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750 kg load-carrying capacity and, 1000 kg towing capacity of a two-wheel
drive, two-axle electric light-duty vehicle with double wishbone independent
front suspension has been designed using a topology optimization approach.
For this purpose, firstly, the kinematic model of the suspension system and
steering system was developed using the multi-body dynamics approach.
Using this model, the force and moment values acting on the connection
points were defined separately for the quasistatic load cases mentioned in the
literature such as braking, cornering, bumping and brake in cornering. In the
second step, a preliminary design model of the lower control arm was created,
considering the defined positions of the wheel sweep volume, the suspension
spring and the brake system components. In the third step, structural static
analysis was performed for each load case and the results obtained were used
as inputs for topology optimization. This allowed for the identification of
non-load-bearing volumetric elements for each load case. In the fourth stage,
the volumetric structures obtained from the topology optimization studies
were overlaid at the same coordinates, and a manufacturable solid model of
the swing arm was designed using reverse engineering. In the final stage,
structural static analysis was performed to verify the final design and
calculate the minimum safety factor. As a result of the optimization study for
the swing arm, planned to be manufactured using 6061-T6 aluminum alloy,
a product with 46% less weight and a safety factor of 1.21 was achieved.

Keywords: Electric Light-Duty Vehicle, Multi-Body Dynamics, Quasistatic Load Types,
Structural Static Analysis, Topology Optimization.

1. Introduction

passengers [1,2].
It also maintains the vehicle's stability when

The suspension system is one of the critical
components of a vehicle, providing the
connection between the chassis and the wheels
while optimizing ride comfort and handling.
These systems absorb vibrations and shocks
caused by irregularities in the road surface,
improving comfort for both the driver and

cornering and ensures continuous wheel-to-
road contact during breaking [1]. Suspension
systems are divided into two main categories:
rigid and independent. Both categories have
their own advantages and disadvantages.

Figure 1 illustrates the main difference
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between rigid and independent suspension
when encountering a one-sided bump in the
road. With dependent or rigid axles, the
movement of one wheel affects the other.
However, with independent suspension, the
movement of one wheel does not affect the
other [1, 2].

Figure 1 Types of suspension systems a) Independent
suspension system b) Rigid axle suspension system

The double wishbone independent suspension
system is the preferred choice of electric
vehicle manufacturers who wish to
differentiate their vehicles through competitive
features. These features include a lower
installation volume, and mass compared to
rigid axle suspension systems, as well as
providing minimalist, comfortable, and
economical driving experience.

An example of an independent suspension
system featuring a double wishbone design and
helical springs applied to an electric light-duty
vehicle is shown in Figure 2. This study
focuses on the structural design of the double
wishbone independent front suspension's
lower control arm for a two-wheel drive, two-
axle electric light-duty vehicle, utilizing
topology optimization.

In this context, a half-vehicle model was first
constructed using the MSC Adams/Car™
software package, taking the previously
determined kinematic connection points of the
vehicle, suspension, and steering systems as
references.

Figure 2 Double wishbone independent suspension
system of an electric light-duty vehicle

Considering the literature and field knowledge
gained from years of research on suspension
systems, the model was simulated based on
quasistatic load types, and the highest force
values occurring at the connection points of the
lower control arm were calculated separately.
Subsequently, to create a design volume, lower
control arm models available in the market
were examined. A preliminary design of the
lower control arm was modeled using Catia
V59 CAD software, taking into account the
connection points of the lower control arm, the
volume swept by the wheel, and the system
elements connected to the wheel during
steering. Using the previously calculated force
and moment values, the non-load-bearing
elements of the CAD model were identified
through topology optimization in ANSYS®
Workbench for each load case.

The obtained volumes were overlapped using
the Catia V5 Digitized Shape Editor module,
resulting in a new and manufacturable lower
control arm design that meets the requirements
of all driving conditions through a reverse
engineering method. To verify the structure,
the previously calculated loading conditions
were applied again, and the minimum safety
factor of the part was determined through
structural analysis.

This study aims to perform structural
optimization of the lower control arm structure
intended for use in an electric light-duty
vehicle with a double wishbone independent
front suspension, focusing on achieving
minimum weight and maximum stiffness
based on various analysis outputs.

2. Materials and Methods

In this study, a topology optimization approach
is used for the optimal design of the lower
control arm in a double wishbone independent
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suspension system. The fundamental concept
of topology optimization, which allows for
obtaining the optimal structural model at the
beginning of the design process, is based on the
principle of removing certain non-load-bearing
regions without altering the connection points
of the part to be optimized and without
disturbing the stiffness of the structure.

In simpler terms, topology optimization is the
process of searching for the optimal material
distribution that maximizes stiffness [3,4].
The stages of the optimal design of an
embedded beam with specified loading and
boundary conditions using the topology
optimization approach are illustrated in Figure

Optimal Design

Figure 3 Flowchart of topology optimization based on
SIMP method

The SIMP method is widely used approach in
topology optimization because it is easy to
implement and produces efficient results and it
can be formulated as follows (1).

E(p) = p"E, (1)

E(p) is the modulus of elasticity calculated
based on the density p. This approach
represents the material distribution in the
design volume by a density variable (p). The
material distribution is expressed by the values
0 (empty) and 1 (full). The rigidity is
determined by interpolation using (p) and the

penalization factor (P) is used to ensure sharp
separation between filled and empty regions.
Higher values of (P) iteratively force the
intermediate densities to values of 0 or 1,
creating a distinct material distribution [5,6].
However, the SIMP method is sensitive to the
mesh size and may result in angular and non-
fabricated  surfaces.  Therefore,  post-
optimization surface refinement processes are
required.

After establishing the kinematic analysis
model to determine the geometric conditions
and dimensional values required for topology
optimization and to control system operation,
analyses should be performed according to
various case scenarios to determine the
dynamic loads. For this purpose, the following
section headings should be applied in order.

2.1. Multi-body dynamics modelling

Before the kinematic model of the suspension
system can be constructed, the structure in
question must be described in general terms.
This description aims to identify the structural
elements and their mechanical relationships
with one another. In this context, Figure 4
illustrates a simple kinematic model of a
double wishbone suspension system [7].

200
z &<
I oS

Sp i Orientation axis
7 o \y F‘ ‘ K
b p.

E N D 4z,

B

b H
-z
A . ® H
S : Center of gravity C
Figure 4 The kinematic model of the suspension
system

Accordingly, the suspension system is
connected to the vehicle body by revolute
joints at points A, B and E, F. Points C and D
indicate the connections of the upper and lower
control arms to the axle. These two points are
commonly referred to as spherical joints,
allowing the wheels to translate along the z-
axis and rotate around the C-D axis. The C-D
axis 1s also described in literature as the
kingpin axis. Point G defines the hub center,
while point H defines the wheel center, both of
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which are fixed components.

When the vehicle is subjected to different
driving conditions, the wheels are compelled to
move vertically, resulting in changes to the
caster angle of the wheels. Since it is known
that this change in caster angle directly affects
handling, comfort, and the service life of the
system components, efforts are made to
minimize these changes.

In Reimpell's publication, the structure
illustrated in Figure 5 describes the positioning
of the tie rod attachment points [J-K] in double
wishbone suspension systems. It provides
guidance on how to position the tie rod in
scenarios where the control arms are parallel.
This drawn axis represents the position of the
tie rod. To determine the position of point K,
another axis must be created that passes
through the virtual center P and is parallel to
the tie rod axis [8]. When the control arms are
parallel to each other, the steering center (P1)
is in infinity. In this case, to determine the
attachment points of the tie rod, another axis
must be drawn parallel to the [C-A, B] axis,
originating at point J. Additionally, another set
of axes must be drawn, passing through the
virtual center P> and equal to the distance
between these two axes. The intersection of
this second parallel with the extension of the
path [J-D] yields point P3, which must be
connected to C to obtain point K [8].

To summarize, when designing a system with
parallel suspension arms, the tie rod should be
positioned parallel to these arms [8].
Additionally, a spherical joint is defined at
point J, and a cardanic joint is defined at point
K.

e

G

/.
Figure 5 Determination of tie rod connection points [8]

After determining all the physical boundary
conditions required for the multi-body
dynamics model of the system, the suspension
system model was created using the MSC
Adams/Car™ software package, as shown in
Figure 6, to calculate the forces acting on the
connection points of the lower control arm. To
enhance the accuracy of the force values acting
on the structure, the vehicle's steering system
was also modeled and incorporated into the
half-vehicle model.

Figure 6 Half-vehicle model

2.2. Determination of loads

Since wheel loads are often unavailable at the
early stages of vehicle design or can only be
measured on prototypes, the acting loads can
be derived from standard driving conditions.
These driving conditions are defined as
quasistatic and are assumed to be time
independent. Many vehicle manufacturers
utilize these standard loads, which share
similar values.

While these loads are generally expressed as
force and moment values, they can also be
found in literature in the form of wheel
accelerations [1].

To determine the loads acting on the swing
connection points, quasistatic standard load
types, as defined in the literature, were revised
to be suitable for the electric light-duty
vehicles discussed in this article. These revised
values are based on years of experience with
electric vehicles.

Among these load types, four basic load types
that are important in the swing development
phase were utilized. The acceleration values of
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these load types are presented in Table 1 in
terms of multiples of  gravitational
acceleration.

Table 1 Quasistatic load type

Component of
Acceleration (g)

No Load Type

X Y Z

1. Bumping 0 0 3

2. Braking 1 0 1

3. Cornering 0 0.5 1

a, Breakin ¢ 5 1
Cornering

The determined acceleration components were
applied to the multi-body dynamics model
created in the MSC Adams/Car™ program
over a duration of 10 seconds and 100 steps,
based on the selected vehicle speed.
Consequently, the highest force and moment
values were determined for points A, B, and C
of the lower control arm under loading
conditions such as bumping (1), braking (2),
cornering (3), and brake in cornering (4), as
shown in Table 1. The half-vehicle model
obtained in the bumping (1) scenario is
illustrated in Figure 7.

Figure 7 Half vehicle model obtained in the bumping
scenario

2.3. Preliminary design

Some volumetric constraints are necessary
during the preliminary design phase of the
lower control arm. These constraints include
positions A, B and C, which represent the
connection points of the swing to the vehicle
and the axle, as well as the connection point for
the shock absorber group, as illustrated in
Figure 4.

Additionally, the bushing bearings suitable for
the diameter values of the bushings planned for

use in the swing and the thickness of the swing
body needed to accommodate these bearings
were also determined.

As illustrated in Figure 8, the location of the
shock absorber was determined to be as close
to the center of the swing as possible, taking
into account the packaging of the system
elements and the dimensions of the swing.
Additionally, point L1 was moved closer to the
spherical joint (C) to ensure that the structure
operates under reduced load.

Figure 8 Positioning of the shock absorber

After applying the attachment points to the
preliminary design, the external geometry of
the swing was developed. The necessary
constraints for this process include the area
swept by the wheel during full right and left
rotation (sweep volume), as well as the
dimensions and positions of the structural
elements of the braking system.

Figure 9 Wheel sweep volume

For this purpose, the steering and suspension
system model of the vehicle, created in the
Catia V5° software, was executed to determine
the sweep volume of the wheels. A
representative visualization of the sweep
volume 1is presented in Figure 9 [7-8].
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Additionally, the structural elements of the
braking system intended for use in the vehicle
were positioned in the Catia V5© software to
avoid interference with the external geometry
of the swing.

Given that the designed swing will be installed
on an electric service vehicle, it is essential for
it to be both lightweight and cost-effective.
Since the vehicle in question is not a mass-
produced product, unit cost is of secondary
importance. Consequently, it was decided to
use aluminum alloy due to the weight
advantages it offers.

It was decided to utilize 6061-T6 aluminum
alloy due to its excellent machinability,
weldability, high corrosion resistance, and
significantly lighter weight compared to steel.
The material properties, including the modulus
of elasticity (E), Poisson's ratio (v), tensile
strength, yield strength, and elongation at
break, are presented in Table 2.

Table 2 Mechanical properties of 6061-T6 [9]

Material Property Value
Modulus of Elasticity (GPa) 68.9
Poisson’s Ratio (%) 33
Tensile Strength (MPa) 310
Yield Strength (MPa) 276
Density (kg/m?®) 2700

Figure 10 illustrates the preliminary design of
the lower control arm, which will be optimized
using the topology optimization approach. The
material to be used, the outer boundaries of the
structural volume, and the connection points
have been established. The weight of the
preliminary design structure was measured at
approximately 3.7 kg.

At £

Figure 10 Preliminary design of lower control arm

Finite element analysis will be conducted on
the structure using the bearing forces obtained
from the multibody dynamics analysis. For this
process, the structure must be divided into
meshes within the ANSYS® Workbench
environment. The finite element model created

in ANSYS® Workbench is illustrated in Figure
11.

Figure 11 Finite element analysis model

3. Results and Discussion
3.1. Topology optimization

Using the topology optimization approach, the
mesh quality of the model created for the lower
control arm structure designed to reduce
weight while maintaining adequate strength is
presented in Figure 12.

The average mesh quality is evaluated at 0.82.
Element quality ranges from 0 to 1, with values
closer to 1 indicating superior element quality
[10].

——Tetl0

1179296.00
150000.00
125000.00

100000.00
75000.00
50000.00
25000.00 l I
- e = N |
88 1.00

0.00
0.03 013 0.25 0.38 0.50 0.63 0.75 0.
Element Metrics

Figure 12 Element quality

Number of Elements

As shown Figure 13, revolute joints were
defined on the meshed structure to allow only
rotational movements at regions A and B.

In region C, the load values obtained from the
multibody dynamics analysis were applied as
specified in Table 1. To simulate the shock
absorber system, a spring was defined in the L;'
region using the connections tab.

Spr]ng body - ground

Bumping
-

Comering

l:HI('

. FBrukuin comering

Figure 13 Defining loads and constraints

In the model, the highest equivalent stress
value occurs in the bumping scenario (1), with
ovmax=200.23 MPa, as shown in Figure 14.
Considering the yield strength value given in
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Table 2, it is seen that the preliminary design
is safe. However, the equivalent stress results
also indicate the presence of volumetric
elements within the structure that either do not
carry load or carry minimal load.

276
245.34

200.23 Max

153.34
122.68
92.011
61.346
30.681
0.016098 Min

Figure 14 Preliminary design equivalent stress result
(Scenario 1)

Lightweight design and low production costs,
both crucial for electric vehicles, necessitate
the use of minimal materials. As a result, all
components that can be optimized for weight
are thoroughly evaluated. In this context, the
material redundancy in the lower control arm's
preliminary design, as shown in Figure 10, was
identified using a topology optimization
approach. These optimization processes were
performed using the structural optimization
module in ANSYS® Workbench.

