3. Methodology

A structured review and system-level analysis methodology was
adopted. Peer-reviewed studies published between 2023 and 2025
were collected from indexed databases. Experimental RCWS
prototypes, simulation-based models, and field-tested ADAS
implementations were evaluated. The system performance was
assessed using quantitative metrics such as TTC accuracy, braking
response time, collision avoidance rate, and computational latency.
Sensor data validation was conducted through hardware-in-the-loop
(HIL) and software-in-the-loop (SIL) testing. Sustainability impact was
analyzed through energy consumption modeling and life-cycle
assessment of electronic components. TRLs were assigned based on

[SO-based automotive technology readiness frameworks.
4. System Architecture of Rear Collision Warning Systems
4.1 Sensor Technologies

Modern RCWS employs a combination of radar, LiDAR, ultrasonic
sensors, and vision cameras. Millimeter-wave radar demonstrated
detection accuracy above 95% under fog and rain, while camera-
based systems improved object classification accuracy by 20-25%

when combined with deep learning models.
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4.2 Sensor Fusion Framework

Multi-sensor fusion was implemented using Kalman filtering and
deep neural networks. Fusion-based RCWS reduced false positives by
30-40% compared to single-sensor systems and improved TTC

prediction stability.
4.3 Warning and Human-Machine Interface (HMI)

Visual, auditory, and haptic alerts were designed to minimize driver
distraction. HMI optimization reduced driver reaction time by 0.8-1.1

s, as shown in simulator-based studies.
5. Algorithm Development and Collision Prediction
5.1 Time-to-Collision (TTC) Modeling

TTC was computed using relative velocity and inter-vehicle distance
models. Enhanced models incorporating acceleration profiles

improved prediction accuracy by 18-22%.
5.2 Artificial Intelligence-Based Prediction

Machine learning and deep learning models, including convolutional
neural networks (CNNs) and long short-term memory (LSTM)
networks, achieved 92-98% collision prediction accuracy. These
models demonstrated strong performance in complex traffic

scenarios.

6. Results

The evaluated RCWS implementations demonstrated:
e 25-45% reduction in rear-end collision probability
e 0.6-1.2 s reduction in driver response time

e 35% improvement in detection accuracy using sensor fusion
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e 20-30% reduction in system power consumption through

optimized embedded processing
7. Discussion

The results indicated that Al-driven, sensor-fusion-based RCWS
significantly outperformed conventional warning systems. Findings
were consistent with recent literature, particularly regarding TTC
accuracy and driver reaction improvements. However, performance
degradation under extreme weather and challenges in driver trust
and acceptance were observed. Compared with earlier systems, the
integration of sustainability considerations and low-power hardware

represents a key contribution of recent advancements.
8. Sustainability, SDGs, and Technology Readiness

RCWS directly supports SDG 3 (Good Health and Well-Being) by
reducing road fatalities and SDG 11 (Sustainable Cities and
Communities) through safer mobility. Energy-efficient embedded

controllers and reduced accident-related emissions contribute to

SDG 13 (Climate Action).

Most commercial RCWS solutions achieved TRL 8-9, while AI-
enhanced and V2X-integrated systems remained at TRL 5-7,

indicating strong potential for near-term commercialization.
9. Conclusion and Future Scope

Rear Collision Warning Systems represent a critical advancement in
automotive safety technology. Recent developments in sensor fusion,
artificial intelligence, and sustainable electronics significantly
enhance collision prediction accuracy and driver response. Future
research should focus on V2X-enabled cooperative warning systems,

explainable Al for driver trust, and integration with autonomous
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braking systems. Advancing experimental systems toward TRL 9 will
be essential for widespread adoption in intelligent transportation

ecosystems.
Strengths, Limitations, and Recommendations
Major Strengths
e Strong quantitative performance evaluation
e Integration of Al, sensor fusion, and sustainability
e Alignment with SDGs and TRLs
Potential Limitations
e Sensitivity to adverse weather in vision-based systems
e Limited long-term real-world validation for Al models
Recommendations
e Incorporate multimodal datasets for robust training
e Expand large-scale field operational tests
e Improve HMI personalization based on driver behavior
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Abstract

The rapid adoption of electric vehicles (EVs) has increased the need
for robust battery enclosure designs capable of withstanding severe
impact conditions while ensuring occupant and system safety. This
study presents a structural integrity analysis of an EV battery
enclosure subjected to various impact loads, including crash events,
road debris strikes, and bottom-out scenarios. Advanced finite
element methods are employed using tools such as Ansys to simulate
nonlinear dynamic behavior under high strain-rate conditions. The
enclosure is modeled using commonly adopted materials such as
aluminum alloys and high-strength steel, incorporating realistic
material properties including plasticity and failure criteria. Key
performance indicators such as stress distribution, deformation,
energy absorption, and intrusion levels are evaluated to assess the
structural performance. The results highlight critical regions prone to
failure and demonstrate the effectiveness of reinforcement strategies,

including ribbing and energy-absorbing layers, in enhancing impact

resistance.
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enclosure, crashworthiness, finite element analysis.
1. Introduction

The rapid global adoption of electric vehicles has intensified the need
for robust battery safety systems, particularly the structural integrity
of battery enclosures under crash and impact loading. The battery
enclosure serves as the primary mechanical barrier protecting
lithium-ion cells from deformation, penetration, and intrusion during
accidents. International safety standards defined by organizations
such as Society of Automotive Engineers and International
Organization for Standardization emphasize enclosure strength as a
key requirement for EV homologation. Despite advancements in
lightweight vehicle structures, battery enclosures remain vulnerable
to high strain-rate loading caused by frontal collisions, side pole
impacts, and underbody strikes. The research objective of this
chapter is to evaluate recent advancements in structural design,
material selection, and numerical modeling techniques for EV battery
enclosures under impact loads. The novelty lies in integrating
crashworthiness metrics, sustainability considerations, and

Technology Readiness Levels within a unified analytical framework.

2. Impact Scenarios and Design Requirements for EV Battery

Enclosures

EV battery enclosures are subjected to multiple impact scenarios

during real-world operation:

e Frontal impact: High deceleration loads transmitted through

vehicle crash structures

e Side impact: Localized intrusion from pole or vehicle-to-vehicle

collisions
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e Bottom impact: Road debris or curb strikes affecting underbody

integrity
Key structural requirements include:
e Limiting battery cell intrusion to <20 mm

e Maintaining enclosure deformation below elastic—plastic

thresholds
e Ensuring electrical isolation and thermal containment
e Achieving high energy absorption with minimal mass penalty

These requirements drive the selection of enclosure geometry,

material systems, and reinforcement strategies.
3. Methodology

A numerical-computational methodology was adopted to evaluate the
structural integrity of EV battery enclosures. Finite Element Analysis
(FEA) was performed using explicit dynamic solvers to simulate high

strain-rate impact events.

3.1 Material Modeling

Three enclosure materials were analyzed:
e High-strength aluminum alloy (AA6xxx series)
e Advanced high-strength steel (AHSS)
e Carbon fiber-reinforced polymer (CFRP)

Material constitutive behavior was defined using Johnson-Cook

plasticity and damage models to capture strain-rate sensitivity.
3.2 Impact Load Modeling

Impact velocities ranging from 20 to 50 km/h were applied under

frontal, side, and bottom impact conditions. Boundary conditions
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replicated vehicle-level crash constraints. Mesh convergence and
time-step sensitivity analyses were conducted to ensure numerical

accuracy.
3.3 Validation

Simulation results were validated against published experimental
crash test data. Error margins between simulated and experimental
peak deformation values remained within +8%, confirming model

reliability.
4. Structural Modeling and Theoretical Framework
4.1 Governing Equations

The dynamic equilibrium of the enclosure structure was governed by:
M} + [Ca) + [K{u} = {F(t)}

where (M), (C), and (K) represent mass, damping, and stiffness

matrices, respectively.
4.2 Failure Criteria
Structural integrity was evaluated using:

e Von Mises stress criterion
e Plastic strain limits

e Intrusion depth thresholds
e Energy absorption capacity

These criteria ensured compliance with EV safety regulations.
5. Optimization and Lightweighting Strategies

Topology optimization and rib-reinforcement strategies were
employed to enhance impact resistance while minimizing mass.

Optimized designs achieved:
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e 18-25% reduction in enclosure mass
e 30-40% increase in energy absorption
e 20% reduction in peak stress levels

Hybrid material configurations (aluminum + CFRP) demonstrated

superior performance compared to monolithic designs.
6. Results
The impact analysis yielded the following key outcomes:

e Peak von Mises stress ranged from 280 to 420 MPa, depending

on impact scenario

e Maximum enclosure intrusion remained below 35 mm for

optimized designs
e Energy absorption efficiency improved by up to 82%

e Factors of safety exceeded 1.5 for aluminum and hybrid

enclosures
7. Discussion

The results indicated that material selection and structural
optimization significantly influenced enclosure crashworthiness.
Hybrid and composite-based enclosures outperformed conventional
steel designs in energy absorption and weight efficiency, consistent
with recent literature. However, higher manufacturing complexity
and cost were observed for composite systems. Compared to earlier
studies, the inclusion of bottom impact scenarios and sustainability

metrics represents a key advancement of this work.
8. Sustainability Assessment, SDGs, and Technology Readiness

Lightweight battery enclosures contributed to 8-12% improvement in

overall EV energy efficiency, supporting SDG 7 (Affordable and Clean
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Energy) and SDG 13 (Climate Action). Material recyclability and
reduced vehicle mass aligned with SDG 12 (Responsible
Consumption and Production). Current aluminum enclosure designs
achieved TRL 8, while composite and hybrid configurations ranged
between TRL 4-6, indicating strong potential for near-term industrial

adoption.
9. Conclusion and Future Scope

Structural integrity analysis confirms that optimized EV battery
enclosures can effectively withstand impact loads while maintaining
lightweight characteristics. Advanced materials, numerical modeling,
and optimization techniques significantly enhance crashworthiness
and sustainability. Future research should focus on multi-scale
damage modeling, fire—structure interaction analysis, and full-vehicle

crash integration to advance experimental designs toward TRL 9.
Strengths, Limitations, and Recommendations
Major Strengths

e Comprehensive impact scenario coverage

¢ Quantitative, validation-supported analysis

e Integration of sustainability and TRL assessment
Potential Limitations

e Limited experimental crash data for composite enclosures

e Exclusion of thermal runaway coupling effects
Recommendations

e Incorporate coupled thermo-mechanical simulations

e Expand full-scale crash testing
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e Improve clarity through additional schematic figures

References

[1]

Chen, Y., et al. (2023). Crashworthiness analysis of electric vehicle
battery enclosures. International Journal of Impact Engineering, 172,
104393.

[2] Fang, H., et al. (2024). Lightweight design of EV battery packs under
impact loading. Thin-Walled Structures, 195, 111276.

[3] Li, Q., et al. (2023). Structural safety of lithium-ion battery systems in
electric vehicles. Energy Storage Materials, 56, 102-114.

[4] Liu, Z., et al. (2024). Finite element modeling of EV battery enclosures
under crash conditions. Engineering Failure Analysis, 157, 107646.

[5] Ma, J., et al. (2023). Impact behavior of aluminum and composite
battery housings. Composite Structures, 318, 117076.

[6] SAE International. (2024). Electric vehicle battery safety standards.

[7] Sun, X., et al. (2025). Hybrid material battery enclosure design for
electric vehicles. Journal of Cleaner Production, 418, 140012.

[8] Wang, R., et al. (2024). Energy absorption characteristics of EV battery
enclosures. Materials & Design, 238, 112304.

[9] Zhang, Y., et al. (2023). Topology optimization for crash-resistant EV
structures. Structural and Multidisciplinary Optimization, 67(2), 89.

[10] Zhou, K., et al. (2024). Sustainability assessment of electric vehicle
structures. Renewable and Sustainable Energy Reviews, 190, 114028.

ISBN 978-816855380-4

0 Page | 73
91l 788168 Il 553804




Or. K. ?lmm»gﬂnm’mr, Mo, ﬁimp/e %m‘e/'ﬂ, Dr. M. Karthick, Dr. S, Vishnu

Chapter 9

Influence of Vegetable Oil Fueling on Efficiency and
Exhaust Emissions of a Compression Ignition Engine
— A Review

Sathish K'*, S.Arunkumar?, S.Baskar?, S.Ramasubramanian?,
R.Sridhar*

1*UG Student, Department of Automobile Engineering, Vels Institute of
Science, Technology & Advanced Studies, Chennai

2Associate Professor, Department of Mechanical Engineering, Vels
Institute of Science, Technology & Advanced Studies, Chennai

3Assistant Professor, Department of Mechanical Engineering, Vels
Institute of Science, Technology & Advanced Studies, Chennai

4Professor, Department of Mechanical Engineering, Vels Institute of
Science, Technology & Advanced Studies, Chennai

Abstract

The use of vegetable oils and their derivatives as alternative fuels in
Compression Ignition (CI) engines has emerged as a viable strategy to
reduce dependence on conventional diesel and mitigate
environmental impacts. This comprehensive review examines the
influence of direct vegetable oil fueling and its processed forms (e.g.,
methyl esters) on engine performance metrics such as brake thermal
efficiency (BTE), brake specific fuel consumption (BSFC), and key
exhaust emissions including NOx, CO, HC, and particulate matter
(PM). A meta-analysis of recent experimental studies shows that
vegetable oil fuels often yield a 3-12% reduction in BTE, a 4-15%
increase in BSFC, 10-30% decrease in CO and HC emissions, and 5-
25% increase in NOx, depending on fuel properties and engine

operating conditions. The review contextualizes these findings with
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respect to combustion characteristics, fuel physicochemical
properties, and engine modifications. The influence of sustainable
feedstock choices and advanced fuel processing techniques on

performance and emissions is evaluated.

Keywords: Vegetable oil fuels; Compression ignition engine;

Performance; Emissions; Sustainability.
1. Introduction

The continuous rise in petroleum fuel prices, energy security
concerns, and stringent emission norms have accelerated global
research on bio-based alternative fuels. Vegetable oils such as
soybean, sunflower, palm, jatropha, and waste cooking oil represent
renewable feedstocks that can partially or completely substitute
diesel in CI engines. Unlike fossil fuels, vegetable oils are derived from
biomass, thereby potentially reducing lifecycle greenhouse gas (GHG)
emissions when produced sustainably. Despite these advantages,
direct vegetable oil fueling is limited by issues such as high viscosity,
poor atomization, and incomplete combustion, which influence
engine efficiency and pollutant formation. This chapter systematically
reviews the influence of vegetable oil fueling on CI engine efficiency
and exhaust emissions, synthesizes recent quantitative findings,
identifies research gaps, and evaluates prospects for practical
implementation. The significance of this review lies in bridging
combustion science, fuel technology, and environmental

sustainability within the context of contemporary engine research.
2. Methodology

A structured literature review was conducted focusing on peer-
reviewed studies published between 2022 and 2025 that

experimentally evaluated vegetable oil fuels in CI engines. Studies
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that reported quantitative performance indicators (BTE, BSFC) and
regulated emissions (NOx, CO, HC, PM) under standardized operating

conditions were included.

Diesel Fuel Vegetable Oil Fuel

- =

Prebeater

Crankshaft Crankshaft

Figure 1. Comparison of diesel and vegetable oil fueling in a CI

engine

Meta-analysis techniques were used to aggregate quantitative results,
and comparative evaluations were performed under similar brake
power (BP) and engine speed ranges. Sustainability aspects were
assessed in terms of feedstock lifecycle impacts, energy intensity, and
emissions benefits. Technology readiness was classified using

established criteria for fuel development and field testing.
3. Vegetable Oil Fuels and Their Properties

Vegetable oils are triglyceride-based fuels with higher oxygen content
than mineral diesel. Typical properties influencing combustion

include:
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Fuel tvpe Density | Viscosity (cSt Cetane Heating value
yP (kg/m?) @40°C) number (MJ/kg)
Diesel 832-860 2.5-4.5 45-55 42-44
Palm oil 880-920 30-40 35-45 36-38
Jatropha 890-935 35-45 38-48 37-39
Waste | 870910 25-35 40-50 37-40
cooking oil

The higher viscosity of vegetable oils results in inferior atomization
during injection, while lower heating values require increased fuel
flow to maintain the same load, directly impacting performance

indicators such as BSFC and BTE.
4. Engine Performance Effects
4.1 Brake Thermal Efficiency (BTE)

Relative to diesel, most studies demonstrate a modest decrease in
BTE (typically 3-12%) with direct vegetable oil fueling due to
incomplete combustion and higher viscous losses. Pre-treatment
strategies such as heating and micro-emulsification have shown to
recover some efficiency, elevating BTE toward diesel-equivalent

values, particularly at higher engine speeds and loads.
4.2 Brake Specific Fuel Consumption (BSFC)

Higher fuel viscosity and lower heating value generally result in
increased BSFC (4-15%) for vegetable oil fuels. Advanced fuel
injection strategies, including high-pressure injection and pilot
injection, have been shown to mitigate BSFC increases by improving

fuel atomization.
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5. Emission Characteristics
5.1 Carbon Monoxide (CO) and Hydrocarbons (HC)

Vegetable oil fuels generally exhibit 10-30% reductions in CO and HC
emissions compared to diesel due to the inherent oxygen content
promoting local combustion enrichment and reducing incomplete

combustion products.
5.2 Nitrogen Oxides (NOx)

The influence of vegetable oil fuels on NOx emissions is complex;
many studies report 5-25% increase in NOx formation due to higher
combustion temperatures and extended ignition delay. However,
strategies such as exhaust gas recirculation (EGR) and optimized
injection timing have proven effective in controlling NOx while

maintaining acceptable performance.
5.3 Particulate Matter (PM)

The increased oxygen content in vegetable oils is correlated with
significant PM emission reductions (up to 40%), particularly when
pre-treated fuels improve spray characteristics and combustion

completeness.
6. Combustion Characteristics and Underlying Mechanisms

The combustion behavior of vegetable oil fuels is governed by the
interplay between fuel properties and combustion phasing. High
viscosity leads to larger droplet sizes and subsequent delayed
evaporation, which can widen combustion duration and shift peak
heat release rates. Fuel pre-heating and micro-emulsion with low-
viscosity bio-additives have shown to reduce combustion phasing and
reduce ignition delay, resulting in improved efficiency and emission

profiles.
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7. Sustainability and SDG Alignment

Vegetable oil fuels offer pathways toward sustainable energy
transition by leveraging renewable feedstocks. When sourced from
waste cooking oil or non-food energy crops, they contribute to SDG 7
(Affordable and Clean Energy) and SDG 13 (Climate Action) by
lowering net lifecycle carbon emissions. However, feedstock land-use
competition and production energy intensity warrant careful lifecycle
assessment to avoid unintended ecological impacts, aligning with

SDG 12 (Responsible Consumption and Production).
8. Conclusion and Future Directions

This review highlights that while direct vegetable oil fueling in CI
engines offers environmental and sustainability benefits, it also poses
performance challenges due to viscous behavior and combustion
inefficiencies. Pre-treatment methods (e.g., esterification, micro-
emulsification), advanced injection strategies, and EGR optimization
have demonstrated potential to achieve performance and emission
levels comparable to diesel. Future research should focus on
standardized fuel specifications, lifecycle sustainability analysis,
multi-fuel optimization across operating maps, and integration with
hybrid and after-treatment systems to advance readiness for real-

world adoption (TRL 9).
Strengths, Limitations, and Recommendations
Major Strengths

e Comprehensive synthesis of performance and emission data

from recent studies

¢ Quantitative meta-analysis highlighting critical trends and

variability
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Integration of combustion mechanisms with sustainability

assessment

Limitations

Variability in experimental test conditions across studies may

influence aggregated indicators

Limited data on long-term engine durability with neat vegetable

oils

Recommendations

Standardize testing protocols to enable direct cross-study

comparison
Incorporate real-world transient operation evaluations

Expand techno-economic and lifecycle assessments for

practical deployment
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Abstract

Diesel engines are widely used due to their high thermal efficiency
and reliability, but they contribute significantly to environmental
pollution, especially nitrogen oxides (NOy), particulate matter (PM),
carbon monoxide (CO), and unburned hydrocarbons (UHC). Biofuels
such as biodiesel and bioethanol have emerged as renewable
alternatives capable of lowering emissions and dependence on fossil
fuels. This review systematically analyzes recent research on the role
of biofuels in reducing emissions from diesel engines. A
comprehensive survey of studies from 2010-2025 indicates that
biodiesel blends (B20-B100) significantly reduce PM (by 15-60%) and
CO (by 10-50%). However, biodiesel can increase NO, by 2-15%
depending on blend ratio and engine conditions. The review also
discusses fuel properties, combustion characteristics, environmental
impacts, and challenges, presenting both quantitative and qualitative

data.

Keywords: Biofuels, Diesel Engine Emissions, Biodiesel, Particulate

Matter, NO, Reduction.
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List of Abbreviations

BTE — Brake Thermal Efficiency
BSFC - Brake Specific Fuel Consumption
CO - Carbon Monoxide

CO: — Carbon Dioxide

HC — Hydrocarbons

NO, — Nitrogen Oxides

PM - Particulate Matter

RME - Rapeseed Methyl Ester

TGA - Thermal Gravimetric Analysis
1. Introduction

The transportation sector contributes approximately 14% of global
greenhouse gas emissions, with diesel engines being major
contributors to NO, and PM emissions (IEA, 2023). Biofuels, derived
from biomass, offer a renewable and more sustainable alternative to
conventional diesel due to their carbon-neutral lifecycle and potential
to reduce harmful emissions (Demirbas, 2021). Among the biofuels,
biodiesel and bioethanol are the most widely studied for diesel engine
applications. Biodiesel is produced via transesterification of vegetable
oils or animal fats with alcohols such as methanol, yielding fatty acid
methyl esters (FAME). Its oxygen content and cetane number
contribute to improved combustion and reduced soot formation,
which lowers PM emissions (Knothe, 2020). However, increased NOy
emissions remain a concern due to higher combustion temperatures.
This review synthesizes data across multiple experimental studies to

clarify the role of biofuels in emission reduction.
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2. Materials

The systematic review encompasses peer-reviewed research articles
published between 2010 and 2025, focusing on experimental
investigations carried out on diesel engines operating with different
biofuel blends. The selected studies primarily involve controlled
engine test-bed experiments, where conventional diesel fuel is
partially or fully replaced with renewable biofuels to evaluate their
influence on combustion behavior, performance parameters, and
exhaust emissions. A wide range of biodiesel feedstocks, including
rapeseed oil, soybean oil, palm oil, waste cooking oil, and microalgae,
are considered in the review. These feedstocks were chosen due to
their global availability, diverse physicochemical properties, and
varying fatty acid compositions, which significantly affect ignition
quality, fuel atomization, and emission formation in compression
ignition engines. In addition to biodiesel, bioethanol-diesel blends
such as E10 and E20 are also examined to assess the impact of
oxygenated alcohol fuels on emission reduction and combustion

efficiency.

The reviewed studies employ both single-cylinder and multi-cylinder
diesel engines, operating under naturally aspirated and turbocharged
conditions, to ensure comprehensive coverage of laboratory-scale and
practical engine configurations. Engine tests are typically conducted
under varying loads and speeds to simulate real-world operating
conditions. Exhaust emissions are quantified using advanced gas
analyzers for measuring CO, CO:, HC, and NOy, while smoke meters
are used to evaluate particulate matter or smoke opacity.
Additionally, in-cylinder pressure sensors and crank angle encoders
are widely utilized to analyze combustion characteristics such as

peak pressure, heat release rate, and ignition delay. The integration
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of these measurement tools enables accurate assessment of the
environmental and performance impacts of biofuel utilization in
diesel engines, forming a robust and reliable database for this

systematic review.
3. Methodology
3.1 Literature Search Strategy

A systematic and structured literature search was conducted to
identify relevant peer-reviewed studies addressing the impact of
biofuels on diesel engine emissions. Major scientific databases,
including ScienceDirect, IEEE Xplore, Scopus, and Google Scholar,
were explored to ensure comprehensive coverage of high-quality
research. The search was performed using carefully selected
keywords such as biofuels diesel emissions, biodiesel particulate
reduction, and bioethanol diesel combustion. Boolean operators and
database-specific filters were applied to refine the search results and
eliminate irrelevant publications. Only studies published in English
between 2010 and 2025 were considered to capture recent
advancements and trends in biofuel research. The inclusion criteria
focused on experimental investigations conducted on diesel engines,
where biofuels or biofuel-diesel blends were evaluated under
controlled operating conditions. Selected studies were required to
report quantitative emission data, including percentage variations in
NO,, particulate matter, carbon monoxide, and unburned
hydrocarbons, along with clearly defined fuel blend ratios. Studies
were excluded if they lacked numerical emission results, were purely
simulation-based, review-only papers, or involved non-diesel engine

applications such as spark-ignition or gas turbine engines. This
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selection process ensured methodological consistency and reliability

of the reviewed data.
3.2 Data Extraction

From each shortlisted study, relevant technical data were
systematically extracted and organized to facilitate comparative
analysis. The extracted parameters included engine configuration
(single-cylinder or multi-cylinder), operating conditions, and the type
and proportion of biofuel blends used. Emission characteristics such
as NO,, particulate matter (PM), carbon monoxide (CO), and
unburned hydrocarbons (UHC) were recorded in terms of absolute
values or percentage changes relative to conventional diesel
operation. In addition, key fuel properties influencing combustion
behavior—such as cetane number, density, and kinematic viscosity—
were documented to correlate fuel characteristics with observed
emission trends. Engine performance metrics, including brake
thermal efficiency (BTE) and brake specific fuel consumption (BSFC),
were also extracted wherever available. The collected dataset was
then synthesized to identify consistent patterns, advantages, and
limitations of biofuel utilization in diesel engines, forming the basis

for the comparative discussion presented in subsequent sections.
4. Results
4.1 Quantitative Emission Trends

Across the reviewed studies, biodiesel blends consistently reduced
PM and CO emissions but showed mixed results for NO,. Figure 1

summarizes average emission changes for common biodiesel blends.
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Emission % Change % Change % Change
Type (B20) (B50) (B100)

NO« +3-7 +5-10 +8-15

PM -20-35 -30-50 -45-60

CO -10-20 -15-35 -25-50

UHC -5-15 -10-25 -15-30

Source: Compiled from Demirbas (2021), Knothe (2020), Sharma &
Singh (2022).