Static structural analyses were performed
separately for each loading condition, after
which the model was linked to the structural
optimization model in ANSYS® Workbench.
The first step in this process is to define the
design region, where material will be removed,
and the exclusion regions, where material must
be preserved, such as areas with bearings. The
bearings located in regions A, B, C, and L' in
Figure 15 are defined as exclusion regions,
meaning topology optimization will not be
applied to these areas.

The results for the swing structure, where
topology  optimization was  performed
separately for each loading condition based on
the boundary conditions, are shown in Figure
16. The topology results generated for each
loading condition were then superimposed in
Catia V5°, and the final design was optimized
using the reverse engineering method in the
Digitized Shape Editor module.

B

@ Design Region: Topology
@ Exclusion Region

A

c

Figure 15 Design and exclusion region

a) Bumping b) Braking

¢) Cornering d) Brake in cornering
Figure 16 Topology optimization results for quasistatic
load type

Necessary clearances were made on the
structure, and its form was reshaped according
to the topology results. The weight of the
structure was measured at approximately 2 kg,
resulting in a structure that is about 46% lighter
than the model prepared in the preliminary
design phase. The final design is shown in
Figure 17.

Figure 17 Final design
To verify the final design, finite element
analyses were conducted for each load type
listed in Table 1.
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The results of these analyses are shown in
Figure 18. The highest equivalent stress on the
swing occurs under the first load type,
corresponding to the bumping scenario with a
vertical acceleration of 3g, as in the initial
analysis.

The highest equivalent stress value obtained is
228.45 MPa, which is approximately 83% of
the yield strength given in Table 2. The factor
of safety is calculated as S=1.21.

4. Conclusions

In this study, the design of the lower control
arm for the double wishbone independent front
suspension system of an electric light-duty
vehicle was conducted using a topology
optimization approach. Finite element
analyses were repeated to validate the resulting
solid model, and it was determined that the
most mechanically challenging loading
condition was the bump jump at 3g vertical
acceleration. The maximum equivalent stress
value obtained, 228.45 MPa, was compared to
the yield strength of the 6061 T6 material
planned for the structure, resulting in a safety
factor of s=1.21. In the final design, a weight
reduction of approximately 46% was achieved
compared to the preliminary design. The
model, prepared based on four key driving
conditions used in the design of the control
arm, can evolve into different configurations
for varying driving scenarios. Furthermore, it
is critical to investigate potential fatigue
damage, as vehicle suspensions are primary
structures that directly impact driving safety
and operate under repetitive loads. A fatigue
analysis using road inputs will be possible in
further studies.
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Long-term development and economic growth are closely related to
energy. The economy is negatively impacted by any changes in the energy
supply. If the energy is consistent, clean, and of a quality that can satisfy
the demands of several sources, supply security can be achieved.
Nowadays, biofuels made from biomass provide a variety of choices. For
many years, research has been conducted on biofuels that can be
transformed into liquid fuel. In this situation, biodiesel—which may be
used in place of diesel fuel—becomes essential. To lessen dependency on
fossil fuels and edible feedstocks, the core purpose of this assessment is
to demonstrate the biodiesel potential of Prunus insititia L. by describing
the oil's composition and predicting the fuel's qualities. The predominant
fatty acids found in Prunus insititia kernel oil were oleic acid (61.687
%w), linoleic acid (21.405 %w), palmitic acid (5.965 %w), and stearic
acid (1.450 %w). The cetane number, flash point, cold flow
characteristics, and oxidation stability all fell within the acceptable ranges
of EN14214. However, the density and viscosity were computed to be
5.93% and 0.542% lower, respectively, than the standard's minimal
values. These results suggest that Prunus insititia kernel L. might be a
viable option for producing biodiesel.

Keywords: Prunus insititia L., fatty acid, biodiesel, fuel property, characterization.

1. Introduction

hand, it has been a goal to reduce the harmful
emissions of fossil fuels both to human health

The world’s energy need has been increasing
not only from industrialization but also from
the humankind population. Many predictions
were made on fossil fuel resources and
predictions showed that resources are depleted.
Even though the global energy supply has
grown by 2.6 times during the past 47 years,
fossil fuels, particularly oil, have remained
dominant in the energy mix [1]. On the other

and the environment while meeting the energy
need. In this context, renewable alternative
fuels have been turned towards and biofuels
seem to be a suitable solution for internal
combustion engines.

For a long time, biodiesel has been utilized as
a diesel fuel substitute. Biodiesel is unique in
that cause oil can be obtained from a variety of
sources. Biodiesel, a methyl-ester of long-
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chain fatty acids, is one of these alternative
biofuels [2-4]. It is biodegradable and non-
toxic [5] has qualities similar to fossil diesel
and may be utilized in internal combustion
engines without modification. The
composition of the oil used as feedstock is
related to the overall fuel qualities of biodiesel
[6]. Oils may be subdivided into numerous
subcategories, such as edible oils (such as
soybean, corn, sesame, and palm), inedible oils
(such as rubber seed and pongamia), waste
frying/recycled oils, animal fats, and
macroalgae, all of which can be used to
produce biodiesel. [7-10]. For decades,
biodiesel has been evaluated as a substitute for
diesel fuel. Biodiesel can be produced in four
different ways. Processes include thermal
cracking, blending, microemulsions, and
transesterification [11]. Since it can be used in
engines without any changes, biodiesel has
long been a powerful alternative fuel in our
lives. Many countries have used biodiesel with
various regulations they have implemented.
According to BP Statistical Review of World
Energy 2022, global total biodiesel production
in 2021 was 734 thousand barrels of oil
equivalent per day, with consumption at 787
thousand barrels of oil equivalent per day [12].
According to a recent FAO analysis,
international prices for oilseeds and associated
goods have risen dramatically in recent
months, reflecting tighter market
circumstances. The COVID-19 scenario, as
well as meteorological circumstances in South
America and Southeast Asia (especially in
light of the next La Nifia cycle), international
trade regulations, mineral oil prices, and the
future direction of national biodiesel
initiatives, are projected to impact oil crops
prices [13]. However, the possibility of a
problem related to the food supply in plant-
based production has emerged and biodiesel
production from non-edible oils has grown in
popularity. Many alternatives have been
explored in this context such as Jatropha,
Karanja, Mahua, Bay laurel, Neem,
Eucalyptus, Sisymbrium irio, Linseed,
Watermelon seed, Rubber seed, Polanga,
Sisymbrium Sophia, Yellow oleander etc [14-
16].

In the literature, scientists concentrated on
examining alternative feedstocks, performance

characteristics, optimal mixes, and additive
effects. Dmytryshyn et al. [17] evaluated a
variety of feedstocks, such as processed and
unprocessed waste frying oil, Canola oil, and
green seed oil. The largest yield was reported
to be from canola oil. The physicochemical
features of canola methyl ester and green seed
methyl ester are quite similar to those of
petrodiesel fuel. They advocated utilizing a
lubricity improver while running with green
seed biodiesel to protect the engine because it
has a low lubricity feature. Rao et al. [18] used
an electrical dynamometer to conduct testing
on a single-cylinder, 4-stroke, naturally
aspirated air-cooled diesel engine and found
that jatropha methyl ester and its blends had a
shorter ignition delay, maximum heat release
rate, and combustion duration. Apart from
NOx, other exhaust pollutants were reduced
when biodiesel was used instead of diesel. In a
four-cylinder, four-stroke direct injection
diesel engine with water cooling, Mbarawa
[19] tested clove stem oil and diesel mixtures
with a proportion of 25 and 50. There was a
modest reduction in power, an increase in SFC,
and a drop in bte. The amount of CO and HC
emissions in the smoke was dramatically
reduced. The amount of NOx emitted rose
dramatically, notably in the 50 % mixture. The
FA content of a variety of vegetable oil was
studied by Ramos et al. [20]. They discovered
that increasing the length of the carbon chain
and lowering unsaturation, increased cetane
number and oxidation stability. Puhan et al.
[21] evaluated the methyl ester of linseed oil in
a steady state direct injection diesel engine
with fuel injection pressures that vary 200, 220
and 240 bar respectively. The optimal injection
pressure was discovered to be 240 bar, and
thermal efficiency was comparable to diesel at
this pressure. CO, HC, and smoke emissions
fell; however, NOx emissions rose. Two
distinct solvent types (n-hexane and n-heptane)
were studied by Abdulvahitoglu and Aydin
[22] as additions to enhance the viscosity and
cold flow characteristics of rapeseed biodiesel.
Blends containing 5% to 10% alkenes were
found to have fuel characteristics that were
close to the typical limits of diesel fuel
standard EN 590, meaning that they may be
used directly in diesel engines. Simsek et al
[23] stated that Petroselinic acid which is
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(68.5% by weight) is an uncommon fatty acid
found in coriander (Coriandrum sativum) that
has not been identified as a significant
component in biodiesel fuels. Methyl ester of
Coriandrum sativum seed oil was shown to
exhibit exceptional oxidative stability, a
distinct fatty acid content, and qualities
appropriate for diesel engines, meeting ASTM
D6751 and EN 14214 criteria. The effects of
FAME content and biodiesel physicochemical
qualities on engine performance and emissions
are investigated by Ruhul et al. [24]. Blends of
Jatropha curcas, Calophyllum inophyllum, and
palm biodiesels were studied. In the case of
biodiesel blends reduction in brake, power was
found. There was a decline in the emissions of
Hydrocarbon and Carbon monoxide, on the
contrary, NOx emissions inclined.
Abdulvahitoglu and Tiiccar [5] assessed the
suitability of watermelon seed oil biodiesel
(WMB) as a fuel for diesel engines. Tests were
conducted on different fuel characteristic
values. The results of engine performance tests
showed that using WMB lowered pollution
levels while somewhat lowering the test
engine's torque and brake power ratings. The
ester of watermelon seed oil is suggested as a
feasible substitute fuel additive for diesel fuel
due to its ecologically friendly combustion
profile. Devarajan and Selvam evaluated
Sterculia foetida oil as a sustainable biodiesel
feedstock. Using a two-step catalytic process,
it achieves a 95.2% conversion rate. Biodiesel
blends reduce emissions, including 2.3% CO,
4.1% HC, and 1.9% smoke, highlighting its
eco-friendly potential and viability [25].
AlYammahi et al. evaluate Salicornia species
as sustainable biodiesel feedstock for
hypersaline coastal regions. S. bigelovii
showed superior oil content (20.6 wt%) and
yield potential (11,442 kg/ha), surpassing
traditional feedstocks. Both species met
ASTM D6751 and EN 14214 standards, with
advanced analyses revealing valuable insights
for future breeding. The findings highlight
Salicornia's potential as a high-yield, salt-
tolerant crop for sustainable energy on
marginal lands [26]. Rajesh et al. [27] studied
Coconut fatty acid distillate (CFAD) for
biodiesel production. Engine tests revealed
that the performance of B20 is closer to that of
diesel but emits more nitrogen oxide. They

concluded that CFAD is a promising source.
Phillip and Saini emphasized waste cooking
oils (WCOs) and waste animal fats (WAFs) as
viable biodiesel feedstocks, highlighting their
potential despite challenges. They suggest that
trasesterification is the predominant method
for biodiesel production [28]. Emmanouilidou
et al compared biodiesel from uncooked
sunflower oil and waste cooking oils, finding
similar properties that meet EN 14214
standards. However, oxidation stability and
viscosity were often outside specified limits,
highlighting the impact of feedstock type on
biodiesel performance [29]. Khan and Long
evaluated six non-edible seed oils, revealing
oil contents of 17-51%. Biodiesel quality
metrics included viscosity (2.9-5.7), density
(868-910), cetane number (49-58), and
flashpoint (137-187), indicating favorable
properties for biodiesel production from these
feedstocks [30].

According to data from the Turkish Institute of
Standards, there are 5,524,915 diesel-powered
vehicles on the road in Turkey, while the
number of gasoline-powered vehicles is
4,819,942 [31]. Diesel vehicles accounted for
34,45 percent of all vehicles on the road.
Diesel is widely used as a fuel in Turkey's
transportation industry. The Turkish economy
is heavily influenced by diesel prices.
Concerns about the impacts of climate change
and exhaust pollutants on human health, as
well as the need to reduce costs as an oil-
importing country, have pushed biodiesel
research to the forefront. The Turkish Energy
Market Regulatory Authority, on the other
hand, has implemented diesel-biodiesel
blending (at a rate of 7%) through a regulation
dated 1.1.2018 [31].

A search on the Web of Science Core
Collection with "Biodiesel" as the topic and
"fuel property" and "fatty acid" as author
keywords returns 7,363 results. This indicates
extensive research on biodiesel properties,
including cetane number, cold filter plugging
point, and other fuel characteristics, often
emphasizing engine performance and exhaust
emissions, as depicted in Figures 1 and 2
below.

Figure 1 illustrates the keywords utilized in the
search, emphasizing "Biodiesel," "Fuel
properties," and "fatty acid" as the main terms
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used to access relevant literature.
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Figure 1. Keywords utilized to access literature
(Compiled by the author)

azertaijon

Figure 2 Global interest and spread of scientific efforts
(Compiled by the author)

Figure 2 depicts the countries conducting
research in this field, illustrating the worldwide
interest and spread of scientific efforts related
to biodiesel fuel properties.

If biodiesel is to be commercialised as an
alternative fuel, it must be produced from non-
edible oils. Non-edible oils, which are not part
of human nutrition, might be taken into
account as a feedstock for biodiesel. According
to statistics from 2023, a total of 348,750
tonnes of plums were produced, with roughly
20,000 tonnes wasted and discarded as trash
accounting for approximately 5.73 percent of
the total production [31]. Within the context of
zero waste, plum harvest loss that was not
suitable for human consumption was
investigated. Therfore to lessen dependency on
fossil fuels and edible feedstocks, the core
purpose of this assessment is to demonstrate
the biodiesel potential of Prunus insititia L. by
describing the oil's composition and predicting
the fuel's qualities.

2. Material and Methods

Plums cultivated in China, Serbia, Romania,

the United States, and Turkey have a global
commercial appeal. Although production
volumes vary depending on the season and
weather conditions, Turkey ranks fifth among
plum-cultivating countries [33].

According to 2023 data, 348,750 tonnes of
plums were grown in Turkey. The
Mediterranean region (which includes the
cities of Adana, Mersin, Hatay, Isparta,
Burdur, Antalya and Osmaniye) realizes
approximately 42 percent of the plum
production with 146,161 tonnes [31]. Plum
cultivation areas as seen in Figure 3 [34].

TURKISH PLUM PRODUCTION MAP (kton)

sue wng ww \\\/ 7»/;1. ! 0 nl 2 | sulvau'\snlnnlé

Figure 4. Prunus insititia L.