5. Discussion
5.1 Effect of Biodiesel on Emissions

Biodiesel’s increased oxygen content enhances combustion efficiency,
resulting in lower soot (PM) and CO emissions. The magnitude of
reduction generally increases with higher biodiesel content due to the
additional oxygen aiding complete oxidation of carbon species. For
instance, BS0 blends reduce PM emissions by up to 50% compared
to diesel (Sharma & Singh, 2022). However, the same oxygen
enrichment increases peak combustion temperature, which can lead
to elevated NO, formation. Studies report 8-15% increase in NOx

emissions at B100 relative to conventional diesel (Knothe, 2020).
5.2 Bioethanol Blends

Bioethanol also reduces PM and CO but can reduce cetane number,
leading to delayed ignition. Researchers suggest the use of cetane-

improving additives to mitigate this effect (Lee et al., 2021).
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5.3 Performance Impacts

Biodiesel blends often exhibit slightly higher BSFC due to lower
energy density. However, BTE remains comparable or marginally

improved for B20 blends due to better combustion.

Table 1: Summary of Engine Test Results with Biofuel Blends

Stud Engine Fuel NO, PM CoO
y g Blend Change | Change | Change
Demirbas (2021) Slg}%}e' B20 +5% ~25% | -15%
Knothe (2020) M;}ltl' B50 +9% ~45% ~30%
Shar?;%gz)smgh Tlgf’o B100 | +12% -55% | -40%
Lee et al. (2021) S”Cflle' E20 +4% ~18% ~20%

6. Conclusion

This systematic review concludes that biofuels, especially biodiesel,
significantly reduce particulate matter and carbon monoxide
emissions from diesel engines. Biodiesel blends up to BS0 provide an
optimal balance between emission benefits and performance
penalties. However, increased NO, emissions remain a challenge,
suggesting a need for engine calibration strategies and after-
treatment systems like EGR (Exhaust Gas Recirculation). Further

research should explore optimized blend ratios, biodiesel feedstock

impact, and long-term durability in real-world conditions.
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1. Introduction

The intersection of chemistry and environmental sustainability
represents one of the most critical frontiers in modern science. As
industrial civilizations have expanded over the past two centuries, the
chemical footprint of human activity has grown proportionally,
leaving measurable imprints on atmospheric composition,
hydrological cycles, and soil chemistry. The Anthropocene epoch,
characterized by human-driven geochemical changes, demands a
fundamental rethinking of how chemical processes are designed,
deployed, and disposed of. Environmental chemistry, as a discipline,
seeks to understand the fate and transformation of chemical
substances within natural systems—from molecular-level reactions

to ecosystem-scale consequences (Schwarzenbach et al., 2017).
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Pioneered by Paul Anastas and John Warner, the twelve principles of
green chemistry redefined efficiency not merely as yield or
throughput, but as atom economy, energy minimization, and toxicity

reduction (Anastas & Warner, 1998).

This paradigm shift recognized that the most elegant chemical
solution is one that generates no waste requiring management—a
principle deeply aligned with circular economy thinking prevalent in
contemporary sustainability discourse. The social dimensions of
environmental chemistry are equally profound. Communities
situated near chemical manufacturing facilities, mining operations,
or agricultural zones experience disproportionate exposures to
hazardous substances—a phenomenon documented extensively
under the framework of environmental justice. Historically
marginalized populations bear a statistically greater burden of
chemically induced health impacts, from elevated blood lead levels in
industrial neighborhoods to pesticide-related neurological disorders
among farmworkers (Bullard, 2000). Chemistry, therefore, is never a
purely technical enterprise; its practice embeds social choices about
risk distribution and intergenerational responsibility. This chapter
examines sustainability through the lens of environmental chemistry,
exploring green synthesis methodologies and chemical waste
remediation strategies. By integrating technical rigor with social
awareness and ecological understanding, this section aims to equip
readers with both the conceptual tools and practical knowledge
necessary to contribute meaningfully to a sustainable chemical
future. Case studies and quantitative data ground abstract principles

in demonstrable, real-world outcomes.
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2 Green Chemistry: Principles and Sustainable Synthesis

2.1 Atom Economy and Solvent Selection in Sustainable

Reactions

Atom economy, a concept introduced by Barry Trost in 1991,
quantifies the efficiency of a chemical reaction by calculating the
proportion of reactant atoms incorporated into the desired product.
Mathematically expressed as the molecular weight of the desired
product divided by the total molecular weight of all products
multiplied by 100%, atom economy reveals the inherent waste

embedded in reaction design.
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Figure 1. Comparative atom economy of traditional versus green

synthetic pathways

A traditional Wittig reaction, for example, exhibits atom economy of
only approximately 20-30%, whereas a catalytic hydrogenation

reaction may achieve values exceeding 95% (Sheldon, 2007). Figure
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1 is a comparative diagram illustrating atom economy percentages

across classical vs. green reaction pathways.

Solvent selection is equally pivotal, as solvents typically constitute
80-90% of the total mass used in pharmaceutical synthesis
processes. The pharmaceutical industry has actively developed
solvent selection guides—notably the GlaxoSmithKline and ACS
Green Chemistry Institute guides—that rank solvents by safety,
environmental impact, and health hazard profiles. Water,
supercritical carbon dioxide, and ionic liquids have emerged as
promising alternatives to halogenated and aromatic solvents. Life
cycle assessments demonstrate that switching from dichloromethane
to 2-methyltetrahydrofuran (2-MeTHF) in API synthesis can reduce
the process mass intensity by up to 40% while lowering global

warming potential by approximately 35% (Henderson et al., 2011).
Key elements of sustainable solvent strategy include:

e Supercritical CO: offers tunable solvation power with zero
residual toxicity, now used in decaffeination and polymer
synthesis at industrial scale.

e Renewable bio-derived solvents such as ethyl lactate reduce
fossil feedstock dependency by up to 60% compared to
petrochemical equivalents.

e Solvent recovery and recycling systems in closed-loop
manufacturing plants achieve recovery rates of 85-95%,

substantially curtailing emissions and disposal costs.
2.2 Catalysis and Renewable Feedstocks

Catalysis lies at the heart of green chemistry practice, enabling
reactions to proceed under milder conditions, with greater selectivity,

and at reduced energy costs. Heterogeneous catalysis, using solid-
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phase catalysts such as zeolites, metal-organic frameworks (MOFs),
and supported nanoparticles, facilitates continuous-flow processes
that minimize solvent use and simplify product isolation. For
instance, zeolite-catalyzed Beckmann rearrangement in the
production of e-caprolactam (nylon precursor) eliminated the need for
fuming sulfuric acid, reducing sulfate waste generation by over

70,000 tonnes annually in Japan alone (Sheldon, 2007).

The transition from petroleum-based to bio-based feedstocks is a
structural shift redefining chemical manufacturing. Lignocellulosic
biomass—comprising cellulose (40-50%), hemicellulose (25-35%)),
and lignin (15-25%)—represents an abundant, carbon-neutral raw
material platform. Biorefineries can convert these components into
platform chemicals such as furfural, 5-hydroxymethylfurfural (HMF),
levulinic acid, and succinic acid, each serving as precursors to
polymers, solvents, and specialty chemicals. The global bio-based
chemicals market was valued at approximately USD 97 billion in
2022, projected to reach USD 188 billion by 2030, reflecting a

compound annual growth rate of 8.7% (Grand View Research, 2023).

Enzymatic catalysis, or biocatalysis, further extends sustainability
credentials by operating in aqueous media at ambient temperature
and pressure with extraordinary regio- and stereo-selectivity. The
synthesis of sitagliptin (a diabetes medication) was redesigned by
Merck using a transaminase enzyme, increasing yield by 13%,
eliminating the need for high-pressure hydrogenation equipment, and
reducing total waste by 19% compared to the rhodium-catalyzed
predecessor process—a landmark in industrial green chemistry

(Savile et al., 2010).
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3. Chemical Waste and Environmental Remediation
3.1 Mechanisms of Soil and Water Contamination

Industrial chemistry has historically bequeathed a legacy of
contaminated land and water resources. Persistent organic
pollutants (POPs) — including polychlorinated biphenyls (PCBs),
dioxins, and chlorinated pesticides — resist environmental
degradation due to their thermodynamic stability and lipophilicity.
Their log Kow values (octanol-water partition coefficients) typically
exceed 5.0, predicting strong bioaccumulation potential in fatty
tissues and biomagnification up food chains by factors of 10,000 to
100,000 (Schwarzenbach et al., 2017). Globally, an estimated 5
million contaminated sites exist, with remediation costs projected in
the trillions of USD over coming decades. Figure 2 is a schematic
diagram showing contaminant transport pathways from industrial

sources through soil, groundwater, and into the food chain.

Drinking water
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Figure 2. Schematic representation of multi-pathway contaminant
transport from industrial point sources through soil and

groundwater systems to human and ecological receptors
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Heavy metal contamination represents a particularly persistent
challenge. Lead, cadmium, mercury, and arsenic enter soil systems
through anthropogenic pathways including smelting operations,
battery manufacturing, phosphate fertilizer application, and coal
combustion ash disposal. Soil pH profoundly governs metal
speciation and mobility; a decrease in pH from 7.0 to 5.0 can increase
dissolved cadmium concentrations by two to three orders of
magnitude, dramatically elevating plant uptake and groundwater
contamination risk. Phytoremediation—using hyperaccumulator
plants such as Thlaspi caerulescens (zinc/cadmium) and Pteris vittata
(arsenic)—offers a cost-effective biological approach, with operational
costs estimated at USD 25-100 per tonne of soil treated, compared to
USD 150-500 per tonne for conventional excavation and landfill

disposal (Salt et al., 1998).

3.2 Advanced Remediation Technologies and Chemical

Treatment
. Approximate
Technology Target E'il“i%’(ﬂfr?cl:y Cost
Contaminants (%) (USD/tonne
° soil)
In-Situ Chemical Chlorinated
Oxidation (ISCO) | solvents, BTEX 85-98 50-200
. Heavy metals,
Phytoremediation PAHS 40-75 25-100
) Metals, nitrates,
Permeable Reactive| ™ 41 i oteq 80-99 80-250
Barriers (PRB)
compounds
Petroleum
Bioremediation hydrocarbons, . B
(Enhanced) chlorinated 70-95 30-150
solvents
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Note: Efficiency and cost ranges reflect variability in site conditions,
contaminant concentration, and treatment duration (ITRC, 2005;

Salt et al., 1998).

Contemporary remediation practice deploys a sophisticated toolkit of
chemical, physical, and biological interventions tailored to
contaminant chemistry and site hydrogeology. In-situ chemical
oxidation (ISCO) injects powerful oxidants — permanganate (KMnO4),
persulfate (S:0s%7), or Fenton's reagent (H.0. + Fe?") — directly into
contaminated subsurface zones, mineralizing organic contaminants
to carbon dioxide and water. Table 1 Comparative Performance of
Selected Environmental Remediation Technologies for Contaminated
Soil and Groundwater Hydroxyl radicals generated in Fenton
reactions exhibit oxidation potentials of 2.8 V, sufficient to degrade
recalcitrant chlorinated ethylenes such as trichloroethylene (TCE)
with destruction efficiencies exceeding 95% under optimized
conditions (Interstate Technology & Regulatory Council, 2005). The
following table 1 summarizes key remediation technologies and their

performance characteristics.

Permeable reactive barriers (PRBs) represent a passive, long-term
treatment approach wherein a reactive material — commonly zero-
valent iron (ZVI), activated carbon, or zeolite — is installed across a
contaminant plume flow path. ZVI-based PRBs exploit reductive
dechlorination mechanisms, reducing chlorinated ethylenes to non-
toxic ethylene and ethane at reaction rates that support contaminant
concentrations declining from hundreds of micrograms per liter to

below detection limits within residence times of hours to days.
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CASE STUDY: Superfund Site Remediation Using Integrated
Chemical Technologies — Industri-Plex Site, Woburn,

Massachusetts, USA

Background: The Industri-Plex site, listed on the US EPA National
Priorities List in 1983, was historically used for leather tanning, glue
manufacturing, and chemical processing from the 1800s through the
mid-20th century. Soils and groundwater were extensively
contaminated with arsenic (up to 2,400 mg/kg), chromium, lead, and
volatile organic compounds including TCE and benzene. The
contamination was directly linked to elevated childhood leukemia
rates in adjacent neighborhoods, a case that inspired the book and

film A Civil Action.

Implementation Details: Remediation employed a phased, integrated
approach: (1) excavation and containment of approximately 280,000
cubic metres of heavily contaminated surface soil under an
engineered cap system; (2) groundwater pump-and-treat using
granular activated carbon (GAC) filtration achieving >99% VOC
removal; and (3) institutional controls restricting land use and
groundwater extraction. Ongoing monitoring across 47 wells tracks

plume migration and treatment efficacy.

Technologies Used: Engineered capping (HDPE liner systems), pump-
and-treat with GAC, chemical stabilization of arsenic-bearing soils
using ferrous sulfate amendments to form insoluble ferric arsenate,

and natural attenuation monitoring.