Prunus insititia L. can be cultivated from the
Mediterranean coast into Norway in the north
and Russia in the northeast stretches. It extends
from the west of the Himalayas to the east to
Kashmir. This type is consumed as jam and
marmalade rather than fresh consumption.
Trees are stunted, densely branched, with more
or fewer thorns and twigs, depending on the
species plum. Flowers open with or after the
leaves. Fruits in various shapes, mostly oval,
small, bluish-black or amber-yellow, thick
cloudy, sweet or sour. Its kernels stick to the
meat or split [35]. Figure 4 illustrates Prunus
insititia L. samples collected in Pozanti (a town
near the Taurus Mountains) in the
Mediterranean region. Fatty acid
characterization was carried out using GC, and



International Journal of Automotive Engineering and Technologies, IJAET 14 (2) 86-97 90

the fatty acid profile was determined.

Prunus insititia L. kernels were prepared (see
Figure 5a) by grinding using ground
machinery (Figure 5b). The moisture content
of the ground kernels (Figure 5c¢) was found to
be 8.47 percent via the Shimadzu moisture
analyser (Figure 5d). Soxhlet (Figure 5e) was
used to extract the oil.

Figure 5. a- Prunus insititia L. kernels b- Grounding
machine c- Grounded kernels d- Moisture analyzer e-
Soxhlet device

The Prunus insititia L. kernel oil (PIO) (Fig.
6a) was analyzed by gas chromatography (GC-
FID Agilent 7890 A) as seen in Figure 6b.

Figure 6 a- Prunus insititia L. kernel oil b- GC-FID

Fatty acids, which typically include carbon
atoms between C8 and C24, make up the
majority of vegetable oil [36]. The oil contains
both saturated and unsaturated fatty acids [37].
Fatty acids, both saturated and unsaturated,
have a substantial impact on the
physicochemical properties of biodiesel. The
process of transesterification of vegetable oil
yields biodiesel [38]. Even after the
transesterification process, the fatty acid
content of vegetable oils does not change [36].
The essential characteristics of biodiesel, such
as its density, calorific value, viscosity, and
cold flow characteristics, are thus determined
by its fatty acids [36].

In order to determine whether the produced
biodiesel can be used in a diesel engine without
any problems, it is first necessary to determine
whether the quality of the fuel is within the
range specified in EN14214. For this reason,
the Biodiesel analyzer v2.2 program, which
uses empirical equations to estimate the fuel
parameters of biodiesel from fatty acids, was
used [39]. The given calculations were used to
determine the estimated biodiesel properties
[16, 40].

Cetane number is affected by iodine (IV) and
saponification (SV) values.

SV = Z (560 X N)/M (1)
IV = Z 254 X DN /M 2
hence

M: fatty ester molecular mass,

N: % ester of FA,

D: the total number of double bonds

Saturated fatty acids (SFA), polyunsaturated
fatty acids (PUFA), and monounsaturated fatty
acids (MUFA) are the three kinds of fatty acids
found in oils. Chemically, hydrogen cannot be
added to saturated fatty acids since they are
already saturated with it. SFA, which only has
one connection between carbon atoms, is
crucial to the cold flow characteristics of
biodiesel [41, 42]. Only one carbon double
bond and one hydrogen atom are present in
MUFA. This indicates that saturated fatty acids
are more stable than this fatty acid. There are
many double bonds in PUFA, and extra
hydrogen can be added [43].

After the calculation of Saponification and
Iodine values the Cetane Number (CN) can be
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calculated by equation 3.

CN = 46.3 + (5.458/SV) — (0.225 X IV) 3)
Unsaturation Grade
DU = MUFA + (2 x PUFA) (4)

MUFA: monounsaturated FA%,

PUFA: polyunsaturated FA%.

Special indices called Allylic Position
Equivalent (APE) and bis-allylic Position
Equivalent (BAPE) were created to account for
the quantity of allylic or bis-allylic carbons.
These indices seem to be more appropriate for
evaluating oxidative stability than IV [44].
Chromatographic or spectroscopic techniques
like GC or NMR can be used to determine the
BAPE and APE indices [45]. Because the
relative rate of oxidation of bis-allylic CH2
locations is substantially larger, the BAPE
value is particularly relevant for the oxidation
of unsaturated fatty molecules [44]. The
quantity and location of double bonds affect
how quickly autoxidation occurs. Compared to
allylic sites, bis-allylic sites are significantly
more susceptible to oxidation [46].

The formulas listed below were utilized to
determine the oxidation stability of biodiesel.
Equivalents of allylic position

APE = Z ap, X A., (5)
apn: the overall number of equivalent allylic
positions

Acn: FA Content
Equation 6 can be used to calculate bisallylic
position equivalents (BAPE).

BAPE = E{bpn X Acn) (6)

bpn: the overall number of Bisallylic positions
Oxidation stability (OS) can be computed
using equation 7.

0S = (117.9295/(C18:2 + €18:3) + 2.5905)  (7)
The most significant disadvantage of using
biodiesel as a fuel is its cold flow properties.
CFPP, CP, and PP are the cold flow properties
predicted [47, 48], in that order.

Saturated long-chain factor (LCSF)

LOSF = (01X C,) + (05X C) 4 (1X Gy 4 (15X L) + (2X ) (9)
Cold Filter Plugging Point = CFPP = (31417 X LCSF) - 16477 ()
Cloud Point = CP = (0526 X C,,) - 4992 (10)

Pour Point = PP = (0571 X C,,) - 1224 (1)

At 40 °C, the kinematic viscosity was
estimated from Equation 12

In(v) = LN(-12503 4 2496 X InM,,) - (0.176 x D,) (12)
with

Mwi molecular weight of FA, N; % FA, D;
double bonds quantity, respectively.

Biodiesel density is calculated by using
equation 13 (at 20°C)
p = TNI(08463 + (49/(Mwi)) + 0.118 XDi

Higher heating value can be calculated by
equation 14

HHV = ¥'Ni(46.19 — (1794 / Mwi — 0.21 X Di)

For flashpoint computation equation 15 is used
[49].

PP (0) = 205226 + 00831, ~ L7271, - 057171, ~ 035571 - 04671y, - 02287, (19)

with

xp (C16:0) ratio; xs (C18:0) ratio; x, (C18:1)
ratio; xr1 (C18:2) ratio ; xpn (C18:3) ratio; Xg
(C22:1) ratio, respectively.

3. Results and Discussion

Obtained sample of plum oil was subjected to
GC testing, and the gas chromatography
spectra of Prunus insititia kernel oil are shown
in Figure 7.
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Figure 7. GC result of Purus insititia L kernel oil (PIO)

GC analysis provides detailed information on
the hydrocarbons, fatty acid esters, and
triglycerides present in the oil, which are
crucial for understanding its fuel properties.
The X-axis represents time (minutes), while
the Y-axis represents signal intensity (pA —
picoampere). The distinct peaks indicate the
presence of specific components in the sample.
The most prominent peaks correspond to fatty
acids. The labeled main fatty acids in the
chromatogram are:

First Peak: C16:0 (Palmitic Acid) - 26.552
min. A saturated fatty acid. Increases viscosity
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and density.May negatively affect cold flow
properties but enhances oxidative stability.
Second Peak : C18:0 (Stearic Acid) - 30.761
min. Another saturated fatty acid. Contributes
to higher combustion efficiency at elevated
temperatures but may reduce fluidity.
Third Peak: C18:1 (Oleic Acid) - 32.145 min
A monounsaturated fatty acid. It improves cold
flow properties and combustion efficiency.
Fourth Peak: C18:2 (Linoleic Acid) - 34.082
min A polyunsaturated fatty acid. Enhances
cold flow characteristics but reduces oxidative
stability, potentially leading to polymerization
over time.
The fatty acid profile is based on the
corresponding data shown in Table 1.
Linoleic acid (21.405 %w), Oleic acid (61.687
%w), Palmitic acid (5.965 %w), and Stearic
acid (1.459 %w) were the primary fatty acids
found in Prunus insititia L. kernel oil.
According to Table 1, the key fatty acids that
define the characteristics of the resulting
biodiesel are linoleic acid and oleic acid, which
have the largest percentage by weight.
Prunus insititia kernel oil biodiesel fuel
parameters were predicted using the biodiesel
analyzer V2.2. Table 2 gives Saturated Fatty
acid (SFA), Bisallylic position equivalents
(BAPE), Long-chain saturated factor (LCSF),
Allylic position equivalents (APE), and %
monosaturated fatty acids (MUFA), %
polyunsaturated fatty acids (PUFA).

The estimated physiochemical values of
Prunus insititia biodiesel (PIB) are given in
Table 3.

Saturated fatty acids (C16:0, C18:0); Increase
viscosity, reduce cold flow properties.
Unsaturated fatty acids (C18:1, C18:2); Lower
viscosity, improve combustion efficiency.
Polyunsaturated fatty acids (C18:2) —
Improve cold flow but may require antioxidant
additives for stability.

This GC analysis indicates that the oil sample
has a suitable fatty acid profile for biodiesel
production:

A balanced ratio of saturated and unsaturated
fatty acids.

A higher proportion of unsaturated fatty acids
improves cold flow properties.

Oxidative stability may need to be enhanced
using antioxidants.

Biodiesel instability is caused by oxidation
stability (OS), which is defined as the
unsaturation of the biodiesel ester molecule
[50]. The biodiesel gets increasingly unstable
as the unsaturation of the FA chain increases.
As a result, the rate of oxidation is determined
by the location and amount of allylic and bis-
allylic methylene groups adjacent to the double
bond. OS is anticipated to be 8.093 hours,
which is within the biodiesel standard range
[51].

Total unsaturated fat is measured by the iodine
value [50]. PIB has an iodine value of 95.55,
which is less than the biodiesel standard's
maximum iodine value.

PIB has a saponification value of 184.28,
which is inversely linked to the average
molecular mass of the glycerides in plum oil
[16].

Table 1. Fatty acids (FA) profile of Prunus insititia L. kernel oil

FA % w FA % w

Butyric (C4:0) 0.098+0.00 Hexanoic (C6:0) 0.077+0.00
Caprylic (C8:0) 0.014+0.00 Capric (C10:0) 0.020+0.00
Lauric (C12:0) 0.011£0.00 Myristic (C14:0) 0.067+0.00
Pentadeanoic (C15:0) 0.019+0.00 Palmitic (16:0) 5.965+0.14
Palmitioleic (C16:1) 0.079+0.01 Margaric (C17:0) 0.036+0.00
Stearic (18:0) 1.459+0.06 Oleic (C18:1) 61.687+1.46
Linoleic (18:2) 21.405+1.02 Linolenic (18:3) 0.027+0.00
Eicosenoic (C20:1) 0.099+0.02 Behenic (C22:0) 0.042+0.00
Docosahexaenoic (C22:6) 0.036+0.00 Lignoceric(C24:0) 0.027+0.00
Ervonic (24:1) 0.277+0.03 Ecucic (C22:1) 0.198+0.01

Table 2. Results of predicted values

SFA MUFA PUFA DU

LCSF APE BAPE

7.833  62.857  21.468  105.792

1.442 104.730  21.639
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Table 3. Estimated physiochemical values of PIB

Value Diesel (EN 590)*  Biodiesel (EN 14214)* PIB
Oxidation Stability 25 g/m? max 8 hrs min 8.093
Cetane Number 51 51 54314
Iodine Value max - 120' g lod/100g 95.550
Kinematic Viscosity (mm?/s) 2.0-4.5 3.5-5.0 3.481
Higher Heating Value
(MJ/kg) - - 36.420
Density (kg/m?) 820-845 860-900 809
Saponification Value - - 184.936
Flash Point (°C) 55 101 160.083
Pour Point (°C) - - -8.834
Cold Filter Plugging Point a a 11.947
(°O)
Cloud Point (°C) 2 2 -1.854

Cetane is affected by iodine and saponification
levels. Being a dimensionless descriptor of a
diesel fuel's ignition quality CN is very
important. CN shows the potential for self-
ignition. A high cetane number indicates a
rapid self-ignition [50] PIB has an estimated
cetane number as 54.314 which is above the
Biodiesel standard which means delay time is
reduced.

The resistance of one component of a
substance moving over another section of the
same substance is defined as viscosity. If the
viscosity of the fuel is low, leakage will result
in a loss of engine power PIB has a calculated
viscosity of 3.481 mm?/s, which is slightly
below (0.542%) minimum of the biodiesel
regulations. Low-viscosity fuels generally
result in better atomization, characterized by
smaller droplet sizes and more uniform
patterns. This is due to enchanced droplet
breakup and reduced droplet aggregation,
which are crucial for efficient combustion [52,
53]. Imroved atomization leads to more
complete fuel burns, which can enchance
combustion efficiency. This is because smaller
droplets have a larger surface area relative to
their volume, facilitating faster evaporation
and more complete mixing with air [54, 55,
56]. Better atomization and more complete
combustion can lead to reduced soot and other
particulate emissions. This is particularly
beneficial in reucing the environmental impact
of combustion engines [55,57,58]. While low
viscosity improves atomization, it can also lead
to issues such as fuel leakage and power loss
due to insufficient lubrication and sealing in
engine components [53]. Also, the ignition
delay period is reduced because low viscosity

values promote faster atomization of the fuel
spray [50]. The use of low-viscosity fuels can
reduce emissions of nitrogen oxides (NOx) and
carbon monoxide (CO), contributing to clener
combustion processes [54,56].

Density is a key parameter. The energy content
per unit volume rises as density rises [59]. The
predicted density of PIB is 809 kg/m? which is
5.93% below the limits of the ENI14214
standard. Hence the density of PIB is low
which will cause decreasing in the energy
content. Lower fuel density can enchance air-
fuel mixing, leading to more uniform
combustion and potentially lower emissions.
This is supported by studies showing that fuels
with lower density can result in better
atomization and mixing, which is crucial for
efficient combustion and reduced emissions
[60,61,62]. Improved mixing from lower
density fuels can lead to reductions in
emissions such as soot, CO, and hydrocarbons.
For instance, better air utilization and mixing
can significantly reduce soot and othe
emissions in diesel engines [62,63]. Enhanced
mixing due to lower density can also improve
combustion efficiency, as seen in studies
where optimized mixing led to increased
power delivery and reduced specific fuel
consumption [63,64]

The projected Higher Heating Value of PIB is
36.420 MlJ/kg. PIB has less energy content
than diesel fuel. The engine produces less peak
power if fuel is used with a lower energy
content per litre [38].