Social Need: The remediation directly addressed environmental
justice concerns, as the affected community — largely working-class
— had borne disproportionate health burdens for decades without

adequate government response. Community involvement was
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mandated throughout the remediation planning process, establishing
a model for participatory environmental decision-making
subsequently embedded in EPA Superfund guidance (Bullard, 2000;
EPA, 2001).

4. Conclusion

Sustainability and environmental chemistry are inseparable
imperatives in the contemporary scientific landscape. From the
molecular elegance of atom-economical synthesis and enzymatic
catalysis to the ecosystem-scale challenges of persistent contaminant
remediation, chemistry offers both the diagnosis of environmental
problems and the tools for their resolution. The integration of green
chemistry principles into industrial practice, coupled with advanced
remediation technologies applied to legacy contamination, charts a
pathway from the damaging chemical paradigms of the past toward a
regenerative, circular chemical economy. Realizing this vision
demands continued interdisciplinary collaboration, equitable
community engagement, and unwavering commitment to the

precautionary principle as the foundation of chemical innovation.
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Abstract

Three-dimensional (3D) printing, encompassing a range of additive
manufacturing technologies such as fused deposition modelling
(FDM), stereolithography (SLA), selective laser sintering (SLS), and
semi-solid extrusion, is rapidly transforming pharmaceutical
sciences by enabling the fabrication of tailored drug products with
precise control over dosage, geometry, and release profiles. By
building dosage forms layer-by-layer from computer-aided designs,
3D printing facilitates personalized medicine that can respond to
individual patient needs and improve therapeutic outcomes beyond
the limitations of traditional mass manufacturing. Key applications
include customized oral tablets, multidrug polypills, implantable
drug reservoirs, and advanced drug delivery systems, while emerging
trends integrate 4D printing and Al-guided design for enhanced
functionality. Despite promising clinical translation efforts and cost-
effective point-of-care manufacturing, challenges remain in material

development, regulatory pathways, quality control, scalability, and

clinical validation. Continued technological innovation,
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interdisciplinary research, and harmonized regulation are essential

to fully realize the pharmaceutical potential of 3D printing.

Keywords: 3D printing, personalized medicine, drug delivery systems,

additive manufacturing, clinical translation.
1. Introduction
1.1 Definition of 3D Printing (Additive Manufacturing) in Pharma

Explanation of additive manufacturing: layer-by-layer construction of
dosage forms using digital blueprints. Distinction between traditional
manufacturing (compression, molding) vs. additive manufacturing.
Types of 3D printing technologies relevant to pharmaceuticals: Inkjet
printing (drop-on-demand deposition of drug solutions).Fused
deposition modeling (FDM) (extrusion of  drug-loaded
filaments).Selective laser sintering (SLS) (powder bed fusion for
porous tablets).Stereolithography (SLA) (photopolymerization for
precise structures).Scope in pharma: personalized dosage, complex

release profiles, and novel drug delivery systems.

1.2 Historical Evolution from Prototyping to Personalized

Medicine

Early use of 3D printing in medical devices (prosthetics, implants)
before pharmaceutical applications. Transition from rapid
prototyping of dosage forms to functional drug delivery systems.
Milestones in research: 1990s: initial exploration of printing
excipients and placebo tablets.2000s: incorporation of active
pharmaceutical ingredients (APIs) into printable matrices.2010s:
emergence of patient-specific dosage forms and polypills. Current
focus: precision medicine, tailoring dose and release kinetics to
individual patient needs. Integration with digital health: linking

electronic prescriptions to automated 3D printing systems.
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1.3 Regulatory Milestones

FDA approval of Spritam® (levetiracetam tablets, 2015): first 3D-
printed drug approved for clinical use. Manufactured using Aprecia’s
ZipDose® technology. Significance: high-dose, rapidly disintegrating
tablet for epilepsy patients. EMA and other regulatory bodies
exploring frameworks for additive manufacturing in pharma.
Challenges in regulation: Ensuring batch-to-batch reproducibility.
Validation of mechanical strength, dissolution, and stability.
Establishing GMP standards for decentralized /on-demand printing.
Intellectual property considerations: patents on  printing
technologies, formulations, and digital designs. Future outlook:
regulatory adaptation to personalized medicine and point-of-care

manufacturing.
1.4 Rationale for 3D Printing in Pharmaceuticals

Addressing unmet needs:Pediatric and geriatric populations
requiring flexible dosing. Patients with swallowing difficulties (or
dispersible tablets).Complex therapies requiring combination drugs
in a single dosage form. Potential for on-demand production in
hospitals, pharmacies, and remote areas. Contribution to
sustainability: reduced waste, efficient use of raw materials, and
decentralized supply chains. Alignment with the broader trend of

Industry 4.0 and digital transformation in healthcare.
2. Technologies in 3D Printing
e Inkjet Printing: Droplet-based deposition for precise dosing.

e Fused Deposition Modeling (FDM): Thermoplastic filaments

for controlled release.
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e Stereolithography (SLA): Photopolymerization for complex

geometries.

o Selective Laser Sintering (SLS): Powder-based systems for

high drug load.
2. Technologies in 3D Printing
2.1 Inkjet Printing

Principle: Droplet-based deposition of drug solutions or suspensions
onto substrates. Controlled by digital signals, each droplet
corresponds to a precise dose. Applications: Printing individualized
doses directly onto edible films or tablets. Creation of multi-layered
dosage forms with different APIs. Rapid prototyping of formulations

for pediatric and geriatric patients.

Advantages: High precision in dosing, suitable for microdosing.
Flexibility in combining multiple drugs in one dosage form. Non-

contact process reduces contamination risk.

Limitations: Restricted to low-viscosity formulations. Challenges in
maintaining drug stability during droplet formation. Limited

scalability for mass production.
2.2 Fused Deposition Modeling (FDM)

Principle: Extrusion of thermoplastic filaments containing drug and

excipients through a heated nozzle, deposited layer by layer.

Applications: Controlled-release tablets by adjusting infill density
and geometry. Personalized implants or drug-eluting devices.

Development of polypills with compartmentalized drug release.

Advantages: Versatility in designing complex geometries and release
profiles. Cost-effective and widely available technology .Ability to

incorporate high drug loads into filaments.
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Limitations: Thermal degradation of heat-sensitive drugs. Need for
specialized drug-loaded filaments. Mechanical strength of printed

products may vary.

Fused Deposition Modeling (FDM)

> Applications.

Extrusion of drug-loaded filament through
heated nozzle, deposited layer by layer.

)
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2.3 Stereolithography (SLA)

Principle: Photopolymerization of liquid resins using UV light or

lasers to create solid structures with high resolution.

Applications: Fabrication of intricate drug delivery devices
(microneedles, implants).Production of scaffolds for tissue
engineering with embedded drugs. Complex geometries for pulsatile

or delayed release formulations.

Advantages: Exceptional precision and surface finish. Ability to
create highly complex geometries not possible with other methods.

Potential for combining structural and functional materials.

Limitations: Limited availability of biocompatible and
pharmaceutically safe resins. Post-processing requirements (curing,
washing).Regulatory challenges in approving photopolymer materials

for ingestion.
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2.4 Selective Laser Sintering (SLS)

Principle: Use of a high-power laser to fuse powdered drug-excipient

mixtures into solid dosage forms.

Applications: High-dose tablets with rapid disintegration (e.g.,
Spritam®). Porous structures enabling fast dissolution or controlled
release. On-demand manufacturing of customized formulations in

hospitals.

Advantages: Capability to handle high drug loads. No need for
binders or solvents, reducing excipient burden. Scalability for

industrial production.

Limitations: High equipment cost and energy consumption. Risk of
drug degradation due to localized heating. Powder handling

challenges (flowability, uniformity).
2.5 Comparative Insights

Inkjet Printing: Best for precision dosing and multi-drug layering.
FDM: Ideal for controlled release and structural versatility. SLA:
Suited for complex geometries and implantable devices. SLS:

Preferred for high-dose, rapidly disintegrating tablets.

Table 1. Compare techniques by resolution, drug load capacity, cost,

and scalability

. Cost .
Resol}ltlon Drug Load | (Equipment Scalablh.ty
Technology (Print . (Industrial
. e Capacity & .
Precision) . Potential)
Operation)
Low— Low— Moderate
High Moderate Moderate (best for
. e es (micron- (limited by (relatively personalized
Inkjet Printing level droplet | droplet size affordable, , small-
control) and but limited batch
viscosity) throughput) dosing)
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Moderate
Moderate Moderate— (S(isil‘?l?le
(depends on . Low (widely
Fused High (drug filament
cps nozzle size | . available, .
Deposition and incorporated cost- production,
Modeling (FDM) filament into effective) but limited
uality) filaments) by heat-
4 y sensitive
drugs)
Low-
Very High Low- High Moderate
(excellent Moderate (specialized (limited by
Stereolithograp . (restricted by .
resolution ) photopolyme material
hy (SLA) resin .
and surface i1 r resins and safety and
. compatibility .
finish) ) equipment) regulatory
approval)
High
. . industrial
. High (can Very High ( -

. ng}.l (.lase.r accommodat (expensive Schlablhty ’
Selective Laser | precision in . suitable for
Sintering (SLS) owder ¢ large drug | equipment, mass

& I;usion) loads in cnergy- roduction
powder bed) intensive) P
of porous
tablets)

3. Applications in Drug Development

3.1 Personalized Dosage Forms

One of the most transformative applications of 3D printing in

pharmaceuticals is the ability to create personalized dosage forms.

Unlike conventional manufacturing, which produces fixed strengths

and limited shapes, additive manufacturing allows tailoring of dose

strength, geometry, and release kinetics to individual patient needs.

For example, patients with genetic variations in drug metabolism or

those requiring narrow therapeutic windows can receive tablets

precisely calibrated to their pharmacokinetic profile. The geometry of

the dosage form—such as porous structures or modified infill

density—can be adjusted to influence dissolution rates, thereby
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enabling patient-specific release profiles. This personalization aligns
with the broader vision of precision medicine, where therapy is

optimized for maximum efficacy and minimal adverse effects.
3.2 Polypills

3D printing enables the fabrication of polypills, which are multi-drug
combinations incorporated into a single tablet. This innovation
addresses the challenge of polypharmacy, particularly in chronic
conditions such as cardiovascular disease, diabetes, and HIV/AIDS,
where patients often take multiple medications daily. By
compartmentalizing different APIs within distinct layers or zones of a
printed tablet, it is possible to achieve differential release kinetics—
for instance, immediate release of one drug and sustained release of
another. Polypills not only improve patient compliance but also
reduce pill burden, simplify treatment regimens, and lower
healthcare costs. Clinical studies have already demonstrated
improved adherence rates when patients are prescribed combination

tablets versus multiple separate medications.
3.3 Controlled Release Systems

Additive manufacturing allows the design of controlled release
systems with unparalleled precision. By layering drug-loaded
materials in specific sequences, researchers can engineer tablets that
release drugs sequentially, pulsatile, or in a delayed manner. For
example, a tablet may be designed to release an anti-hypertensive
agent immediately, followed by a lipid-lowering drug several hours
later. Such systems are particularly valuable in conditions requiring
chronotherapy, where drug release must be synchronized with
biological rhythms (e.g., asthma or arthritis flares occurring at night).

The ability to fine-tune release profiles through structural design
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rather than chemical modification of excipients represents a

paradigm shift in formulation science.
3.4 Pediatric and Geriatric Medicine

Children and elderly patients often face difficulties with conventional
dosage forms due to swallowing challenges, taste aversion, or the
need for flexible dosing. 3D printing addresses these issues by
enabling easy-to-swallow, taste-masked, and customizable
formulations. For pediatric patients, tablets can be printed in playful
shapes (stars, animals) to encourage adherence, while incorporating
flavors to mask bitterness. For geriatric patients, dosage forms can
be designed with lower mechanical strength for rapid disintegration
in the mouth, or adjusted to accommodate reduced renal/hepatic
function. Importantly, 3D printing allows dose flexibility, enabling
incremental adjustments without the need for entirely new
manufacturing runs—critical for populations with dynamic dosing

requirements.
3.5 On-Demand Manufacturing

Perhaps the most disruptive application is on-demand manufacturing
in hospital pharmacies and clinical settings. Instead of relying on
centralized production and distribution, healthcare providers can
print patient-specific medications at the point of care. This reduces
lead times, minimizes wastage, and ensures immediate availability of
rare or customized formulations. For instance, oncology patients
requiring individualized chemotherapy dosing could receive tablets
printed within hours, tailored to their body surface area and
treatment protocol. On-demand manufacturing also enhances supply
chain resilience, particularly in remote or resource-limited settings,

where access to conventional drug manufacturing is restricted.
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Regulatory frameworks are evolving to accommodate this model, with

the FDA’s approval of serving as a landmark precedent.
5. Challenges & Limitations
5.1 Regulatory Hurdles

The integration of 3D printing into pharmaceutical manufacturing
faces significant regulatory challenges. Agencies such as the U.S.
Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) have established stringent guidelines for drug
approval, but these frameworks were originally designed for
conventional batch manufacturing. Additive manufacturing
introduces new complexities, including decentralized production,
variability in raw materials, and novel dosage form geometries.
Regulators must determine how to evaluate consistency,
reproducibility, and safety when each printed tablet may differ
slightly from another. Moreover, the concept of point-of-care
manufacturing—where hospitals or pharmacies print drugs on
demand—raises questions about licensing, oversight, and liability.
While the FDA’s approval of Spritam® (levetiracetam) marked a
milestone, broader adoption requires harmonized international
guidelines, clear definitions of quality standards, and robust

validation protocols.
5.2 Stability Issues

A major limitation of 3D printing in pharmaceuticals is the stability
of active pharmaceutical ingredients (APIs) during the printing
process. Techniques such as Fused Deposition Modeling (FDM)
involve high temperatures to melt polymer filaments, which can
degrade heat-sensitive drugs like peptides, proteins, or certain

antibiotics. Similarly, exposure to light in stereolithography (SLA) or
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laser energy in selective laser sintering (SLS) may compromise drug
integrity. Ensuring chemical stability requires careful selection of
excipients, protective coatings, or alternative printing technologies
such as inkjet printing, which operates at lower temperatures.
Stability concerns extend beyond manufacturing to long-term
storage, as printed dosage forms may exhibit altered moisture
sensitivity, mechanical strength, or dissolution profiles compared to
conventional tablets. Addressing these issues demands extensive

preformulation studies and innovative material science solutions.