The flashpoint of a fuel is the temperature at
which it produces enough vapour to generate a
flammable combination. For diesel fuel, the
temperature should be between 52 and 66
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degrees Celsius. Biodiesel's high flashpoint
(>150) suggests that it has a minimal risk of
catching fire [47]. PIB's flashpoint is
anticipated to be 160.083°C, which is greater
than the minimum value in ENI14214,
indicating that PIB is suitable for storage and
transportation.

Cold flow properties (Cloud Point, Pour Point
and Cold Flow Plugging Point) are very
important properties for biodiesel. Decreasing
temperatures promote the creation of
submicron-scale solid wax crystal nuclei that
are undetectable to the naked eye. These
crystals develop as the temperature drops
more. The temperature at which crystals
become visible is known as the cloud point
(CP), because they often produce a hazy or
foggy suspension. Larger crystals fuse and
create huge agglomerates at temperatures
below CP causing startup problems [47]. The
cloud point of PIB is estimated as -1.854 °C
which is not too low for wintertime. The pour
point (PP) is the temperature at which crystal
aggregation is prevalent enough to prevent
fluid from flowing freely [47]. The predicted
PP for PIB is -8.834 °C. The lowest
temperature at which 20 mL of oil may safely
pass through the filter in 60 seconds is known
as the Cold Flow Plugging Point (CFPP)[47].
The calculated value of CFPP for PIB is -
11.947 °C.

4. Conclusion

Several more countries are currently
attempting to reduce their reliance on foreign
energy sources. Simultaneously, biofuels have
become an absolute necessity due to the
environmental and human health
consequences of fossil fuel use. A more
attainable goal would be to use biodiesel as a
raw material from so-called oil. If biodiesel is
to be commercialised as an alternative fuel, it
must be manufactured from non-edible oils
rather than edible oils. Since price rises are to
be expected as a result of the withdrawal of
food-grade oils, which will jeopardise long-
term economic stability.

Alternative feedstocks, such as Prunus insititia
L., that were lost and discarded as food waste,
would be used at this stage. These wastes,
which currently have no economic value, could
be used as a new source of raw material for

biodiesel production. Prunus insititia L.
kernels were analyzed in this study, and the
fatty acid content was calculated numerically.
Linoleic acid, Oleic acid, Palmitic acid, and
Stearic acid were the main fatty acids in Prunus
insititia kernel oil. The key fatty acids that
determine the characteristics of the resultant
biodiesel are Linoleic acid and Oleic acid. And
the results are as follows:

J The predicted values of oxidation
stability, flash point, cold flow properties, and
cetane number were within the limits of
EN14214 standards.

. However, the viscosity was calculated
as 0.542% and the density 5.93% less than the
minimum values in the standard. The density
of 0.809 g/cm® means the biodiesel may have
slightly lower energy content than standard
diesel. More fuel may be needed to achieve the
same power output. Since the density of PIB is
low, the oxidative stability and long-term
storage durability could decrease. Antioxidant
additives can be included to enhance stability.
Lower density and better atomization could
result in higher combustion temperatures.
Result: NOx emissions may slightly increase.
This can be controlled using EGR (Exhaust
Gas Recirculation) or catalytic converters.

As a result of these issues, Prunus insititia seed
L. appears to be a viable biodiesel feedstock.
Prunus insititia kernel oil biodiesel is
suggested to be produced experimentally, and
engine performance aspects are investigated
for future research.
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This work investigated the impacts of butanol-diesel fuel blends used in
a turbocharged six-cylinder heavy-duty diesel engine on engine
performance and exhaust emission parameters. It evaluated their
optimization by using response surface methodology. The engine's
operational factors, such as engine speed and the proportion of butanol-
diesel fuel blend, have been optimized to attain optimal engine
performance and exhaust emissions. The model was designed by Central
Composite Design using Minitab software (trial version) and confirmed
by the experimental results. According to RSM, the optimum blend ratio
of butanol-diesel fuel and engine speed were 5% and 1721.4 rpm,
respectively. Optimum desirability is found as 0.6260 with a butanol-
diesel fuel blend of 5% and 1721.4 rpm engine speed for the heavy-duty
diesel engine. The responses obtained under optimal conditions were
determined as 821.19 Nm for torque, 158.1 kW for power, 895.7 ppm for
NOx, 104.05 ppm for CO, and 21.14 ppm for HC, respectively. The values
for the R? coefficient determination were 99.02%, 99.98%, 99.67%,
99.97%, and 99.95%, respectively.

Keywords: Butanol; performance; emissions; RSM; prediction; optimization.

1. Introduction

particulate matter (PM), and nitrogen oxides
(NOx) [2,3]. Researchers are compelled to

The widespread utilization of diesel engines in
automobiles, transportation, industry, and
agriculture stems from their exceptional fuel
efficiency and durability. Conversely, the use
of fossil fuels is also increasing, providing the
main fuel source for engines [1]. It is
commonly acknowledged that the main causes
of global climate change are emissions from
the burning of fossil fuels, such as carbon
monoxide (CO), carbon dioxide (CO2),

explore clean, sustainable, and economically
viable energy sources for engine applications
due to the prominent issues of climate change
and the energy crisis [4). Many researchers
have conducted studies on oxygenated fuels
because of several advantages [5-10]. It has
been demonstrated that using diesel fuel blends
with alcohols such as methanol, ethanol, and
butanol enhances engine performance,
improves engine combustion, and decreases


http://dx.doi.org/10.18245/ijaet.1565350

99 International Journal of Automotive Engineering and Technologies, ITAET 14 (2) 98-109

exhaust pollution emissions [1, 11].

Due to its superior fuel properties over lower
carbon alcohols like methanol and ethanol, N-
butanol generated from lignocellulosic
residual feedstocks is now recognized as a
promising and sustainable green energy
alternative for diesel engines [8]. Compared to
other alcohols, butanol provides several
advantages as an alternative fuel for diesel
engines because of its high cetane number,
high heating value, high miscibility, and low
vapor pressure. As a result, butanol research
has been more well-known recently. Research
on butanol-diesel blends and diesel engines has
shown that reducing exhaust emissions can be
done without a major impact on engine
performance [12, 13]. Zhu et al. [14] examined
how fuel mixes containing diesel and n-
butanol affected particulate matter (PM)
emissions using a pilot-main injection
technique. Three different mixtures, diesel,
D80B20, and D50B50, were made, and tests
were carried out experimentally with two
different injection pressures (40 MPa, 60 MPa)
and two different load levels (~30%, ~60%).
Consequently, n-butanol is a viable additive
for diesel engines since it can lower PM and
NOx emissions while influencing the soot
particles' functional groups, degree of disorder,
and oxidative reactivity. Yilmaz et. al. [15]
have found that all N-butanol blends such as
DBu5, DBu20, and DBu35 reduce both NOx
emissions and total PAH emissions when
compared to diesel fuel. Dogan [16] used a
modified single-cylinder, four-stroke,
naturally aspirated, water-cooled HS DI CI
engine to study the influence of n-
butanol/diesel fuel blends (at volumetric ratios
of 5%, 10%, 15%, and 20%) on engine
performance and exhaust emissions. The
results of the study showed that while
hydrocarbon emissions increased, nitrogen
oxide, soot, and carbon monoxide emissions
decreased as the amount of n-butanol in the
fuel blends increased.

Different optimization methodologies are
employed to utilize test results for modeling
and analyzing the system [17]. ANN, RSM,
Taguchi, and genetic algorithms are a few of
the most popular artificial intelligence-based
computer programs for optimization [18].
Response Surface Methodology (RSM) is a

statistical and mathematical technique that is
widely applied in many industries, including
manufacturing, chemistry, and engineering
[19, 20]. One of the most important advantages
of RSM is that it saves money and time by
reducing the number of experiments [21, 22].
RSM techniques have been utilized in
numerous studies in internal combustion
engine applications [22-25]. Dubey et al. [26]
looked into the possibility of using waste
soybean cooking oil (WSCO) biodiesel in
place of conventional fuel for diesel engines
used in agriculture. Response surface
methodology (RSM) was used in the study,
which varied the EGR rates of mixes of WSCO
biodiesel-diesel fuel. Ghanbari et al. [27]
examined the impact of alumina nanoparticle
concentration and engine speed in combination
on the emissions and performance of a four-
stroke, six-cylinder diesel engine. Alumina
nanoparticles were added in different ratios to
diesel-biodiesel fuel blends to form mixtures.
Response surface methodology (RSM) was
used to analyses the way various variables
interacted with the diesel engine's performance
and emissions.

The literature has revealed a lack of
comprehensive studies on the optimization of
butanol-diesel fuel blends' impacts on engine
performance and exhaust emissions in heavy-
duty diesel engines. This study aims to
minimize exhaust emissions while optimizing
engine performance values. This will be
achieved by applying the RSM technique to
optimize the butanol ratio and engine speed.

2. Material and Method
2.1. Test fuels

Blends of butanol and diesel were utilized as
fuel in the experimental testing. Diesel fuel
was blended at 5, 10, and 15% volumetric rates
to create the fuel mixes. Before the start of the
experiments, the engine underwent a 15-
minute operation using diesel fuel to reach the
operating temperature Table 1 lists the
properties of the fuels used for the
experiments.

2.2. Engine set up

A six-cylinder, four-stroke diesel engine with
an air-cooling turbocharger was used for the
experiments. Engine  performance and
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emission values have been evaluated by
running the engine at different speeds using
butanol and diesel fuel mixtures. When butanol
was used as a fuel additive in diesel engines,
the torque, power, and exhaust emissions
(NOx, CO, and HC) of butanol-diesel fuel
blends were measured. Figure 1 shows a
schematic representation of the test setup.
Technical specifications of the engine are
given in Table 2.

2.3. RSM (Response surface methodology)
RSM mathematical modelling is employed to

100

attain a heavy-duty diesel engine's optimum
engine performance and exhaust emissions.
RSM is computer-based software used for
modelling and optimizing, which has been
successfully tested in various fields and has no
limitations on its application [28, 29]. RSM
methods are frequently employed to
effectively run the engine by optimizing the
preferred output and operational parameters
[30]. Using the least necessary experiments,
the engine's performance and exhaust
emissions were assessed across a range of
input parameter variations.

Table 1. Properties of fuel

Fuel Properties Diesel Butanol
Heating value (kJ/kg) 45144 33100
A/F Ratio (-) 15 11.2
Density (kg/m?) at 20°C 0.835 0.810
Cetane Number 61 ~25
Kinematic Viscosity (mm/s?) at 40°C 2.75 2.25
Carbon/Total Mass Ratio (%) 86 64.8
Oxygen/Total Mass Ratio (%) - 21.6
Molar mass (g/mol) 174 74.12
SCR Catalyst

Engine/Emission
Control Module

l

Exhaust Gas

Urea Injector

T

Urea Tank

T

Dosing Unit

(Pump/Metering/Filtration)
Figure 1. Schematic diagram of engine setup

Table 2. Specifications of engine

Brand Cummins
Model ISBE4+250B
Type Electronic control system
Cylinder 6
Bore/Stroke 107/124 mm
Compression Ratio 17.3
Weight 485 kg
Aftertreatment SCR
Peak Torque/ Speed (1/min) 1200-1800
Rated Speed 2500 rpm
Displacement 6700cc
Power 184 kW@2500 rpm
Torque 1020Nm @1500 rpm
Oil Cooler Turbocharger & aftercooled
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Table 3. Independent parameters and their corresponding levels
Symbol Parameter Unit Level
-1 0 +1
A Butanol ratio % 5 10 15
B Engine speed rpm 1400 1800 2200
Table 4. Engine performance tests comparison between predicted and experimental values
Experimental RSM
A B:
’ Engine Torque Power Torque Power
No Butanol 0 Jd (Nm) (KW) (Nm) (kW)
ratio (%)
(rpm)
1 5 1400 848.15 136.02 853.79 135.84
2 10 1800 798.42 160.45 799.22 160.37
3 10 1800 798.42 160.45 799.22 160.37
4 10 1400 847.15 134.21 845.30 134.35
5 10 1800 798.42 160.45 799.22 160.37
6 5 2200 715.69 172.41 721.49 172.16
7 10 1800 798.42 160.45 799.22 160.37
8 10 1800 798.42 160.45 799.22 160.37
9 10 2200 712.54 170.15 710.38 170.43
10 15 2200 702.44 168.15 698.81 168.13
11 5 1500 820.45 161.54 809.02 161.98
12 15 1400 840.15 132.25 836.36 132.29
13 15 1800 781.54 158.21 788.96 158.19
Table 5. Exhaust emission tests comparison between predicted and experimental values
Experimental RSM
A:Butanol B: Engine NOx CcO HC CcoO
No . NOx (ppm HC m
ratio (%) speed rpm)  (ppm)  (ppm)  (ppm) ®P™ (ppm) (Ppm)
1 5 1400 1034 108 13.81 1031.99 107.54 13.73
2 10 1800 845 130 22.93 841.66 128.97 22.90
3 10 1800 845 130 22.93 841.66 128.97 22.90
4 10 1400 998 105 14.08 1006.53 103.92 14.06
5 10 1800 845 130 22.93 841.66 128.97 22.90
6 5 2200 725 534 26.87 723.15 529.87 26.70
7 10 1800 845 130 22.93 841.66 128.97 22.90
8 10 1800 845 130 22.93 841.66 128.97 22.90
9 10 2200 694 508 27.02 702.20 514.25 27.18
10 15 2200 687 502 27.48 680.65 499.87 27.49
11 5 1500 861 134 22.25 864.86 138.59 22.50
12 15 1400 987 100 14.12 980.49 101.54 14.22
13 15 1800 805 120 23.25 817.86 120.59 23.14

In this research, data analysis was conducted
utilizing the trial version of Minitab software,
with the central composite design (CCD) being
favored to construct a second-degree model
[31]. In this particular model, the independent
parameters selected were the ratio of butanol
and engine speed, while torque, power, and

exhaust emissions (NOx, CO, HC) were
considered dependent variables. Table 3
provides a list of independent parameters and
their corresponding levels. Figure 2 illustrates
the procedures for RSM optimization.

13 empirical trials were carried out on the
system to gather responses. The first stage of
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RSM involves establishing an appropriate
correlation between input and output
parameters. For this correlation, a second-
order equation model is applied, as shown in
Eq. 1. [32].

Yk= ﬁ(l)c+ Y BXi+ X B XE+
i=1 Xi<j BijXiX; + € ()

Y is response, B0 is the constant coefficient, Xi
are the main factors, PBii, Bij, are the linear,
quadratic, and interaction between the
variables 1 and j coefficients respectively, € is
the residual.

The obtained experimental and predicted
values of engine performance (torque, power)
and exhaust emissions (NOx, CO, HC) are
listed in Table 4 and Table 5, respectively. The
experimental quadratic polynomial models
presented below were utilized to predict engine
performance and exhaust emissions by fitting
the experimental results.

Input Parameters

+ Butanol-diesel ratio
* Engine speed

S — . L .
Choose input 'd RSM ™
parameters and \.,_____,-/J
| ovtoutresponses | l
\ Output Responses

Torque
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.

( HC
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model

Central Composite Model
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h A

Ve
Regression analysis
and ANOVA

1

Optimization

-

h S

-
Confirmation test
results

hS A

Figure 2. RSM flowchart
2.4. Desirability

Harrington introduced the desirability function
as a method for optimizing multiple responses,

and it has since been extensively employed to
optimize multiple responses simultaneously
[33]. Every response was converted into a
dimensionless desirability value (d), which
varies between d = 0, implying the response
was entirely unacceptable, and d = 1, implying
the response was more favourable [34]. It's
essential to either maximize, minimize, or keep
a constant value for the response variable being
optimized to ensure the accuracy of
comparisons made with  measurement
outcomes. As a result, researchers establish the
"response target" when developing the RSM
model [35].

3. Results and Discussions
3.1 RSM model

Numerical evidence about the probability
value is obtained through variance analysis
(ANOVA) [36]. Using variance analysis
(ANOVA), the significant values between the
input variables and responses have been
obtained. The fact that the R? values gathered
from RSM for all responses are greater than
0.95 indicates that these results are statistically
meaningful. In ANOVA results, the p-value
holds significant importance. Generally, a p-
value of 0.05 or less is considered significant.
Models with p-values exceeding 0.05 are
typically deemed insignificant. A factor is
considered to have had a significant impact on
the model if its p-value is less than 0.05 [37].
Table 6 and Table 7 demonstrate the stability
of the model analyzed using ANOVA,
respectively. According to the tables, it is
observed that the model's p-values are less than
0.0001. In Response Surface Methodology
(RSM), the primary indicators for assessing a
model are the R? and adjusted R? values. R?
values approaching 1 indicate strong
significance,  highlighting the  model's
explanatory power and goodness of fit [38].
Table 8 gives the R?, adj. R? and Pred. R?
values for the model, respectively. The R?
values for Torque, Power, NOx, CO, and HC
are respectively 99.02%, 99.98%, 99.67%,
99.97%, and 99.95%. Importantly, the fact that
all models have R? values exceeding 0.9
indicates a strong fit of the regression model to
the data. Table 9 gives the regression equations
acquired from the model for each response.
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Table 6. Variance Analysis for torque and power

Torque Power
Source F-value  P-value  F-value P-value
Model 141.94 0.000 7271.38 0.000 Significant

A-Butanol ratio (%) 14.56 0.007
B-Engine speed (rpm) 659.03 0.000

357.82 0.000
32478.93  0.000

AB 0.17 0.0060 1.00 0.351
A? 0.00 0.954 3.71 0.095
B2 20.47 0.001 2925.35 0.000
Table 7. Variance analysis for Exhaust emissions (NOy, CO, HC)
NOx CcO HC
Source F-value = P-value  F-value P-value  F-value P-value
Model 428.57 0.000 5504.41 0.000 2593.44 0.000 Significant
A-Butanol ratio (%) 49.73 0.000 37.33 0.000 28.85 0.001
B-Engine speed (rpm)  2085.14 1 19400.75  0.000 12123.26  0.000
AB 0.30 0.599 11.06 0.013 1.06 0.338
A? 0 0.954 0.08 0.783 0.90 0.374
B? 6.69 0.036 6883.19 0.000 676.16 0.000
Table 8. Model Evaluation
Model Torque Power NOx CcO HC
R? 99.02%  99.98%  99.67%  99.97%  99.95%
Adj. R? 98.33%  99.97%  99.44%  99.96%  99.91%
Pred. R”Z  90.32%  99.84%  97.64%  99.78%  99.48%

Table 9. Regression Equations for responses

Regression Equations

Torque = 677.2 - 0.64A + 0.391B - 0.009A%- 0.000134B?- 0.00066AB

Power = -80.84 - 0.041A + 0.22524B - 0.01137A2 - 0.000050B? - 0.000061AB
NOy = 1850-6.49 A-0.678B-0.012A%+ 0.000079B% + 0.00112AB

CO =2819.6 + 3.10A — 3.5098B + 0.0248A% + 0.001126B? — 0.003000 AB
HC =-53.16 + 0 0633A + 0.06740B — 0.00334A2 — 0.000014 B2 + 0.000038AB

The engine performance (power, torque) and
exhaust emissions (NOx, CO, and HC) of a
heavy-duty diesel engine running on butanol-
diesel fuel mixes were compared between
experimental and predicted values to assess the
success of the RSM model. As seen in Figure
3, all response distributions are along or close
to a straight line. The quality of model fit is
assessed by the coefficient of determination
(R?). The analysis of the regression equation
by ANOVA showed that the R? value was
0.9887. The adjusted R? and predicted R?
values were 0.9767 and 0.9461 respectively.
There is a reasonable agreement between the
predicted R? and adjusted R? values because
the difference is less than 0.2. Therefore, this
model could be used in the theoretical
prediction of the pomegranate seed oil
biodiesel production process.

Pareto chart and regression equation were
created for each response. The Pareto chart
displays the absolute magnitudes of the
standardized impacts arranged from the most
significant to  the least significant.

Additionally, it includes the vertical dashed red
line established by the model to highlight the
statistically significant effects. If the bar graph
representing selected variables lies to the right
of this line, it signifies effectiveness;
conversely, if it falls to the left, it denotes
ineffectiveness. Figure 4 demonstrates the
Pareto charts of responses respectively.
According to Figure 4 the impact of engine
speed seems to be more significant for all
responses.

3.2. Effects of input parameters on torque
and power

Figure 5 displays the effects of engine
operating variables on torque and power,
respectively. These variables are the butanol
ratio and engine speed. As can be seen from
Figure 5, increasing the amount of butanol in
diesel fuel results in decreases in torque and
power values which may be due to butanol
having a lower calorific value than diesel fuel
[39]. 3D surface and contour plot of power is
shown in Figure 6. Power increases as engine
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Figure 3. Comparison of predicted and experimental
values of all responses

speed increases. The maximum engine power
was obtained as 172.41 kW at 2200 rpm engine
speed in a 5% butanol-diesel fuel mixture. A
decrease in engine power is observed as the
ratio of butanol in the fuel mixtures increases.
Butanol has a lower calorific value compared

to diesel fuel. As the proportion of butanol in
the butanol-diesel fuel blends increases, a
decrease in engine power has been observed
due to the lower energy content of these
mixtures [40].
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3.3. Effects of input parameters on NOx,
CO, HC

As depicted in Figure 7, increasing the
proportion of butanol in fuel blends leads to a
decrease in NOx emissions. This reduction is
primarily due to butanol's high latent heat of

vaporization. The elevated latent heat of
vaporization facilitates greater heat removal
from the combustion chamber, thereby
reducing the peak temperature during
combustion [41]. Figure 8 clearly shows that
adding butanol to the blend reduces CO
emissions. This reduction is attributed to
butanol's inherent oxygen content within its
molecular structure. Diesel-butanol blends
increase the oxygen content in the air-fuel
mixture, which enhances CO oxidation and
promotes more complete combustion,
potentially lowering CO emissions [42]. The
rise in HC emissions observed when alcohol is
added to fuel blends may be linked to the
higher latent heat of vaporization characteristic
of alcohol blends. This higher latent heat
causes slower evaporation, which in turn can
result in a slower and less homogeneous fuel-
air mixture [43].
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3.4. Optimization

The optimization of engine input parameters
when using butanol as a fuel can be crucial for
maximizing performance and minimizing
emissions. = RSM  (Response  Surface
Methodology) is a statistical technique used
for optimizing processes and finding the best
combination of input variables to achieve
desired outputs. When applied to engine
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optimization, RSM can help identify the finest
engine input parameter settings for butanol-
diesel fuel blends. The results of multi-purpose
optimization obtained from RSM based on the
principle of maximizing or minimizing output
responses (Torque, Power, NOx, CO, HC).
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Table 10 provides the goals set for each

response, the lower and upper limits used, the
weights, and the importance of the factors,
which are optimization criteria. Figure 10
demonstrates the RSM optimizer outcomes.
The optimum butanol ratio and engine speed
were found as 5% and 17214 rpm,
respectively.

Table 10. Details of RSM optimization

Response Goal Lower  Upper Weight Importance
Butanol Ratio (%2) In range 5 10 1 1
Engine Speed (rpm) Inrange 1400 2200 1 1
Tork Max. 70244 84815 1 1
Power Max. 13225 17241 1 1
NOx Min. 694 1034.00 1 1
co Min. 105 534.00 1 1
HC Min. 1381 2748 1 1
Optimal Butanol ratic Engine spead
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Figure 10. RSM Optimizer
4. Conclusion

In the current study, the effects of varying
amounts of butanol additive and engine speed
on the performance and  emission
characteristics of heavy-duty diesel engines
have been investigated. The results obtained
based on the RSM optimization approach by
varying the engine speed and ratio of butanol
at various levels are provided below:

. A strong agreement was observed
between the experimental responses and the
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predictions made by the RSM.

J The regression analysis identified a
robust relationship between the independent
variables and the responses, -effectively
explaining this relationship. The coefficient of
determination R? for torque, power, NOx, CO,
and HC was found to be 99.02%, 99.98%,
99.67%, 99.97%, and 99.95%, respectively,
which indicates the success of the model.

o The experiments conducted using
Minitab software determined the optimum
conditions as a butanol ratio of 5% and an
engine speed of 1721.4 rpm. At these optimum
conditions, the torque, power, NOy, CO, and
HC emission values were determined as
821.19 rpm, 158.1 Nm, 895.7 ppm, 104.05
ppm, and 21.14 ppm, respectively.

o Pareto charts indicate that engine speed
has a more significant effect on engine
responses compared to butanol ratio.

o This study emphasizes the optimization
of the effects of butanol-diesel fuel blends on
performance and exhaust emissions in a
turbocharged diesel engine using Response
Surface Methodology (RSM). The study
demonstrates how factors such as butanol ratio
and engine speed can be optimized to improve
engine performance and reduce environmental
emissions. Furthermore, the high R? values and
ANOVA results obtained support the
reliability and validity of the model. This
research provides an important scientific
foundation for engine optimization and the use
of environmentally friendly fuels.
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In this study, we conducted an experimental investigation into how five different sparks plug
ground electrode gap settings (0.5 mm, 0.75 mm, 1.0 mm, 1.25 mm, and 1.5 mm) affect the
performance and exhaust emissions of a single-cylinder petrol engine. The experiments were
conducted on a single-cylinder, four-stroke spark-ignition engine operated at constant speed
and throttle, with a stoichiometric air—fuel mixture, and instrumented for in-cylinder
pressure and full exhaust emission analysis. Key performance metrics including brake mean
effective pressure (BMEP), brake specific fuel consumption (BSFC), and exhaust gas
temperature (EGT) were assessed, along with exhaust emissions of carbon monoxide (CO),
unburned hydrocarbons (HC), and nitrogen oxides (NOx). The engine was operated at a
constant speed and throttled with stoichiometric mixture to isolate the influence of spark
gap. Among the tested configurations, the 1.0 mm spark gap delivered the best performance,
achieving a peak brake mean effective pressure (BMEP) of 7.2 bar and the lowest BSFC of
~300 g/kWh. Emissions of CO and HC followed a U-shaped trend, minimizing at the 1.0
mm gap (CO: 0.48%, HC: 300 ppm), while NOx peaked at this same setting (~2000 ppm)
due to elevated flame temperatures. Wider gaps (1.5 mm) induced partial misfires, resulting
in increased CO and HC emissions and a 17% drop in BMEP. The results confirm that spark
gap size strongly influences combustion quality, and the optimal range of 0.9—1.0 mm offers
a practical trade-off between efficiency and emissions. Smaller or larger gaps caused
deteriorated performance: a narrow 0.5 mm gap produced weaker ignition leading to slower
combustion, while an overly wide 1.5 mm gap caused partial misfires. Consequently, CO
and HC emissions followed a U-shaped trend, minimizing at the ~1.0 mm gap and rising at
the extreme small and large gaps because of incomplete combustion at those conditions. In
contrast, NOx emissions were the lowest at the smallest and largest gaps and peaked at the
mid-gap, inversely tracking the combustion efficiency and peak temperature trends. It was
concluded that a larger spark gap improves the initial flame kernel and combustion stability
up to a point, beyond which ignition becomes erratic. The optimal spark plug gap ~0.9-1.0
mm achieved the best trade-off between complete combustion (low CO/HC) and high
thermal efficiency/BMEP, at the cost of increased NOx because of higher combustion

temperatures.

Keywords: Spark plug gap, combustion efficiency, engine emissions, brake specific fuel
consumption.

1. Introduction

Ignition by a spark plug is the initiating event
for combustion in a spark-ignition engine, and
the spark plug gap (distance between center

and ground electrodes) is known to critically
influence the ignition process. The gap must be
large enough to reliably ignite the air-fuel
mixture with a strong spark, yet not so large
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that the ignition voltage requirement causes
misfire [1,2]. In  practical engines,
manufacturers specify a gap (typically around
0.6—1.1 mm in automobiles that balances these
factors. The gap effectively sets the size of the
initial flame kernel; combustion in an SI
engine begins with a flame kernel roughly on
the order of the spark gap distance [3]. A larger
gap can create a larger initial flame kernel
volume and expose it to more mixture,
promoting faster early flame growth [1].
However, too wide a gap may strain the
ignition system’s ability to produce a spark
with sufficient energy and consistency,
especially under high pressure conditions,
potentially leading to misfires or high cycle-to-
cycle variability [4]. Conversely, a very
narrow gap concentrates the spark energy in a
small volume and can quench the flame kernel
because of proximity of the electrodes,
yielding a weak or slow-burning flame [1].

Prior studies have shown that spark gap size
has measurable effects on engine performance
and emissions. Bas et al. [5] found that
increasing the gap from 0.6 to 1.0 mm in a
single-cylinder test engine enhanced the
engine’s power and lowered BSFC (improved
fuel efficiency). Their best results were
obtained with a 1.0 mm gap (using a high-
energy ignition spark plug), which underscores
that an optimally larger gap can improve
combustion efficiency. These improvements
are often attributed to the faster and more
complete combustion from a larger initial
flame kernel and longer spark discharge
duration. On the other hand, excessively wide
gaps have been linked to negative outcomes.
Ozcelik and Giltekin [6] observed that when
the gap of an iridium spark plug was increased
beyond the stock setting (from 0.8 mm to 0.9
mm) in a small gasoline engine, the engine
experienced higher cycle-to-cycle variability,
resulting in increased vibration, noise, and a
rise in HC emissions. This points to surpassing
a certain gap threshold strains the ignition,
causing incomplete combustion in some
cycles. Another study by Bhaskar [7] focusing
on cyclic combustion variability found that an
intermediate gap (around 0.6 mm in that
engine) minimized the coefficient of variation
in IMEP, whereas both smaller and larger gaps
caused less stable combustion. The existence

of an optimal gap for stability was also noted
by Zhang and Chen [4], who showed that for a
given ignition energy there is an ideal gap that
maximizes flame kernel “quality” — too large a
gap with insufficient ignition energy caused
misfires, whereas with high ignition energy
even a large gap could be used effectively.
These findings collectively highlight that the
spark gap has a non-linear effect: moderate
increases in gap improve combustion and
performance up to an optimum, beyond which
further increase causes diminishing returns or
adverse effects.