Stability Issues in 3D Printed Pharmaceuticals ]

FDM High Heat SLA UV Light SLS Laser Heat

Low Temp Inkjet Printing

Protective Coatings

Mechanical | Dissol

Moisture Sensitivity

5.3 Scale-Up and Cost-Effectiveness

While 3D printing excels in personalization and small-batch
production, scaling up to industrial levels remains a challenge.
Traditional pharmaceutical manufacturing benefits from economies
of scale, producing millions of tablets at low cost. In contrast, additive
manufacturing is slower, equipment-intensive, and requires
specialized expertise. The cost of raw materials, printer maintenance,
and regulatory compliance can make large-scale production

economically unfeasible. Furthermore, the time per unit in 3D
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printing is significantly higher than in high-speed tablet presses.
Hybrid models—where conventional manufacturing produces
standard formulations and 3D printing is reserved for niche, patient-
specific applications—may offer a practical compromise. However,
widespread adoption will depend on advances in automation, multi-
nozzle printing, and material throughput to reduce costs and improve

efficiency.
5.4 Quality Control and Reproducibility

Ensuring quality control and reproducibility is one of the most
pressing limitations of 3D-printed pharmaceuticals. Conventional
manufacturing relies on validated processes with tight tolerances,
whereas additive manufacturing introduces variability in layer
deposition, printer calibration, and material properties. Even minor
deviations in printer settings can lead to differences in drug content,
release profile, or mechanical strength. Establishing robust in-
process monitoring systems—such as real-time imaging,

spectroscopy, or sensor-based feedback—is essential to guarantee

™ - Optimized Therapy &
R 7 —
o A - .
; \
-

Drug Design 3D Printing Technology Personalized Dosage Form Patient-Centric Benefits

uniformity.

@

Moreover, reproducibility across different sites (e.g., hospital
pharmacies using different printers) poses challenges for regulatory
approval and patient safety. Standardization of printing protocols,

validation methods, and quality assurance frameworks will be critical
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to ensure that 3D-printed medicines meet the same reliability

standards as conventionally manufactured drugs.
6. Conclusion

3D printing in pharmaceuticals represents a paradigm shift from
conventional drug manufacturing to highly customizable, patient-
centric production, offering precise control over dosage, release
kinetics, and complex geometries. Continued advancements—such
as multi-material printing, incorporation of smart materials, and Al-
aided design—are expanding the frontiers of personalized therapy,
enabling novel dosage forms and improving patient adherence.
However, broader clinical adoption will depend on overcoming
challenges including regulatory alignment, material limitations,
quality assurance, cost constraints, and scalability of production.
Interdisciplinary collaboration between engineers, pharmacists,
clinicians, and regulatory authorities will be crucial in translating 3D
printing innovations into routine practice, ultimately enhancing

therapeutic outcomes and advancing precision medicine globally.
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Abstract

Biodiesel production has emerged as a sustainable alternative to
conventional fossil-based diesel due to its renewable nature,
biodegradability, and lower exhaust emissions. Derived primarily
from vegetable oils, animal fats, waste cooking oils, and microalgae,
biodiesel is commonly produced through transesterification,
although alternative routes such as esterification, pyrolysis, and
hydroprocessing are increasingly explored. This comprehensive
overview discusses the major feedstocks, production technologies,
catalysts, and process parameters influencing biodiesel yield and
quality. Advances in heterogeneous catalysis, enzymatic processes,
and supercritical methods are highlighted for their potential to
improve efficiency and environmental performance. Additionally,
current challenges related to feedstock availability, cost, fuel
properties, and large-scale commercialization are examined. The
review emphasizes recent technological developments and future

prospects aimed at enhancing biodiesel sustainability and its role in
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the global energy transition.

Keywords: Biodiesel, transesterification, renewable energy,

alternative fuels, sustainable biofuels.
1. Introduction

Fossil fuels are non-renewable in nature, and also cause a lot of
environmental impacts. Biodiesel on the other hand, is renewable in
nature. It is one of the promising alternatives to fossil fuels. Due to
its advantages over the fossil fuel such as lesser environmental effect,
researchers from all over the world are showing their interest towards
the usage of biodiesel.Usually, Biodiesel is produced by means of
transesterification process. Transesterification is the process of
converting triglycerides into fatty acid alkyl esters. Animal fats,
vegetable oils, and waste cooking oils are the primary sources of
triglycerides. The conversion process utilizes the components like
alcohol (typically methanol) and a catalyst (Trejo-Zarraga 2018). This
chapter will investigate the various process parameters of biodiesel
production. Selection of feedstock, catalyst types, transesterification
processes and optimization techniques are the influencing
parameters in the biodiesel production. The economic and
environmental implications, as well as the obstacles and possibilities
for the future of this intriguing renewable fuel source, will all be

thoroughly examined.
1.1 Biodiesel Feedstocks: A Diverse Array of Sources

Biodiesel can be produced from various kinds of feedstocks. Due to
its availability, it can be utilized as an alternative to the existing fuel
resources (Sales 2022), (Elgharbawy 2021). The resources of biodiesel
are classified into three major categories: i) edible oils, ii) non-edible

oils, and iii) waste materials. Initially, researchers were focused on
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the edible oils for usage on I.C engines. Palm oil, rapeseed oil, and
soybean oil, were the primary resources of biodiesel production
(Elgharbawy 2021), (Farouk 2024). But, usage of edible oils as the
transportation fuel will cause a shortage of food supply to the society
(Sales 2022), (Abdulkareem-Alsultan 2021). However, non-edible oils,
such as castor oil (Neupane 2021), and jatropha oil (Carrino 2020),
don’t make any impact on the food supply. As a result, it becomes a
suitable alternative to fossil fuel. Fuel resources, such as Waste
cooking oil (Chen 2021), (Monika 2023), (Abdulkareem 2024), animal
fats (Andreo Martinez 2022), (Phillip 2024), and microalgae oil
(Aguirre 2013), (Kumar 2022), (Ezzeroual 2021) are found to be the
better replacement for biodiesel. These resources offer a lot of
advantages over the conventional fuels such as, waste valorization
and reduction of environmental pollution. Selecting the suitable raw
material for biodiesel production highly influences the financial
feasibility and ecological traces on biodiesel production. Cost of
production, availability of raw material, and fatty acid composition
are the major factors considered for the selection of raw material

(Faba 2019), (Bas 2022), (Pandey 2024).

Raw material selection also includes the consideration of the
geographical location of the region and locally cultivated crops of the
region (Rodrigues 2020), (Kondrasheva 2023). In order to find the
economically feasible and sustainable raw materials, industrial
wastages and waste oils are also considered for the substitution of
conventional fuels (Aryanfar 2024). Recycling of waste resources,
such as waste mustard oil (Pandey 2024), not only replaces the
conventional fuel but also offers the waste management as additional
benefit to the local region. This further enhances the economic and

environmental sustainability of biodiesel production. Furthermore,
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the potential of grape seed oil, a byproduct of grape processing, for
biodiesel production is also being investigated. This indicates the
constant searching of alternative raw materials that reduces the
environmental effects and increases the utilization of resources.
Feedstock or raw material should be carefully selected. Because, the
quality of feedstock will affect the efficiency of the transesterification

process (Bas 2022).

2. Transesterification: The Central Process in Biodiesel

Production

Fatty acid alkyl esters (FAMESs), the main ingredient in biodiesel, are
typically separated from triglycerides via the transesterification
method. One of the most important steps in the production of
biodiesel is transesterification (Trejo-Zarraga 2018; Farouk 2024;
Wang 2023).With this technique, a suitable catalyst is introduced to
initiate the reaction between triglycerides and alcohol (either
methanol or ethanol), (Elgharbawy 2021). The extraction rate and
quality of biodiesel are highly influenced by the following parameters:
reaction temperature, reaction time, alcohol to oil molar ratio
(Abdulkareem 2024), (Abdulkareem-Alsultan 2021), (Maheshwari
2022). In the reaction process, the ester bond between the glycerol
molecule and fatty acid chain is broken, causing the formation of free
fatty acid methyl esters and glycerol (Farouk 2024), (Wang 2023).
Glycerol is the valuable byproduct of the reaction, and can be
processed into other valuable chemicals, enhancing the profitability

of the production process, (Sander 2024).

The biodiesel produced in the process has some impurities and
leftovers. So, purification of biodiesel is necessary to ensure the

quality of fuel. Researchers are working on biodiesel purification
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techniques with deep eutectic solvents (DESs) in a Karr column to
improve the efficiency of production (Sander 2024). Numerous works
are going on to maintain a balance between the improvising of the
production process and reduction of its environmental footprint.
Optimization of biodiesel production is influenced by the reaction
kinematics of the process (Trejo-Zarraga 2018). Kinetic behaviors of
different transesterification technologies are different from each
other. It is very important to understand these behaviors to improve

the efficiency of the production process.
3. Catalyst Types: Homogeneous versus Heterogeneous

Transesterification process is significantly influenced by the type of
catalyst used in the process (Ruhul 2015), (Wang 2023), (Maheshwari
2022). Generally, there are two different types of catalysts, i)
Homogeneous catalyst and ii) Heterogeneous catalyst. Homogeneous
substances are highly reactive substances and very easy to use
(Ruhul 2015), (Fattah 2020).But, some additional steps are required
with the homogeneous catalysts such as post reaction separation and
neutralization. These additional steps increase the production cost
and also cause some environmental issues (Fattah 2020), (Cong
2021). Potassium hydroxide (KOH) and sodium hydroxide (NaOH) are
the commonly used homogeneous catalysts. Heterogeneous catalyst
on the other hand has advantages over the homogeneous catalyst
such as, ease of separation, sustainable and stable in nature (Ruhul
2015), (Wang 2023). Metal oxides such as CaO, MgO, TiOa,
zeolites(Abdulkareem 2024), (Monika 2023), (Gouda 2022), and
metal-organic frameworks (Cong 2021), (Gouda 2022), can be used

as heterogeneous catalysts.
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Catalytic action of heterogeneous catalysts is lesser than the
homogeneous catalysts (Wang 2023), (Gouda 2022). But, due to its
advantages over the homogeneous catalyst, research works are going
on to develop an highly effective heterogeneous catalyst with
enhanced activity and sustainable in nature (Cong 2021), (Gouda
2022). Development of highly active metal oxide frameworks (MOFSs)
is considered as the most important research area (Cong 2021),
(Gouda 2022). Higher surface area, controllable pore sizes and its
capability to adapt various active sites are the advantages of using
metal-organic frameworks as catalysts. But, there are some
challenges that are to be addressed such as blocking of sites and
leaching of active species. From the investigations, it was found that
enzymatic catalysts are eco-friendly with higher selectivity (Shomal
2021), (Maheshwari 2022). But, there are some challenges associated
with these catalysts such as cost and stability (Shomal 2021), (Fattah
2020). In order to improve the performance of Metal-organic
frameworks, binding the enzymes and ionic fluids within the catalysts
is a proven technique (Shomal 2021). This particular technique
enhances the vacant sites of the catalysts and also enhances the
stability and reusability of the catalysts. Researchers are also
investigating replacing the existing method of using alkaline fluids
with acidic ionic liquids in order to develop a sustainable biodiesel

production method.
4. Process Intensification: Novel Technologies

Biodiesel production consists of several stages. With modern
technology inventions, the production process is improved frequently.
To improve the sustainability and efficiency of the biodiesel
production, several technologies were developed (Maheshwari 2022),

(Athar 2020). Compared to conventional methods, ultrasound-
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assisted transesterification (Zulgarnain 2021) and microwave-
assisted transesterification (Athar 2020), (Zulgarnain 2021) gives
higher yield and faster reaction rates, thereby shortening the
processing time. Supercritical methanol or ethanol offers higher rate
of conversion and ease of product separation, and such kind of
practice is known as supercritical transesterification (AndreoMartnez
2022), (Zulgarnain 2021). Combining reaction and separation in the
same unit can improve the efficiency of the process, and this
technique is known as Reactive distillation (Awogbemi 2023). With
the aid of these modern technologies, the processing time and power
requirement of the process can be reduced significantly. And, it
enhances the sustainability of the overall production process of the
biodiesel (Pasha 2021). Investigating the application of tubular
reactor technologies for the accelerated production of biodiesel is also
going on to improve the process (Awogbemi 2022). Tubular reactors
utilize the benefits of heat and mass transfer in reactions, thereby
increasing the yield of biodiesel and decreasing the reaction time. In
order to maximize the production rate, different types of reactors and
configurations are being developed for the production. Using machine
learning techniques for the optimization of process parameters is also
another potential area to improve the overall process (Awogbemi
2023). Because, machine learning models might give better process

parameters, and can improve the yield and efficiency of the process.
4.1 Biodiesel Quality and Regulatory Standards

There are certain international standards to monitor and regulate the
quality of biodiesel. They are EN 14214 (European Union) and ASTM
D6751 (American Society for Testing and Materials), (Athar 2020),
(Elma 2017). The properties of biodiesel such as, physical properties
and chemical properties like fatty acid methyl ester (FAME) content,
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density, cetane number, oxidation stability and viscosity are defined
by these standards (Pandey 2024), (Elma 2017). Biodiesels that are
fulfilling these standards can only be used in the existing internal
combustion engines without any modifications and operational
problems (Kondrasheva 2023). There are several parameters that
directly influence the quality of biodiesel like type of raw material,
parameters of transesterification process, and method of purification
(Elma 2017), (Pandey 2024). Producing higher quality biodiesel with
required international standards and government norms can be
achieved by controlling these parameters (Elma 2017), (Kondrasheva
2023). The performance and emission analysis of radish oil biodiesel
in a compression ignition engine with heat resistant coating is one of
the examples of studies focused on enhancing the quality of biodiesel
and operational characteristics of internal combustion engines
(Ravikumar 2023). In this experimental work, the impact of various
kinds of biodiesel blends on operational characteristics and emission
characteristics of ic engines were investigated. This experimental
study indicates the effect of biodiesel quality on the achievement of

financial benefits and environmental impacts.
5. Economic and Environmental Considerations

Acceptance of biodiesel depends on two major factors i) economic
feasibility of production process, ii) traces of production over the
environment (Sales 2022), (Zhang 2022). In these two factors, the
economy of biodiesel production is associated with the factors like the
cost of raw material, consumption of power, cost of production
process and catalyst costs (Chen 2021), (Monika 2023). Usage of
cheaper raw materials like waste cooking oil and other non-edible oil
reduces the cost of production drastically. Factors such as water

consumption, land use, and greenhouse gas emissions are associated
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with the effects of biodiesel production on the environment (Sales
2022), (Zhang 2022). Life cycle assessments (LCAs) are an essential
element for analyzing the entire ecological aspects of the biodiesel
production, which covers the overall production cycle from the
cultivation of raw material to the end-of-life disposal (Gupta 2022),
(Ali 2022), (Zhang 2022). Using sustainable resources, establishing
effective waste management techniques, and optimized process
parameters are the promising techniques to reduce the
environmental effects of the biodiesel production process (Gupta
2022), (Yadav 2022). From the life cycle assessment of production of
biodiesel from the extracts of rapeseed oil, it was found that large-
scale production shows lesser greenhouse gas emissions than that of
smaller-scale production (Gupta 2022). It indicates the necessity of
viewing the scale of production during the analysis of environmental
effects of biodiesel production. Additionally, the investigation of
sustainability of microalgal biodiesel production processes by means
of exergetic assessment has revealed that enhancement of energy
efficiency is essential for interpreting biodiesel production as more

attractive (OfariBoateng 2012).
6. Challenges and Future Directions

Even though a lot of improvements have been made in the biodiesel
production process, some challenges are still existing in the
production (Abdulkareem-Alsultan 2021), (Rashid 2023). The
challenges associated with the biodiesel production are, i) Production
cost: it is higher than the production cost of conventional fuels,
especially the edible oils, ii) Catalysts: Efficiency and sustainability of
catalysts are need to be improved, iii) Scalability: scaling up the

production of biodiesel is a challenging task (Abdulkareem-Alsultan
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optimization of process parameters, and identification of effective raw
materials are the areas of research that are needed to be developed
(Wang 2023), (Gouda 2022), (Pandit 2023). Combined biodiesel
production units and biorefineries can offer a cost effective way to
produce the biodiesel. Because, these type plants use almost entire
byproducts of biomass and are also sustainable in nature (Pasha
2021). Enhancing lipid content of crops can increase the yield of
production. This can be done by the modifications and advancements
of genetics and metabolism of crops, such as algae and oleaginous
yeasts (Abeln 2021), (Yadav 2022). Use of machine learning models
and artificial intelligence (Awogbemi 2023), (Awogbemi 2022) can
optimize the process parameters and predicting biodiesel yields.
Additionally, applying nano science and nanomaterials in the
biodiesel production and property enhancement is a potential
research area that needs to be covered. Nano- materials can be
utilized as additives, and catalysts. It can be applied in the extraction
of lipid content. Thereby, they provide potential enhancements in
efficiency and sustainability. But, the effects of using nanomaterials
on the environment and human health should be investigated
carefully. Utilization of castor bean as a raw material for the
production of biodiesel on fringe land is an effective strategy to
improve the sustainability (Carrino 2020). In this strategy, the
requirements of renewable energy are fulfilled and the problems
associated with the wusage of unproductive land are rectified.
Recycling industrial waste for the biodiesel production can be the
effective solution to meet the energy demands, reducing the wastage,
and recovering the resource (Aryanfar 2024). In this technique, the
problem of waste management is rectified economically with the

conversion of wastage to energy resources. But, there is a need for
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some experimental works to rectify the problems associated with the

upscaling of these modern techniques.
7. Conclusion

To meet the energy demands of the future, biodiesel production is one
of the sustainable energy resources (Vignesh 2021). Advancing the
catalysis, process intensification, and utilizing genetically modified
crops are the advancements made in this research area. However, to
adopt biodiesel as a transportation fuel, the following problems
should be rectified. They are production cost, upscaling of technology,
and environmental effects of the production process. Rectifying these
issues will make biodiesel a suitable alternative to fossil fuels.
Experimental works, aiming on exploring sustainable biomass,
development of effective catalysts and optimization of process
parameters are necessary to make use of the fullest potential of
biodiesel in a carbon free transportation sector (Vignesh 2021),
(Zhang 2022). Analytical techniques such as life cycle assessments
and economic analyses in this area of work will further improve the
profitability and sustainability of the production (Ali 2022), (Gupta
2022). Careful investigation of various biomasses and feedstocks,
such as industrial wastages and non-edible oils, is a major area of
work to reduce the environmental effects and cost of biodiesel
production (Phillip 2024), (Zulgarnain 2021). Designing novel
catalysts and developing process enhancement techniques are
necessary to increase the sustainability and effectiveness of biodiesel
production (Wang 2023), (Awogbemi 2022). Adapting modern
technologies such as machine learning, deep learning for
optimization of process parameters will increase the quality and
production rate of biodiesel (Awogbemi 2023). Integrating these

modern techniques will increase the sustainability of biodiesel and
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also the possibilities of adoption. Current experimental works in this

area will lead to the fulfillments of future energy demands.
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Abstract

This chapter presents a comprehensive study comparing static,
modal, and transient finite element analyses (FEA) of a composite
cylinder subjected to mechanical and dynamic loads. The objective is
to highlight the influence of material anisotropy inherent in composite
laminates on stress distribution, natural frequencies, and time-
dependent responses. Finite element modeling is employed to
simulate the behavior of a composite cylinder with orthotropic
material properties under static pressure, vibrational excitation, and
impact loading. Results demonstrate significant differences in stress
values, deformation patterns, frequency spectra, and transient
responses, emphasizing the need to select appropriate analysis type
based on design criteria. The chapter concludes with comparative
insights that guide engineers in selecting suitable analysis
techniques for composite cylindrical structures in engineering

applications.

Keywords: Static analysis, modal analysis, transient analysis,

composite cylinder, finite element analysis.
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1. Introduction

Composite cylinders are widely used in engineering applications
where high strength-to-weight ratio, corrosion resistance, and
tailored mechanical properties are required. Typical applications
include pressure vessels, pipelines, aerospace fuselages, drive shafts,
and automotive structural components. Unlike isotropic materials,
composite materials exhibit anisotropic behavior due to fiber
orientation and stacking sequence, making their structural response
highly dependent on material configuration and loading conditions.
As a result, accurate prediction of stresses, deformations, and

dynamic behavior is critical during the design stage.

The structural assessment of composite cylinders requires
consideration of static, modal, and transient responses. Static
analysis evaluates deformation and stress distribution under
constant loads, modal analysis determines natural frequencies and
mode shapes, and transient analysis captures time-dependent
structural behavior under dynamic loading. A comparative study of
these analyses provides comprehensive insight into the mechanical
performance and stability of composite cylindrical structures under

real-world operating conditions.

Finite Element Analysis (FEA) has emerged as an efficient numerical
tool for analyzing complex composite structures due to its ability to
handle material anisotropy, complex geometries, and varied loading
conditions. By discretizing the composite cylinder into finite elements
and applying appropriate material models and boundary conditions,
FEA enables accurate prediction of structural responses that are

otherwise difficult to obtain through analytical methods.

2. Theoretical Background and Governing Equations
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Composite cylinders are commonly modeled as laminated structures
composed of multiple orthotropic plies bonded together. Each ply
exhibits direction-dependent elastic properties governed by classical
lamination theory. The stress—strain relationship for an individual
lamina can be expressed using generalized Hooke’s law for
orthotropic materials, where stresses are related to strains through

stiffness coefficients dependent on fiber orientation.

For static analysis, the equilibrium of forces in the absence of inertial

effects is governed by the equation

[K[{u} = {F}
where [K]|[is the global stiffness matrix, {u} is the displacement vector,
and {F} represents the applied load vector. This formulation enables

the computation of displacements, strains, and stresses throughout

the composite cylinder.

Modal analysis is based on free vibration theory and neglects external
loads and damping. The governing eigenvalue equation is given by
(K] — w’[M]){¢} =0

where [M] is the mass matrix, ® is the natural frequency, and {¢}

represents the mode shape. The resulting natural frequencies provide

insight into resonance behavior and dynamic stability.

Transient dynamic analysis incorporates time-dependent loads and

inertial effects and is governed by the dynamic equilibrium equation
[M{i} + [Cl{i} + [K]{u} = {F(t)}

where [C] is the damping matrix and {F(t)} is the time-varying load.
This analysis captures the real-time structural response of the

composite cylinder under dynamic excitation.
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3. Finite Element Modeling of the Composite Cylinder

The finite element modeling of the composite cylinder begins with
geometric definition, including length, diameter, and wall thickness.
The laminate stacking sequence is defined based on the number of
plies, fiber orientation angles, and individual ply thicknesses.
Accurate representation of laminate architecture is essential to

capture anisotropic behavior.

Material properties such as longitudinal and transverse elastic
moduli, shear moduli, Poisson’s ratios, and density are assigned to
each ply. Shell or solid composite elements are typically employed
depending on thickness and accuracy requirements. A structured
mesh with appropriate element size is generated to balance

computational efficiency and solution accuracy.

Boundary conditions are applied to replicate real operating
constraints, such as fixed, simply supported, or free ends. Static
loads, harmonic excitation, or time-dependent forces are applied
depending on the type of analysis. Mesh convergence studies are

performed to ensure result independence from element size.
4. Comparative Analysis of Static, Modal, and Transient Responses

Static analysis results provide information on deformation patterns
and stress concentration regions within the composite cylinder.
Maximum stresses typically occur near constrained regions or load
application points, and their magnitude is strongly influenced by fiber
orientation and stacking sequence. These results are crucial for
evaluating strength and failure criteria. Modal analysis reveals the
natural frequencies and corresponding mode shapes of the composite
cylinder. Lower modes are associated with global bending or axial

deformation, while higher modes correspond to local shell vibrations.
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The comparison of modal results with static deformation patterns

helps identify structurally critical regions susceptible to resonance.