Spark plug gaps can also interact with fuel
properties and mixture conditions. For
example, in engines running lean mixtures or
alternative fuels (which are harder to ignite), a
larger gap can be beneficial. Dave and Shaikh
[8] in a review on CNG-fueled SI engines
noted that widening the spark gap (and using
projected electrodes) was necessary to ignite
lean CNG mixtures efficiently, thereby
improving torque and efficiency in
conversions of gasoline engines to gaseous
fuel. Ceper [9] found similar advantages of
larger gaps in a hydrogen-fueled engine, where
a bigger gap extended the lean limit of
operation and improved  combustion
completeness. These contexts emphasize that
an optimal gap may depend on operating
conditions: lean or high-dilution combustion
benefits from a stronger spark (often achieved
by a wider gap or higher ignition energy),
whereas under stoichiometric conditions an
extremely large gap may not yield further
benefit and can induce misfire if the ignition
system cannot support it.

From an emissions standpoint, the spark gap
influences the formation of pollutants by
altering the completeness and temperature
profile of combustion. CO and HC primarily
result from incomplete combustion. If the
spark gap is suboptimal (too small or too
large), the flame may propagate slowly or
quench, leaving some fuel unburned (high HC)
or only partially oxidized (high CO) [10].
Conversely, a gap that promotes a robust and
timely ignition will tend to reduce CO and HC
emissions by burning the fuel more completely
within the cylinder [11].

NOx emissions, however, are mainly a function
of peak combustion temperature and oxygen
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availability. Faster and more complete
combustion (as facilitated by an optimal spark
gap) usually raises the peak flame temperature,
thus increasing thermal NOy formation [12]. A
trade-off often exists: the conditions that
minimize CO and HC (hot, efficient
combustion) tend to maximize NOx, and vice
versa. This implies that if a wider gap
significantly improves combustion efficiency,
one might observe lower CO/HC but higher
NOx. If the gap is too large and causes misfires,
NOx can drop drastically (because peak
temperatures are never reached on misfiring
cycles), while CO and HC surge because of
unburnt fuel.

In summary, existing literature implies that an
intermediate spark plug gap typically yields
better engine performance (higher
power/BMEP and lower BSFC) and lower CO
and HC emissions, whereas very small or very
large gaps can degrade performance and
worsen incomplete-combustion emissions.
NOx emissions tend to increase with improved
combustion efficiency and thus may peak at an
optimal gap and decrease at the extremes.
Building on these insights, the present
experimental study systematically examines
five gap sizes from 0.5 mm to 1.5 mm in a
controlled single-cylinder gasoline engine
environment. The goal is to quantify the trends
in BMEP, BSFC, EGT, CO, HC, and NOx
across this range and to interpret the results in
light of combustion behavior, providing a
comprehensive and internally consistent
picture of spark gap effects. While numerous
studies have examined the influence of spark
plug gap on ignition quality and engine
emissions, many are limited in scope—either
investigating a narrow range of gap values,
focusing on a subset of engine parameters, or
lacking quantitative insight into combustion
stability. Additionally, the interplay between
spark gap and combustion completeness is
often described qualitatively, without rigorous
analysis under controlled operating conditions.
To address these limitations, the present study
provides a systematic evaluation of five spark
plug ground electrode clearances (0.5 mm to
1.5 mm) in a single-cylinder spark-ignition
engine. The investigation includes
simultaneous measurement of  key
performance metrics—BMEP, BSFC, and

EGT—alongside regulated emissions (CO,
HC, NOx), all under fixed engine speed and
stoichiometric fueling. Moreover, the study
introduces a quantitative assessment of misfire
frequency based on in-cylinder pressure traces,
offering deeper insight into combustion
irregularities at extreme gap settings. The
findings establish an experimentally validated
optimal gap range (0.9—-1.0 mm) that achieves
high thermal efficiency and low CO/HC
emissions, while also delineating the trade-off
with NOyx formation. This integrated, gap-
specific analysis provides new and practically
relevant guidance for ignition system
calibration in small spark-ignition engines.

2. Materials and Methods
2.1. Engine test setup

Experiments were conducted on a single-
cylinder, four-stroke petrol engine designed
for research use (Table 1). Fuel is supplied via
port fuel injection with electronic control to
maintain a stoichiometric air-fuel ratio (A=1.0)
for all tests. The ignition system uses a coil-
and-plug configuration with a programmable
ignition timing; for all trials, the ignition
timing was fixed at 28° BTDC (MBT timing
for the baseline gap) to isolate the effect of gap
changes. The stock spark plug is a single-
electrode type (heat range suitable for this
engine) originally gapped at 0.9 mm. For this
study, the gap was adjusted to the specified
values using feeler gauges and a calibrated
bending tool. Five gap settings were tested: 0.5
mm, 0.75 mm, 1.0 mm, 1.25 mm, and 1.5 mm.
These represent a range from a very tight gap
to a very wide gap, spanning the range of
typical automotive spark plug gaps and slightly
beyond. Each gap was verified prior to
installation. The same spark plug was used for
all tests to keep electrode shape and orientation
constant (only the ground strap was bent to
adjust the gap, and a new plug was used to
start, to avoid wear or deposit effects).

The engine was coupled with an eddy-current
dynamometer (Schenck WI130, 10 kW
capacity, 0.1 Nm torque resolution) for
loading. Tests were performed at a constant
engine speed of 3000 +£ 10 RPM and at WOT
to measure maximum output (this yields a
BMEP of around 6—7 bar for the baseline). For
each spark gap setting, the throttle was kept
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fully open and the engine was allowed to
stabilize. The dynamometer was used to record
torque output, from which BMEP was
calculated (accounting for the displacement).
Fuel flow was measured with a gravimetric
fuel balance (£0.1 g accuracy), enabling
calculation of BSFC (in g/kWh). Cylinder
pressure was monitored by a piezoelectric
transducer (Kistler 6056A, 0.1°CA resolution)
to make sure consistent combustion phasing
and to detect misfires or abnormal
combustion—this also provided qualitative
insight into combustion speed and stability
(though detailed pressure analysis is beyond
the scope of this paper). An exhaust
thermocouple in the exhaust manifold (just
downstream of the exhaust valve) measured
the EGT.

Table 1. Engine specifications

Parameter Specification
Engine Brand & Model Briggs & Stratton
Single-cylinder, four-
Engine Type stroke, air-cooled SI
engine
Displacement Volume 400 cm?
Compression Ratio 8.5:1

86 mm X 68 mm
5.5 HP 3600 Rpm

Bore x Stroke
Rated Power

Test Speed 2000 RPM (constant)
Fuel Tvoe Commercial ~ unleaded
yp gasoline (RON 95)
Ignition System Trapglstorlzed magneto

1gnition

Cooling System Forced air cooling
Steady-state,

Measurement Mode L . .
stoichiometric mixture

For emissions, a heated exhaust sampling line
connected to a gas analyzer (AVL Digas 444
N-type 5-gas analyzer) bench was used (Table
2). The analyzer measured CO (vol.%) by
nondispersive infrared (NDIR), O: (vol.%) by
paramagnetic sensor, HC (ppm) by flame-
ionization detector (FID), and NOx (ppm) by
chemiluminescence. Before each gap test, the
gas analyzers were zeroed and spanned with
calibration gases. The engine was run for
several minutes at the test condition to allow
emissions to stabilize (and for any transient
effects to subside) before data recording. Each
gap condition was tested at least twice on
different days to make sure repeatability;
reported data are averages of steady readings
over a 30-second interval, after confirming that
cycle-to-cycle variability or misfire rates were

stable. If a particular gap caused evident
misfiring, longer sampling was done to get
representative  average  emissions. The
illustration of the experimental rig is shown in
Fig. 1.

Table 2. Emission measurement device specifications
Measurement  Sensitivity /

Parameter

Range Resolution
CO 0-10 vol.% 0.01 vol.%
HC 0-10000 ppm 1 ppm
NOx 0-5000 ppm 1 ppm
0O, 0-25 vol.% 0.01 vol.%

BMEP Fuel
Sensor consumption  Exhaustgas
sensor  temperature sen

Spark
Plug Computer

Dynamometer

Exhaust
gas
analyzer-

Exhaust gas
analyzer

Single-Cylinder
Petrol Engine

Fig. 1. Schematic of the experimental set-up

2.2. Experimental procedure

The engine was first baseline-tested at the
manufacturer’s recommended gap (~0.9-1.0
mm, actual measured ~0.95 mm). Then, the
gap was reduced to 0.5 mm and gradually
increased in steps: 0.75 mm, 1.0 mm, 1.25 mm,
1.5 mm (the plug was removed and regapped
for each test). Between each configuration
change, the engine was briefly motored and
then fired to make sure any residual effects of
the previous combustion conditions were
minimized. Engine oil temperature and coolant
temperature were kept around normal
operating range (~85°C coolant) to make sure
consistency. The ignition coil’s dwell time was
kept constant; the coil is rated to deliver ~40
mJ spark energy at 0.9 mm gap — at larger gaps
the delivered energy may drop if the coil
cannot  increase  voltage  sufficiently,
potentially  effecting the spark. We
qualitatively monitored the ignition system — at
1.5 mm gap the coil was near its limit (some
occasional miss sparks audible at high load),
showing that this extreme gap was testing the
ignition capability.

BMEP and torque (7) are directly proportional
(Eq. 1) for each power stroke per revolution at
3000 RPM, so BMEP was used as a load-
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normalized power metric (Vs: total swept
volume of the cylinder, m*). BSFC (g/kWh)
was computed as the mass fuel flow (m7in g/h)
divided by brake power, Py in kW (Eq. 2). The
uncertainty in BSFC measurement was about
+2% considering fuel scale and torque sensor
accuracy. Emissions were corrected for any
slight differences in air-fuel ratio to make sure
comparisons were at effectively stoichiometric
combustion for all gaps. However, since
fueling was actively control caused target A=1,
differences in CO/HC are indicative of
combustion inefficiency rather than mixture
changes. NOx was measured on a dry basis and
is reported in ppm at the analyzer (which
correlates with g/kWh trends qualitatively).
Cycle variability was observed via pressure
data and noting any misfire count (an
intermittent complete misfire would show up
as a zero-pressure rise cycle and a sharp O:
increase in exhaust). At the smallest and
largest gaps, a few partial-burn or misfire
cycles were observed, whereas the mid-gap
runs were very stable. BMEP and BSFC were
calculated referring to (1) and (2) [13]:

BMEP = 4X”SXT (1)
BSFC == )
b

3. Results and Discussion
3.1. BMEP, BSFC, EGT and combustion
efficiency

The engine’s BMEP exhibited a clear peak at
an intermediate spark gap, confirming the
existence of an optimal gap for maximum
torque output. Fig. 2a shows that as the gap
was increased from 0.5 to 1.0 mm, BMEP rose
from about 6.4 bar to 7.2 bar, an increase of
roughly 12%. However, when the gap was
widened further to 1.25 mm, BMEP began to
drop, and at 1.5 mm it fell sharply to ~6.0 bar,
even lower than the 0.5 mm case. This non-
monotonic trend aligns with prior findings that
moderate  gap  enlargement  improves
combustion, but excessive gap causes misfire
or slower combustion. The low BMEP at 0.5
mm is attributable to a weaker spark—a narrow
gap, while easy to arc across, produces a very
small flame kernel. The flame likely had a
longer early growth phase and was more easily
cooled by the electrodes, leading to slower

combustion and possibly incomplete burning
by the time of exhaust opening. Consequently,
less of the fuel’s energy was converted to
useful work (lower BMEP). As the gap
increased to 0.75-1.0 mm, the spark could
initiate a larger flame kernel that grew faster,
accelerating the combustion rate. The faster
heat release meant higher peak pressure closer
to top dead center, improving torque.
Additionally, a larger gap spark has been
associated with longer spark discharge
duration and higher ignition probability in
borderline mixture conditions which could
reduce cycle-by-cycle variability and ensure
each cycle contributes good power. The 1.0
mm gap gave the highest and most consistent
BMEP in our tests, which is in line with the
manufacturer’s gap (~0.9 mm) being near-
optimal, and literature that found ~0.8—1.0 mm
optimal in similar engines [6].

When the gap was enlarged to 1.25 mm,
BMEP dropped slightly (~4% lower than
peak). At this point, although the flame kernel
was perhaps even larger, the ignition system
may have been struggling — the spark might be
weaker or the timing of ignition might be
delayed (the ignition coil may take longer to
reach breakdown voltage). There were a few
detectable instances of partial-burn cycles at
1.25 mm (manifested as slightly lower
pressures on random cycles). These occasional
partial misfires reduce the average torque. By
1.5 mm, the situation was exacerbated: the coil
was at its limit and we observed intermittent
misfires (complete failure to ignite in some
cycles) and frequent slow-burning cycles. The
engine still ran, but with notably rough
combustion. These misfires directly cause a
large BMEP drop because those cycles
contribute near-zero torque, dragging down the
average. The result was a substantial
performance deterioration at 1.5 mm gap. This
agrees with the statement that a too-wide gap
can lead to misfire and unstable operation [12].
In practical terms, this highlights that while a
mild increase in gap from stock can be
beneficial (if the ignition system is upgraded
accordingly), going beyond the recommended
range without sufficient ignition energy is
detrimental.