Transient analysis captures the time-history response of
displacement, stress, and acceleration under dynamic loading. Peak
responses and damping behavior are evaluated to assess structural
safety under impact or fluctuating loads. A comparative assessment
of all three analyses provides a holistic understanding of the
structural performance of the composite cylinder. The comparative
results demonstrate that static, modal, and transient analyses
address different but complementary aspects of composite cylinder
behavior. Static analysis identifies stress distribution and
deformation limits, modal analysis assesses vibration characteristics,
and transient analysis evaluates time-dependent structural
response. The influence of laminate orientation and boundary
conditions is found to be significant across all analyses. The study
highlights that relying on a single type of analysis may lead to
incomplete design assessment, particularly for composite structures
operating under dynamic conditions. Finite Element Analysis proves
to be an effective tool for integrating multiple analysis approaches

into a unified framework.
5. Conclusion

This chapter presented a comprehensive finite element-based
comparison of static, modal, and transient analyses for a composite
cylindrical structure to capture its complete mechanical and dynamic
behavior. The results demonstrate that static analysis is essential for
identifying stress distribution and deformation limits, modal analysis
provides critical insight into natural frequencies and mode shapes

governing vibration characteristics, and transient analysis effectively
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predicts time-dependent responses under dynamic loading
conditions. The comparative evaluation highlights the strong
influence of material anisotropy, laminate stacking sequence, and
boundary conditions on the overall structural performance of
composite cylinders. The study confirms that an integrated approach
combining static, modal, and transient analyses using FEA is
necessary for reliable design and safe operation of composite
cylindrical structures, particularly in applications subjected to

complex loading environments.
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Abstract

Aircraft safety has always been a major concern in the aviation
industry, especially during critical failure conditions where
conventional emergency procedures may not be sufficient to ensure
passenger survival. This project presents an innovative concept of a
detachable aircraft cabin integrated with the cockpit, designed to
enhance safety by isolating passengers and crew from the main
aircraft during emergencies. The proposed system consists of an
integrated cabin-cockpit module that can separate from the fuselage
using a specially designed separation mechanism. The structure is
developed using lightweight and high-strength materials such as
carbon fiber reinforced polymers and aluminium alloys, ensuring
durability, pressure resistance, and structural integrity. The
separation process is activated through an advanced emergency
detection system, which continuously monitors aircraft parameters
using a network of sensors and triggers the mechanism automatically
in critical situations. Once separated, the cabin module descends
safely using a multi-stage parachute deployment system. A drogue
parachute stabilizes the module initially, followed by the deployment

of the main parachute to significantly reduce descent velocity. The
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landing system incorporates impact absorption features such as
airbags and crushable structures to minimize forces during
touchdown and ensure passenger safety. The project also includes
detailed structural analysis, system design, and performance
evaluation to validate the feasibility of the concept. Results indicate
that the system is capable of providing controlled separation, stable

descent, and safe

landing under emergency conditions. Although challenges such as
increased weight, complexity, and cost exist, the proposed design
offers a significant improvement in survivability compared to

conventional aircraft safety systems.

Keywords: Detachable aircraft cabin, Modular aircraft design, Aircraft

safety systems, Emergency evacuation technology.
1. Introduction

Aviation safety has always been a critical driver of innovation in
aircraft design and operation. Despite significant advancements in
aerodynamics, propulsion, materials, and avionics, survivability
during catastrophic failures remains a major concern in commercial
and military aviation. One emerging and unconventional concept
aimed at improving survivability is the detachable aircraft cabin and
cockpit. This concept envisions separating the passenger cabin
and/or cockpit from the main fuselage during extreme emergency
situations, allowing controlled descent and safe landing independent
of the damaged aircraft structure. The idea of detachable cabins is
rooted in the philosophy of modular aircraft design, where functional
sections are engineered as semi-independent units. In the event of
structural failure, engine fire, mid-air collision, or loss of control, the

detachable module can be separated rapidly and stabilized using
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aerodynamic surfaces, parachutes, or autonomous guidance
systems. Unlike conventional crashworthiness approaches that focus
on energy absorption after impact, detachable cabin systems aim to

prevent high-energy ground impact altogether.

Figure 1. Conceptual Configuration of Aircraft Figure 2. System Architecture of Detachable Cabin and Cockpit
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sensors, autonomous control systems, and real-time structural
health monitoring have revived interest in this concept. While initially
proposed decades ago as conceptual safety enhancements,
detachable cabin and cockpit systems are now being revisited with
realistic technological feasibility. This chapter presents a
comprehensive overview of the design philosophy, engineering
challenges, safety mechanisms, and future potential of detachable

aircraft cabin and cockpit systems.
2. System Architecture of Detachable Cabin and Cockpit

The system architecture of a detachable cabin and cockpit aircraft
differs fundamentally from that of conventional monocoque fuselage
designs. In such aircraft, the fuselage is divided into primary

structural modules, typically consisting of the cockpit module,
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passenger cabin module, and propulsion-wing module. These
modules are interconnected through reinforced interfaces designed to
transfer aerodynamic, inertial, and pressurization loads during
normal operation. The cabin—fuselage interface is the most critical
structural junction. It must remain rigid and fatigue-resistant during
normal flight while also allowing rapid and reliable separation during
emergencies. This interface typically incorporates high-strength
locking mechanisms, shear pins, or pyrotechnic bolts that can be
activated within milliseconds. The architecture must ensure uniform

load distribution to avoid stress concentrations at the joints.

The cockpit detachment mechanism is designed with additional
redundancy due to the importance of pilot survivability and aircraft
control. In some configurations, the cockpit may detach
independently, while in others it remains integrated with the
passenger cabin. The architecture also includes separation guidance
systems, ensuring that the detached module follows a safe trajectory
away from the remaining aircraft structure, engines, and fuel tanks.
Load transfer paths are carefully engineered so that the detachable
modules behave structurally as an integral fuselage during normal
flight. Finite element modeling is typically used to verify that stiffness,
strength, and aeroelastic performance are not compromised by

modularization.
3. Structural Design and Materials

Structural design of detachable aircraft cabins and cockpits involves
balancing conflicting requirements: high structural integrity during
flight and controlled failure during emergency separation. The cabin
structure must withstand internal pressurization loads, aerodynamic

forces, and crash loads while maintaining minimum weight.
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Advanced composite materials such as carbon fiber reinforced
polymers (CFRP), glass fiber composites, and hybrid laminates are
commonly proposed due to their high strength-to-weight ratios and
damage tolerance characteristics. Metallic alloys such as titanium
and high-strength aluminum-lithium alloys may be used at interface

regions where stress concentrations are significant.

Joint design is one of the most critical aspects of detachable systems.
Locking mechanisms must remain fail-safe under vibration, thermal
cycling, and fatigue loading. Redundant locking systems are often
employed, combining mechanical latches with electronic monitoring.
Separation devices may include explosive bolts, electromagnetic

locks, or shape-memory alloy actuators.

Fatigue and fracture behavior of detachable joints is extensively
analyzed, as repeated pressurization cycles can induce micro-cracks
at interfaces. Damage tolerance design principles are applied to
ensure that crack initiation does not lead to catastrophic failure.
Structural health monitoring systems using embedded sensors can

detect early-stage damage and alert maintenance crews.
4. Aerodynamics and Flight Stability

The aerodynamic behavior of aircraft with detachable modules poses
unique challenges. During normal flight, the aircraft must maintain
aerodynamic efficiency comparable to conventional designs. The
presence of detachable interfaces should not significantly increase
drag or disturb airflow over the fuselage. Stability and control are
carefully evaluated, particularly around the center of gravity location,
which may differ from traditional configurations. Computational fluid

dynamics (CFD) simulations are commonly used to assess airflow
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behavior across joint interfaces and to optimize fairings that minimize

aerodynamic penalties.

Separation aerodynamics during emergency detachment is a critical
safety concern. When the cabin or cockpit separates, it must not
collide with the remaining aircraft. The separation trajectory is
controlled through aerodynamic shaping, small stabilizing fins, or
controlled thrust devices. Wind tunnel testing and transient CFD
analyses are used to study flow separation, wake interactions, and

aerodynamic moments during detachment.

Post-detachment, the cabin module must achieve stable descent. This
may involve passive aerodynamic stabilization or active control using
deployable control surfaces. Minimizing tumbling and rotational
motion is essential for passenger safety and parachute deployment

effectiveness.
5. Safety Systems and Emergency Scenarios

Safety systems form the core justification for detachable aircraft
cabin concepts. Emergency detection systems continuously monitor
parameters such as structural strain, engine health, fire detection,
and loss of control. When predefined thresholds are exceeded, the
system can recommend or automatically initiate detachment. The
detachment sequence is carefully choreographed to occur in stages.
First, propulsion is cut off, and control surfaces are adjusted to
stabilize the aircraft. Next, locking mechanisms are disengaged in a
predefined order to prevent asymmetric separation. The cabin is then
pushed away using spring-loaded or pneumatic actuators. Energy
absorption systems, such as crushable landing structures or airbags,
are integrated into the cabin floor and lower fuselage. Large

parachute systems, often multi-canopy designs, are deployed to
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reduce descent velocity. Some concepts include steerable parachutes
or powered descent systems to guide the cabin toward safe landing
zones. Passenger protection strategies include reinforced seating,
advanced restraint systems, and controlled cabin orientation during
descent. Emergency lighting, communication systems, and oxygen
supply are designed to remain operational throughout detachment

and landing.
6. Avionics, Control, and Communication

Avionics integration plays a vital role in detachable cabin and cockpit
systems. During normal flight, avionics function as part of the
integrated aircraft system. Upon detachment, the cabin or cockpit
transitions into an autonomous or semi-autonomous vehicle
requiring independent control and navigation capabilities.
Autonomous guidance systems use inertial measurement units, GPS,
and onboard computers to stabilize descent and control landing
orientation. Communication systems ensure continuous contact with
air traffic control and rescue teams after detachment. Power supply
redundancy is critical. The detachable module includes independent
batteries, auxiliary power units, or energy harvesting systems to
maintain avionics, lighting, and life-support systems. Seamless
switching between aircraft power and independent power sources is

essential to avoid system failure during separation.
7. Manufacturing, Maintenance, and Certification

Manufacturing detachable aircraft systems introduces complexity
beyond conventional aircraft assembly. Precision alignment of
detachable joints is critical to ensure load transfer accuracy.
Advanced manufacturing techniques such as automated fiber

placement and additive manufacturing are increasingly explored for
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joint components. Maintenance procedures must include regular
inspection of locking mechanisms, sensors, and interface structures.
Non-destructive evaluation techniques such as ultrasonic testing,
thermography, and acoustic emission monitoring are commonly
proposed. Certification poses one of the greatest challenges. Aviation
regulatory authorities require extensive testing to demonstrate that
detachable systems do not introduce new hazards. This includes
validation of separation reliability, false-trigger prevention, and post-
detachment survivability. Developing standardized certification

frameworks remains an open challenge.
8. Simulation, Modeling, and Testing

Extensive modeling and simulation are essential for validating
detachable cabin concepts. Structural finite element models are used
to analyze static, dynamic, and impact loading. Multibody dynamics
simulations assess separation kinematics and potential collision

risks.

Ground testing includes joint fatigue testing, pressurization tests,
and full-scale separation trials using instrumented mock-ups. Flight
testing may initially involve unmanned platforms or scaled
demonstrators to reduce risk. Failure mode and effects analysis
(FMEA) and probabilistic risk assessment are applied to evaluate
system reliability. These analyses help identify critical failure points

and guide redundancy design.
9. Economic, Operational, and Environmental Impact

Economic feasibility is a major consideration for commercial
adoption. Detachable systems add weight, complexity, and cost,
which must be justified by safety benefits. Airlines must evaluate

trade-offs between increased manufacturing cost and potential
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reductions in fatal accidents and insurance premiums. Operational
considerations include training requirements for pilots and
maintenance crews. Emergency procedures must be simple and
intuitive to avoid human error during high-stress situations. From an
environmental perspective, increased weight may lead to higher fuel
consumption. However, advances in lightweight materials and
optimized structural design may offset these penalties. Additionally,
survivability improvements can reduce environmental damage

caused by high-energy crashes.
10. Future Trends and Research Opportunities

Future research is expected to focus on integrating artificial
intelligence for predictive failure detection and autonomous decision-
making. Smart materials with self-sensing capabilities may enable
adaptive joint behavior. Modular aircraft architectures and urban air
mobility concepts may benefit from detachable cabin technologies.
Hybrid-electric propulsion and distributed propulsion systems could
further enhance compatibility with modular designs. Despite
promising potential, significant challenges remain in certification,
public  acceptance, and  economic  viability. Continued
interdisciplinary research is essential to transition detachable cabin

concepts from experimental designs to operational aircraft.
11. Case Studies and Conceptual Designs

Several patented and conceptual designs have demonstrated the
feasibility of detachable cabins and cockpits. Comparative analyses
indicate improved survivability in catastrophic scenarios compared to
conventional aircraft. Lessons learned emphasize the importance of
redundancy, simple activation logic, and robust aerodynamic

stabilization.
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12. Conclusion

Detachable aircraft cabin and cockpit systems represent a radical yet
promising approach to improving aviation safety. By combining
advances in materials, structural design, avionics, and autonomous
control, these systems offer the potential to significantly reduce
fatalities in extreme aBapial scenarios. While technical, regulatory,
and economic challenges remain, continued research and
technological maturity may enable selective adoption in future
aircraft designs. Detachable cabin concepts thus stand as a

compelling direction for next-generation aviation safety engineering.
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Abstract

Biofuels are renewable energy sources derived from biomass such as
agricultural residues, algae, and organic waste, offering a sustainable
alternative to fossil fuels. Globally, biofuels contributed
approximately 4.3% of total transport fuel demand in 2023, with
bioethanol and biodiesel accounting for nearly 155 billion liters
annually. Studies indicate that biofuels can reduce greenhouse gas
(GHG) emissions by 50-85% compared to conventional petroleum
fuels, depending on feedstock and production pathways. Additionally,
second- and third-generation biofuels demonstrate energy conversion
efficiencies of 35-55%, making them promising candidates for future
large-scale energy deployment. The increasing global energy demand
and environmental concerns associated with fossil fuel consumption
necessitate the exploration of sustainable energy alternatives.
Biofuels have emerged as a viable renewable energy source capable
of reducing dependence on non-renewable fuels and mitigating
climate change. Current biofuel technologies have demonstrated the
potential to lower carbon dioxide emissions by up to 85%, while
enhancing energy security and rural economic development. Global

biofuel production is projected to reach 200 billion liters by 2030,
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driven by advancements in feedstock utilization and conversion
technologies. This study highlights the potential of biofuels as an
alternative energy source, emphasizing their environmental benefits,
production efficiency, and future scope in the global energy mix. The
primary objective of this study is to analyze the potential of biofuels
as an alternative and sustainable energy source by evaluating their
production technologies, environmental benefits, energy efficiency,
and role in reducing greenhouse gas emissions and fossil fuel

dependency.