BSFC showed an inverse trend to BMEP, as
expected, since higher efficiency (more BMEP
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per unit fuel) translates to lower BSFC. Fig. 2b
presents the BSFC for each gap. It dropped
from about 340 g/kWh at 0.5 mm to a
minimum of 300 g/kWh at 1.0 mm, then rose
steeply to ~380 g/kWh at 1.5 mm. Lower
BSFC implies better fuel conversion
efficiency. At the 1.0 mm gap, the engine
achieved its highest thermal efficiency (around
26% if converted to efficiency), owing to the
more complete and timely combustion. This
represents roughly a 12% reduction in BSFC
compared to the tight 0.5 mm gap — a
significant improvement attributable solely to
ignition differences. Indeed, the improved
combustion because of larger gap shortened
the combustion duration and likely allowed the
engine to extract more work before the exhaust
stroke. The trend of decreasing BSFC with
increased gap (up to a point) is consistent with
the findings of [8] for CNG operation, who
observed on the order of 8-12% BSFC
reduction when increasing gap from 0.6 to 0.8
mm. In our gasoline engine case, the
improvement continued until 1.0 mm,
reinforcing that within the stable combustion
range, a bigger spark leads to more complete
burning and better efficiency. However, as the
gap went beyond optimal, BSFC worsened
drastically. At 1.5 mm, BSFC was ~27%
higher than at 1.0 mm. This large efficiency
penalty is tied to the misfire and incomplete
combustion issues at the wide gap. Essentially,
fuel was being supplied at the same rate (since
throttle and mixture were constant), but not all
of it was being converted to useful work—
some cycles didn’t burn all the fuel (or at all),
so the fuel energy was wasted (expelled as
unburnt HC or as late combustion heat in the
exhaust). This 1s evidenced by BSFC
increasing (more fuel consumed per kWh of
work) and will be corroborated by elevated
CO/HC emissions for 1.5 mm gap (discussed
later). It’s worth noting that if the ignition
energy could be increased (e.g., a higher-
power coil or longer spark duration), the 1.25—
1.5 mm gaps might have performed better [4],
in our stock ignition case, though, 1.5 mm was
beyond the limit.

Overall, the BMEP and BSFC results
collectively indicate an optimal spark gap near
0.9-1.0 mm for this engine, which maximizes
combustion efficiency and power. Gaps

smaller or larger than this optimum lead to
reduced performance: small gap because of
slow or incomplete combustion, and large gap
because of ignition failures. The data are
internally consistent; when BMEP was
highest, BSFC was lowest, and vice versa,
which is expected since at constant fueling,
higher torque output means fuel is used more
effectively, lending confidence that the
measurements accurately capture the influence
of spark gaps on combustion efficiency.

7.2t
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Fig. 2. Impact of spark plug gap on: (a) BMEP and (b)
BSFC

The exhaust gas temperature provides
additional insight into the combustion process
and energy distribution. Interestingly, in our
experiments the EGT decreased as the spark
gap increased (Fig. 3). At the tight 0.5 mm gap,
EGT was about 580°C, whereas at the optimal
1.0 mm gap it had dropped to ~540°C. With the
further enlarged 1.5 mm gap, EGT was around
500°C, making the overall trend roughly a
linear decline in EGT with increasing gap size.
This may seem counter-intuitive at first, since
one might expect that a more complete,
efficient combustion (at larger gap) would
release more heat. However, the key is where
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that heat goes — either into useful work or out
the exhaust. A high EGT at 0.5 mm reflects
that a significant portion of the fuel’s energy is
leaving with the exhaust, likely because
combustion was still incomplete or still
burning during the exhaust stroke. In other
words, a slow burn can push more of the heat
into the exhaust rather than converting it to
pressure during expansion. At 1.0 mm gap,
combustion was faster and ended earlier in the
cycle, allowing the gases to expand and cool
more before the exhaust valve opened, thus
EGT was lower despite overall higher
combustion temperatures during the cycle.
This implies improved conversion of fuel
energy into work (and some into cylinder wall
heat perhaps) rather than heat carried by
exhaust. Our results mirror that—EGT went
down as gap increased from 0.5 to 1.25 mm
because of more complete combustion and less
post-combustion heat loss.

At the extreme of 1.5 mm gap, EGT was lowest
(~500°C). In this case, the low EGT is
explained differently: with frequent misfires,
many cycles had no combustion or very late
combustion (after the exhaust opened). In a
pure misfire cycle, unburnt air-fuel mixture
would exhaust at near room temperature
(which drastically lowers average EGT). Even
partial burns would produce cooler exhaust
because the burning might happen very late
(some fuel may even burn in the exhaust
manifold or not at all). The high CO and HC
emissions observed at 1.5 mm (next section)
support this interpretation. Essentially, EGT at
1.5 mm was low not because the engine was
efficient (quite the opposite, BSFC was poor),
but because so much fuel was not being burned
at the proper time. This highlights an important
point: low EGT can signify high efficiency or
severe misfire, and one must use other data
(BSFC, emissions) to distinguish. In our series,
the monotonic decline of EGT with gap was a
combination of both effects: the initial decline
(580—540°C from 0.5 to 1.0 mm) signaled
increasing efficiency, while the further decline
(540—500°C at 1.5 mm) signaled incomplete
combustion. If we had an intermediate gap like
~1.3 mm with minimal misfires, we might
have seen EGT flatten out or even rise slightly
if efficiency dropped without massive misfire.
But at 1.5 mm, the misfire dominated.

A more efficient engine extracts more energy
in-cylinder (raising indicated work and maybe
coolant heat slightly) and leaves less in the
exhaust. This has practical implications: a
properly gapped spark plug can reduce exhaust
thermal  load,  potentially  benefiting
turbocharger durability or catalyst warm-up
strategies, but it might also reduce exhaust
enthalpy available for turbocharging. The EGT
data corroborate the BSFC findings — the 1.0
mm gap run had the highest efficiency (lowest
BSFC) and indeed one of the lowest EGTs,
indicative of minimal wasted heat.
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Fig. 3. EGT measured at the exhaust manifold for each
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Fig. 4. CO and HC emissions as a function of spark
plug gap

3.2. Assessment of CO, HC, and NOx

The emissions of CO and HC are indicators of
incomplete combustion. Fig. 4 shows the
measured CO (as a percentage of exhaust gas)
and HC (in ppm) for the different gaps. The
data show a strong dependence on spark gap,
with a clear minimum in CO and HC at the 1.0
mm gap — the same gap that gave best
performance. At 0.5 mm, CO was about 2.0%
vol and HC around 600 ppm. As the gap was
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increased to 0.75 mm, both emissions dropped
markedly (CO ~1.0%, HC ~400 ppm). At the
optimal 1.0 mm gap, CO reached its lowest
value of 0.5%, and HC likewise hit a minimum
~300 ppm. However, when the gap was further
widened to 1.25 mm, CO and HC rose again
(CO ~0.8%, HC ~400 ppm), and at the extreme
1.5 mm gap they spiked to the highest levels of
the series (CO ~2.5%, HC ~1000 ppm). This
U-shaped pattern (high at both small and large
gap, low in the middle) is a hallmark of how
ignition quality affects combustion
completeness. To provide a more quantitative
basis for the observed emission spikes at the
1.5 mm spark gap, the misfire frequency was
estimated using cylinder pressure traces
recorded from the piezoelectric transducer. A
cycle was considered a misfire if no discernible
pressure rise was observed within the expected
crank angle window after ignition. Based on
10,000-cycle data sampling, the estimated
misfire rate at 1.5 mm was approximately 18
misfires per 1000 cycles (1.8%). For the 1.25
mm gap, the rate was reduced to about 5
misfires per 1000 cycles, while at 1.0 mm and
lower, misfire frequency was negligible. These
quantitative results correlate well with the
sharp increases in CO and HC emissions at
extreme spark gaps, confirming that
incomplete combustion and total misfire
events are the primary contributors. This also
aligns with literature findings that identify
misfire thresholds at high spark energy
demand conditions [14].

The elevated CO and HC at 0.5 mm indicate
that a significant fraction of fuel was not fully
oxidized in the cylinder. Likely causes include
flame quenching near the walls and electrodes
because of the weak, small flame kernel,
leading to pockets of unburned fuel-air mixture
or partially reacted zones. A small gap might
cause the flame to develop more slowly and
even extinguish in the vicinity of the plug,
leaving fuel that later oxidizes partially
(producing CO) or exits unburnt (HC). The CO
at 2% 1is quite high for stoichiometric
combustion, suggesting some regions were
effectively rich (locally fuel-rich combustion
or incomplete mixing leading to CO
formation). The HC of 600 ppm is also
relatively high, reinforcing that not all
hydrocarbons were consumed.

As the gap increased to 1.0 mm, the sharp drop
in CO/HC reflects much more complete
combustion. The 0.5% CO at 1.0 mm
approaches what one might see in a well-tuned
stoichiometric engine with near-complete
combustion (some small CO presence is
normal even at stoichiometry because of
chemical equilibrium). The HC at 300 ppm
implies a very good burn with minimal unburnt
fuel (this level might be close to the limits
imposed by oil-derived hydrocarbons and
crevice storage effects). These minima
coincide with the optimal gap that gave highest
combustion efficiency, which makes sense—
when the engine converts most of the fuel to
CO: and H:O in-cylinder, there is little CO or
HC left in exhaust. In fact, at the 1.0 mm gap,
the measured oxygen in exhaust was near zero
and CO: highest, confirming almost complete
combustion. The combined reduction of CO
and HC underscores that the 1.0 mm gap
optimizes the combustion process.

Beyond 1.0 mm, the rise in CO and HC signals
the onset of incomplete combustion again, but
because of different reasons than at 0.5 mm. At
1.25 mm, the increase was modest but notable,
suggesting that a small fraction of cycles was
not burning as well (consistent with slight
BMEP decline). By 1.5 mm, CO and HC
jumped dramatically. The HC level of ~1000
ppm and CO of ~2.5% indicate very poor
combustion — indeed, these are values typically
seen during misfire or very rich combustion.
Given that our mixture was stoichiometric, rich
pockets are unlikely; rather, the high CO
implies partial oxidation of fuel in a lot of the
cycles (e.g., the flame started but couldn’t
finish burning the charge, producing CO) and
the extremely high HC implies many cycles
where fuel remained nearly unburnt. We
observed raw fuel odor and erratic running at
1.5 mm, confirming misfire. It’s likely that in
some cycles the mixture never ignited
(contributing directly to high HC and O: in
exhaust), and in others it ignited late and burnt
incompletely (leading to CO).

In summary, CO and HC emissions were
minimized at the optimal gap where
combustion was fastest and most complete,
and they were significantly higher at the
smallest and largest gaps because of,
respectively, flame quenching/slow burn and
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misfire/partial burns. This U-shaped response
is internally consistent with our performance
data: poor combustion (low BMEP, high
BSFC) at 0.5 and 1.5 mm gaps corresponded
to high CO/HC, whereas good combustion
(high BMEP, low BSFC) at 1.0 mm gave low
CO/HC. Practically, this points to that keeping
the spark plug at its proper gap is important not
just for power but also for emissions; a plug
gap that drifts too far (e.g., widening with
wear) could significantly increase pollutant
emissions.
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Fig. 5. NOx emissions versus spark plug gap

The formation of NOy is intimately tied to
combustion temperature and the duration of
high-temperature  residence  time. The
measured NOx emissions (Fig. 5) complement
the story told by CO and HC. We observed that
NOx emissions were inversely U-shaped with
respect to spark gap: they were relatively low
at the extremes and peaked at the middle gap.
Specifically, NOx was about 1200 ppm at 0.5
mm, rose to ~2000 ppm at 1.0 mm, and then
fell to roughly 800 ppm at 1.5 mm. The highest
NOx occurred at the 1.0 mm gap — the same
setting that gave the most complete and hottest
combustion. This is expected: NOx (mostly NO
in the exhaust) is produced via the thermal
Zeldovich mechanism in the flame, which
accelerates at high flame temperatures
(typically significant above ~1800 K) [15-18].
When the spark gap was optimal and
combustion was fast and complete, the flame
temperatures likely reached their highest,
promoting NOy formation. Also, at this setting,
virtually every cycle burned near perfectly, so
there were many high-temperature cycles
contributing to NOx. The peak of ~2000 ppm
in our single-cylinder engine at WOT

stoichiometric is in a reasonable range for NOx
(could be higher in a multi-cylinder engine
with later combustion phasing optimized for
NOx, but our timing was set for torque, which
tends to produce more NOx).

At the 0.5 mm gap, NOx was significantly
lower (1200 ppm, about 40% lower than at 1.0
mm). This can be explained by the slower, less
complete combustion producing lower peak
temperatures and possibly longer combustion
duration (which ironically can give more time
for NOy, but if temperature never got very
high, the effect of time is secondary). The
flame might have been cooling against
surfaces and still burning during expansion,
resulting in less of the high-temperature
window needed for NOx. Essentially, many
parts of the mixture may have either burned at
lower-than-ideal temperatures or not at all,
limiting NOx formation. Although 1200 ppm is
not “low” in an absolute sense, within our
context it is low relative to the optimal case.
The trend that improved combustion (from 0.5
to 1.0 mm gap) increases NOx is well-
understood: other researchers have noted that
strategies which reduce CO/HC (like better
ignition or combustion timing) often increase
NOx because of higher combustion
temperatures [1].

At the 1.5 mm gap, NOx dropped even more
dramatically to ~800 ppm, the lowest of all
cases. This is clearly because of the misfires
and incomplete burns at that large gap — many
cycles did not reach the temperature needed to
generate NOx. When a misfire occurs, that
cycle’s NOx contribution is essentially zero (no
combustion, no thermal NOx). Even cycles that
did burn likely had lower peak pressure and
temperature (as indicated by lower BMEP and
some late combustion), which means NOx
kinetics were much less favorable. The very
high HC and CO at 1.5 mm also suggest lower
combustion temperatures (as fuel didn’t fully
oxidize). Thus, NOx formation was highly
suppressed. One might say the engine at 1.5
mm was “too cold” in-cylinder to make NOx—
the opposite of the 1.0 mm case which was hot
and efficient but NOx-rich. This inverse
relationship between NOx and CO/HC is a
common feature of combustion systems
tuning: our data reflects the classic emissions
trade-off curve (often depicted as a “lean burn”
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trade-off or ignition energy trade-off). When
spark gap was optimal, high flame temperature
and oxygen availability caused high NOy, but
when the gap was suboptimal, flame
temperatures were lower or combustion
incomplete, yielding lower NOx but higher
CO/HC. On the other hand, engine misfire is
known to drastically cut NOx (which is one
reason vehicles with misfiring cylinders often
pass NOx emissions but fail HC/CO). Our
result at 1.5 mm is essentially an example of
that scenario.

Importantly, while a very low NOx output was
achieved at 1.5 mm gap, it came at an
unacceptable cost of poor performance and
high CO/HC. In real engine calibration, one
balances these: one might not always run at the
absolute NOx-minimizing condition if it causes
too much CO/HC or fuel penalty. Our results
reinforce that the spark gap can be considered
an emissions tuning parameter to some extent
— a smaller gap might reduce NOx but at the
expense of fuel economy and HC/CO (not a
favorable trade-off in most cases). Therefore,
maintaining the optimal gap and controlling
NOx via other means (like EGR or
aftertreatment) is the practical solution. The
summary of the findings is given in Table 3.