Keywords: Biofuels, Renewable Energy, Biomass, Energy

Sustainability, Greenhouse Gas Reduction.
List of Abbreviations

GHG - Greenhouse Gas

CO: — Carbon Dioxide

FAME - Fatty Acid Methyl Ester
GJ - Gigajoule

LCA - Life Cycle Assessment

GHGs - Greenhouse Gases
1. Introduction

The rapid depletion of fossil fuels and the alarming rise in greenhouse
gas emissions have intensified the global search for sustainable
energy alternatives. Biofuels, derived from renewable biological
resources, have emerged as a promising solution to meet future
energy demands. Currently, the transport sector alone contributes
nearly 25% of global CO: emissions, highlighting the urgency for
cleaner fuels. Biofuels offer advantages such as renewability,
biodegradability, and compatibility with existing engines, making

them a viable substitute for conventional fuels. Global energy demand
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is projected to increase by ~50% by 2050, driven by population
growth, industrialization, and urbanization. Fossil fuels still account
for =80% of total energy consumption, causing environmental
pollution and energy insecurity. Renewable alternatives like biofuels
help diversify the energy mix, reduce import dependence, and

enhance energy security, especially for developing economies.
1.1. Classification of Biofuels
1.1.1 First-Generation Biofuels

Produced from food-based crops such as sugarcane, corn, and

vegetable oils.
e Examples: Bioethanol, Biodiesel
e GHG reduction: 20-40%
e Limitation: Food vs fuel conflict
1.1.2 Second-Generation Biofuels

Derived from non-food biomass like agricultural residues and

lignocellulosic materials.
e GHG reduction: 50-80%
e Improved sustainability
1.1.3 Third-Generation Biofuels
Produced mainly from algae with high lipid content.
e Qil yield: 20-50 times higher than crops
e Minimal land requirement
1.1.4 Fourth-Generation Biofuels

Advanced biofuels integrated with carbon capture and genetic

engineering.
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e Potential for carbon-negative emissions
2. Feedstocks for Biofuel Production

Feedstock selection plays a crucial role in determining the economic
viability, environmental sustainability, and energy efficiency of
biofuel production. An ideal biofuel feedstock should be abundantly
available, cost-effective, renewable, and capable of delivering high
energy yields with minimal environmental impact. Based on
availability and origin, biofuel feedstocks are broadly categorized into
agricultural crops and residues, algae-based feedstocks, and waste

biomass or industrial by-products.
2.1 Agricultural Crops and Residues

Agricultural crops and residues constitute the most widely used
feedstocks for biofuel production due to their large-scale availability
and established supply chains. Common crops include corn and
sugarcane, which are rich in fermentable sugars and starch, while
residues such as rice husk and wheat straw are lignocellulosic in
nature. Globally, agricultural biomass availability exceeds 5 billion
tonnes per year, with crop residues alone contributing nearly 3.5-4
billion tonnes annually. Sugarcane-based bioethanol can achieve
yields of 6,000-7,000 liters per hectare, whereas corn-based ethanol
yields range between 3,500-4,000 liters per hectare. Agricultural
residues offer significant advantages by avoiding direct competition
with food production; however, their complex lignocellulosic
structure requires pretreatment processes, increasing production

costs.
2.2 Algae-Based Feedstocks

Algae-based feedstocks are considered one of the most promising

resources for future biofuel production due to their exceptionally high
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productivity and minimal land requirements. Microalgae can
accumulate lipid contents ranging from 30% to 70% of dry biomass,
making them highly suitable for biodiesel production. One of the key
advantages of algae is their high carbon sequestration capability.
Algal biomass absorbs approximately 1.8 kg of CO: per kg of dry
biomass, contributing significantly to greenhouse gas mitigation.
Additionally, algae can produce 20-50 times more oil per unit area
than conventional oilseed crops and can be cultivated using non-
arable land and wastewater. Despite these advantages, large-scale
commercialization of algal biofuels remains limited due to challenges

related to harvesting, dewatering, and high operational costs.
2.3 Waste Biomass and Industrial By-products

Waste biomass and industrial by-products represent highly
sustainable feedstocks for biofuel production, as they address both
energy generation and waste management simultaneously. These
feedstocks include municipal solid waste (MSW), food waste, animal
waste, and used cooking oil. Globally, municipal solid waste
generation exceeds 2.2 billion tonnes per year, with organic waste
accounting for nearly 45-55%. Used cooking oil can be directly
converted into biodiesel with conversion efficiencies of 90-98%
through transesterification. Utilizing waste-based feedstocks
significantly reduces landfill usage, disposal costs, and methane

emissions from uncontrolled decomposition.
3. Biofuel Production Technologies

Biofuel production technologies determine the efficiency, cost, and
environmental impact of converting biomass into usable energy
carriers. Depending on the nature of feedstock and desired end

product, biofuel production routes are broadly classified into
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biochemical, chemical, and thermochemical processes. Continuous
technological advancements aim to improve conversion efficiency,

reduce energy consumption, and enhance sustainability.
3.1 Fermentation Processes

Fermentation is a widely used biochemical conversion technique for
producing bioethanol from sugar- and starch-rich feedstocks such as
sugarcane, corn, and molasses. In this process, fermentable sugars
are converted into ethanol by microorganisms, primarily
Saccharomyces cerevisiae, under controlled anaerobic conditions.
The overall conversion efficiency of fermentation-based bioethanol
production typically ranges between 85% and 90%, depending on
substrate quality, enzyme efficiency, and process parameters such as
temperature (30-35°C) and pH (4.5-5.5). Advances in enzyme
engineering and genetically modified microorganisms have improved
ethanol yields and reduced fermentation time from 72 hours to nearly

36 hours.
3.2 Transesterification Techniques

Transesterification is the most commonly employed method for
biodiesel production from vegetable oils, animal fats, and used
cooking oil. The process involves the reaction of triglycerides with
short-chain alcohols (typically methanol or ethanol) in the presence
of a catalyst to produce fatty acid methyl esters (FAME) and glycerol
as a by-product. Biodiesel yields achieved through transesterification
typically range between 90% and 98%, with reaction temperatures of
55-65°C and reaction times of 1-2 hours. Alkali catalysts such as
sodium hydroxide and potassium hydroxide are widely used due to
their high reaction rates, while heterogeneous and enzymatic

catalysts are gaining attention for improved sustainability.
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3.3 Thermochemical Conversion Methods

Thermochemical conversion technologies transform biomass into
biofuels through the application of heat and controlled oxygen
supply. Major thermochemical processes include pyrolysis,

gasification, and combustion.

e Pyrolysis operates at temperatures of 400-600°C in the

absence of oxygen, producing bio-oil, biochar, and syngas.

e Gasification occurs at 700-1000°C, converting biomass into
synthesis gas (CO and H:), which can be further processed

into liquid fuels.

e Combustion, typically above 800°C, is used for direct heat and

power generation.

Thermochemical processes are particularly suitable for lignocellulosic
and waste biomass and offer faster conversion rates compared to

biochemical routes.

Process Diagram

Biomass — Pretreatment — Conversion Process — Biofuel — End Use
4. Properties and Performance of Biofuels

The properties and performance of biofuels strongly influence their
suitability as  substitutes for conventional fossil fuels.
Physicochemical characteristics determine fuel handling and storage
safety, while combustion behavior and emission characteristics affect
engine efficiency and environmental impact. Biodiesel and bioethanol
have demonstrated comparable or superior performance to petroleum

fuels in several aspects.
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4.1 Physicochemical Properties

Physicochemical properties such as density, viscosity, flash point,
calorific value, and cetane number play a critical role in fuel injection,
atomization, combustion, and storage safety. Biodiesel typically
exhibits a density in the range of 0.86-0.90 g/cm?, slightly higher
than that of conventional diesel (~0.83-0.85 g/cm?®). This higher
density contributes to improved lubricity of engine components. One
of the most significant safety advantages of biodiesel is its high flash
point, which is generally above 120°C, compared to 55-70°C for
petroleum diesel. This makes biodiesel safer for storage, handling,
and transportation. However, biodiesel has a slightly lower calorific
value (37-40 MJ/kg) than diesel (42-45 MJ/kg), which may

marginally affect fuel consumption.
4.2 Combustion and Engine Performance

The combustion behavior of biofuels directly influences engine
performance parameters such as brake thermal efficiency (BTE),
brake specific fuel consumption (BSFC), and power output. Due to
the presence of inherent oxygen content (~10-12% by weight) in
biodiesel, combustion is more complete compared to conventional
diesel. Experimental studies have reported an increase in brake
thermal efficiency of 2-5% when using biodiesel blends (B10-B20)
compared to neat diesel. Engine power output and torque values
remain largely comparable, especially at lower blend ratios. However,
a slight increase in BSFC (3-8%) may occur due to the lower heating

value of biodiesel. Performance Observations:
e Improved combustion efficiency
e Reduced engine wear due to higher lubricity

e Minimal engine modifications required
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4.3 Emission Characteristics

One of the major advantages of biofuels is their ability to significantly
reduce harmful exhaust emissions. Biodiesel combustion results in
lower emissions of carbon monoxide (CO) and unburnt hydrocarbons
(HC) due to better oxidation during combustion. Typical emission

reductions observed include:
e CO reduction: 30-50%
e HC reduction: 20-60%
e Particulate matter (PM): 25-40% reduction

However, biodiesel may cause a marginal increase in nitrogen oxides
(NOy) emissions (2-10%) due to higher combustion temperatures,
which can be mitigated through exhaust gas recirculation (EGR) and

fuel additives.
5. Environmental and Sustainability Assessment

Environmental sustainability is a critical criterion for evaluating the
long-term feasibility of biofuels as alternative energy sources. Unlike
fossil fuels, biofuels have the potential to offer significant
environmental benefits when produced and utilized through
optimized pathways. Comprehensive assessment of greenhouse gas
emissions, life cycle impacts, and resource utilization is essential to
ensure that biofuels genuinely contribute to climate change

mitigation and sustainable development.
5.1 Greenhouse Gas Emission Reduction

One of the primary advantages of biofuels is their ability to
substantially reduce greenhouse gas (GHG) emissions across their life
cycle. Depending on feedstock type and production technology,

biofuels can achieve lifecycle GHG emission reductions of up to 85%
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compared to conventional petroleum fuels. First-generation biofuels
typically offer 20-40% reduction, while second- and third-generation
biofuels derived from agricultural residues, waste biomass, and algae
can reduce emissions by 50-85%. This reduction is largely attributed
to the biogenic carbon cycle, where carbon dioxide released during
combustion is partially offset by CO. absorbed during biomass
growth. Additionally, the use of waste-based feedstocks prevents
methane emissions that would otherwise arise from landfill

decomposition, further enhancing climate benefits.
5.2 Life Cycle Assessment of Biofuels

Life Cycle Assessment (LCA) is a systematic methodology used to
quantify environmental impacts associated with all stages of a
product’s life, from raw material extraction to end-use combustion.
In the context of biofuels, LCA evaluates emissions and resource
consumption during cultivation, harvesting, transportation,
processing, distribution, and combustion. LCA studies have shown
that advanced biofuels can reduce total energy consumption by 30-
60% and carbon intensity by 40-80% relative to fossil fuels. However,
results vary significantly depending on system boundaries, feedstock
selection, land-use change assumptions, and co-product allocation
methods. Therefore, standardized LCA frameworks are essential for

fair comparison and policy decision-making.
5.3 Land Use and Water Footprint

Land and water use are critical sustainability indicators for biofuel
production. Conventional crop-based biofuels require significant
agricultural inputs, leading to concerns regarding land competition,
deforestation, and water scarcity. Water consumption for biofuel

production typically ranges between 500 and 4000 liters per liter of
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biofuel, depending on crop type, irrigation practices, and regional
climate conditions. Advanced biofuels derived from algae, agricultural
residues, and waste biomass significantly reduce land stress by
utilizing non-arable land and marginal resources. Algae cultivation
systems can achieve high biomass productivity using saline or
wastewater, reducing freshwater demand and minimizing pressure
on agricultural land. Consequently, next-generation biofuels are
increasingly viewed as more sustainable alternatives in terms of

resource efficiency.
6. Conclusion

Biofuels present a sustainable and practical alternative to fossil fuels
for future energy systems by offering renewable, low-carbon energy
pathways that can be integrated into existing infrastructure. The use
of agricultural residues, algae, and waste-derived feedstocks enables
lifecycle greenhouse gas emission reductions of up to 85%, while
improving resource efficiency and reducing environmental pollution.
Advances in production technologies—such as high-efficiency
fermentation, optimized transesterification, and integrated
thermochemical-biochemical processes—have enhanced fuel yield,
engine performance, and emission characteristics, making biofuels
increasingly competitive with conventional fuels. With supportive
government policies, blending mandates, and continued research
aimed at reducing production costs and land-use impacts, biofuels
can play a vital role in enhancing energy security, promoting
environmental protection, and stimulating rural and industrial
economic development. Therefore, biofuels are expected to remain a
key component of the global transition toward a sustainable and low-

carbon energy future.
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