Table 3. Summary of the results and discussion
Electrode

Evaluation
clearance

. Weak ignition

. Slow flame development
Small . Low BMEP
(0.5 mm) . High BSFC

. High CO and HC

. Limited NOx

3 Enough flame kernel

. . Highest BMEP

Intermediate

3 Lowest BSFC
(0.9-1.0 mm) .

. Minimum CO and HC

. Maximum NOx

. High misfire tendency
Large 3 Drastically reduced engine
(1.25-1.5 power
mm) . Soared HC/CO

. Lowest NOx

These observations align with the concept of a
spark gap “window” for optimal engine
operation. If the gap is too narrow or too wide,
combustion quality suffers, albeit for different
reasons. Our data empirically confirm the
existence of such a window and place it around

0.9—1.0 mm for this particular engine.

It is also instructive to compare how changing
the gap parallels other ways of influencing
combustion. For instance, retarding ignition
timing or EGR can also reduce peak
temperatures and NOy but at a fuel efficiency
penalty, somewhat akin to using a smaller gap
(leading to cooler, incomplete burns). On the
flip side, increasing ignition energy (like using
a high-energy ignition coil or multi-spark)
could extend the benefits of a larger gap
without the misfire drawback — effectively
pushing the optimal point further out. Some
modern engines and racing applications do run
larger gaps (=1.1 mm) in conjunction with
powerful ignition systems to gain a few
percentage points of efficiency.

Our results support that approach: if misfires
can be avoided, a larger gap clearly improved
performance and emissions (CO/HC) up to the
point of ignition failure. The synergy between
ignition energy and gap is highlighted by [3]:
at low ignition energy, a gap of 1.2 mm was
unstable, whereas at high energy it was stable.
In our case, at the stock energy, 1.2 mm was
barely stable and 1.5 mm unstable; a stronger
ignition might make 1.5 mm viable and
possibly  further reduce HC/CO while
maintaining low BSFC — likely at the cost of
even higher NOx unless other mitigation is
used.

The emissions results also emphasize why
regular maintenance of spark plugs (to make
sure proper gap) is important. Over time,
electrode erosion widens the gap; a plug that
erodes from 0.9 mm toward 1.5 mm will
gradually cause the engine to experience the
symptoms we saw: rising HC/CO emissions,
misfire, loss of power, and poor fuel economy.
This study quantifies how bad it can get at 1.5
mm — effectively a severely worn plug
scenario. It also quantifies the other extreme of
a too-narrow gap which might occur if a plug
is accidentally gapped incorrectly or if a
maladjustment occurs.

The optimal gap delivered the best
combination of low fuel consumption and low
incomplete combustion products (HC, CO)
because of superior flame propagation,
whereas suboptimal gaps caused a loss in one
or more aspects (either efficiency or emissions
or both). The increase of NOx with improved
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combustion is expected from the temperature
sensitivity of NOx formation.

Each measurement (BMEP, BSFC, EGT, CO,
HC, NO) supports the explanation for the
others, giving a coherent overall interpretation.
We also cross-validated our findings with
literature at each step, finding good qualitative
and quantitative agreement, which adds
confidence that these trends are broadly
applicable to SI engines (with potential shifts
in the exact optimal gap depending on ignition
system strength and engine geometry).

4. Conclusions

This experimental investigation assessed the
influence of spark plug gap on engine
performance and emissions using a single-
cylinder petrol engine, with five discrete gap
settings from 0.5 mm up to 1.5 mm. The
following key conclusions are drawn, all of
which are supported by the observed data and
align with prior research:

. Optimal gap for performance: There
exists an optimal spark plug gap (around 0.9—
1.0 mm in this engine) that maximizes
combustion efficiency. At this gap, the engine
achieved the highest BMEP (~7.2 bar) and
lowest BSFC (~300 g/kWh), corresponding to
the best fuel conversion efficiency. Gaps
smaller or larger than this optimal caused a
decline in performance (up to ~17% lower
BMEP and ~27% higher BSFC at 0.5 mm and
1.5 mm gaps) because of suboptimal
combustion dynamics. This confirms that
proper gap setting is critical for peak engine
output.

. Effect of small vs large gaps: A too-
small gap (0.5 mm) produced a weak spark that
caused slower, prolonged combustion and
partial flame quenching. This caused
incomplete fuel burn — evidenced by higher
CO (2.0%) and HC (~600 ppm) — and a loss of
power. A too large gap (1.5 mm) exceeded the
ignition system’s capability, causing frequent
misfires and very erratic combustion. This
drastically increased HC (~1000 ppm) and CO
(~2.5%) emissions and reduced BMEP. Thus,
both extremes caused higher levels of
incomplete  combustion by  different
mechanisms (flame quench vs. misfire). The
engine operated best in a moderate gap range
where the spark was strong enough to ignite

the mixture reliably but not so demanding as to
fail ignition.

. CO and HC emissions minimization:
The study showed that CO and HC emissions
can be minimized by using the optimal gap. At
1.0 mm gap, CO dropped to 0.5% and HC to
~300 ppm — roughly half to one-third of the
values at the extreme gaps. This underscores
that proper spark gapping improves
combustion  completeness,  significantly
reducing these harmful emissions. It was
shown that deviating from the ideal gap in
either direction will raise CO/HC because of
less complete combustion.

. NOx emissions trade-off:  NOx
emissions were found to be inversely related to
CO and HC with respect to gap changes. The
highest NOx (~2000 ppm) occurred at the 1.0
mm gap where combustion was hottest and
most efficient, whereas NOx was much lower
at 0.5 mm and 1.5 mm because of cooler
combustion or misfire. This highlights the
classic trade-off: optimizing fuel efficiency
and low CO/HC tends to increase NOx due to
higher combustion temperatures. Any ignition
improvement strategy (like widening gap or
increasing spark energy) should therefore
consider NOx mitigation (e.g., via EGR or
spark timing adjustments) if necessary.

. Exhaust temperature and energy
distribution: As the spark gap was optimized,
exhaust gas temperature decreased (580°C at
0.5 mm to 540°C at 1.0 mm) showing more
energy converted to work and less wasted as
exhaust heat. Extremely large gap caused low
EGT (~500°C) primarily because of misfire
(unburnt mixture cooling the exhaust). Thus,
EGT data corroborate the shift in energy
utilization — efficient combustion yields cooler
exhaust despite higher internal temperatures,
whereas misfire yields cool exhaust because of
lack of combustion.

. Consistency  with literature:  All
observed trends — improvement of power and
efficiency with increasing gap up to an
optimum, U-shaped CO/HC responses, and
opposite NOyx behavior — are consistent with
previously published experimental studies.
This consistency lends validity to the results. It
also points to that the findings are
generalizable to other SI engines: typically, an
optimal gap exists near manufacturer spec, and
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significant deviation will hurt performance
and/or emissions.

. Practical implications: Maintaining the
spark plug at its proper gap is essential for
sustained engine performance and emissions
compliance. A gap that becomes too wide with
wear will cause misfires, increased fuel
consumption, and high HC/CO emissions as
our 1.5 mm results vividly show. Similarly,
using an incorrect (too small) gap setting to
“fix” misfires can actually degrade efficiency
and is not recommended except to resolve very
specific ignition problems. Engine tuners may
exploit a slightly larger gap (within the ignition
system’s capability) to gain efficiency and
power, as evidenced by the gains from
0.5—1.0 mm in this study but should monitor
for NOx increases and ensure the ignition
energy is sufficient to avoid misfire.

In conclusion, the spark plug gap exerts a
significant influence on the combustion
process in SI engines. By providing a larger
initial flame kernel, a properly widened gap
can enhance flame propagation, improve
engine efficiency, and reduce incomplete
combustion emissions (CO, HC). However,
exceeding the ignition system’s limits with an
overly large gap leads to instability and
performance collapse. There is therefore an
optimal gap range that yields the best
compromise. The experimental results
presented in this paper quantify these effects in
detail for a single-cylinder engine, reinforcing
the importance of ignition system optimization
as a means to improve engine performance and
emissions. Importantly, the study introduces a
quantitative analysis of misfire frequency,
strengthening the causal link between gap-
induced combustion instability and emission
behavior. These results define a practical and
experimentally validated spark plug gap range
(~0.9-1.0 mm) that balances engine
performance with emissions compliance. The
findings provide both a methodological
advancement and an actionable
recommendation for engine designers and
calibration engineers seeking to optimize
ignition systems under modern emissions
constraints. Future work could explore
coupling a high-energy ignition source with
larger gaps to see if the benefits can be
extended without incurring misfire, as well as

testing at different engine speeds, loads, and
with lean mixtures to map out a full regime of
gap effects. In addition, future investigations
could benefit from examining the combined
effects of spark plug gap size and ignition
energy level on combustion performance and
emissions. As spark energy demand increases
with gap size, a controlled increase in ignition
energy may counteract misfire tendencies or
extend the stable gap range. Conversely,
elevated ignition energy may exacerbate NOx
formation under stoichiometric or lean
conditions. A detailed parametric study across
a matrix of gap—energy combinations would
provide valuable insight into the optimal
ignition strategies for advanced SI engine
operation. Nevertheless, the trends observed
here serve as a valuable guideline for engineers
and researchers in understanding and
leveraging spark plug gaps as a tunable
parameter in engine design and maintenance.

Nomenclature

Symbol Description

BMEP Brake Mean Effective Pressure
(bar)

BSFC  Brake Specific Fuel Consumption
(g/kWh)

EGT Exhaust Gas Temperature (°C)

CO Carbon Monoxide (%)

HC Unburned Hydrocarbons (ppm)

NO«x Nitrogen Oxides (ppm)

T Brake Torque (Nm)

N Engine Speed (RPM)

Vs Swept Volume or Displacement

Volume (m?)

Py Brake Power Output (kW)

my Fuel Mass Flow Rate (g/h)

A Air-Fuel Ratio Equivalence Ratio
CRediT Taxonomy
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In this study, the impact of improvements and modifications to the chassis
framework components, referred to as the Body-in-White (BIW), during
the transition from internal combustion engine (ICE) vehicles to electric
vehicles (EVs) is examined. Additionally, the material requirements and
structural differences compared to ICE vehicles are analyzed. In this
context, the literature has been reviewed and presented in a structured flow.
The battery requirement of EVs emerges as a factor that increases weight
compared to internal combustion engine vehicles. Although advancements
in battery technologies have improved the maximum driving range of
vehicles, they remain insufficient on their own, necessitating additional
efforts towards vehicle lightweighting. The integration of these
lightweighting efforts with new technologies has paved the way for the
development of new production methods and assembly techniques. Studies
examining the compliance of evolving vehicle structures with safety
standards, as well as the impact of weight reduction on vehicle emissions,
highlight the necessity of addressing this transformation holistically.
Therefore, this study investigates the body-in-white structures of vehicles
produced by various manufacturers, closely analyzing the changes in
materials, weight reduction, and safety considerations during the ICE to EV
transition process. Furthermore, the new production methods—such as
pressing, welding, and assembly technologies—that companies have
integrated into their mass production lines to contribute positively to this
transition process and weight reduction have become another focal point of
research. These innovations in part manufacturing methods have also
played a significant role in the evolution of the body-in-white concept
during the ICE to EV transition.

Keywords: Body-in-White; Electrical Vehicle; Internal Combustion Engine; Light
weight Design.

1. Introduction

The historical development of EVs can be
traced back to the early 19th century. It is

known that in 1828, Anyos Jedlik created a
model car powered by a small electric motor,
followed by Robert Anderson’s prototype
electric car in 1832, which ran on non-
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rechargeable primary batteries and could reach
a maximum speed of 12 km/h [1,2]. In 1835,
Thomas Davenport produced an electric
motor-powered vehicle, which is now
considered a cornerstone in the history of
electric vehicles [3].

Figure 1.1 Examples of early EVs (A: 1828 Jedlik
design, B: 1832 Anderson design, C: 1834 Davenport
DC motor) [4,5,6]

Following the development of the electric
motor, the idea of using these motors to
provide propulsion for vehicles emerged.
Between 1897 and 1900, EVs outnumbered
ICE vehicles, accounting for 28% of all cars
[7]. These early vehicles allowed electric cars
to be briefly more popular than fossil fuel-
powered engines. However, the advancement
of internal combustion engines and the easy
access to petroleum caused EVs to fall largely
into the background by the early 20th century.
General Motors' release of the EV1 prototype
in 1996 reignited hope for EVs, gaining
significant popularity almost immediately [8].
Other major automakers, including Ford,
Toyota, and Honda, also produced electric
vehicles. The Toyota Prius, introduced to the
Japanese market in 1997, became the world’s
first mass-produced hybrid electric vehicle
(HEV) [9].

EVs have rapidly evolved into a growing
global market. Significant progress has been
made, particularly in EV  powertrain
technologies and energy efficiency, which are
seen as key components of the evolution and
transformation of these vehicles. This increase
in efficiency has also been an important factor
in extending the maximum driving range of the
vehicle [10]. In addition to advancements in
powertrain technologies and energy efficiency,
improvements and modifications to the chassis
framework components, known as the BIW,
during the transition from ICE vehicles to
BEVs, have been shown to have significant
impacts on both road and battery efficiency.
This study examines the effects of these
systems, as well as the material requirements
and structural differences compared to ICE-

supported vehicles. The current range of steel
used in vehicles addresses safety concerns in
the front, side, and rear body designs.
However, with evolving technological needs,
the use of aluminum and magnesium has been
steadily  increasing.  Furthermore, the
development of plastics and composites in
body design is encouraged, as they
demonstrate good performance in pedestrian
collision scenarios, opening the door to
research into effective recycling solutions for
these materials [11].

2. Materials and Methods
2.1 BIW concept and its role in the ICE to
EV transition process

In the literature, BIW refers to the stage in
automotive manufacturing where the body
structure is assembled before the installation of
components such as the engine, chassis, and
other subsystems. It is also referred to as the
"white body" or "unpainted body" process.
This phase involves methods like assembly,
welding, riveting, and laser brazing to form the
vehicle body [12].

Figure 2.1 BIW design and monocoque structure [12]

As the primary load-bearing structure, the BIW
constitutes a significant portion of the vehicle's
weight. Reducing BIW weight contributes
directly to the overall mass reduction of
vehicles. The BIW is a highly complex and
extensive system, so its design must take into
account various disciplines, such as structural
durability, stiffness, noise, vibration, and
safety performance. The traditional body
design process, including both preliminary and
technical design phases, is often complex.
During the transition from ICE to BEVs, the
automotive industry faces two major

challenges:
1. Meeting safety standards
2. Reducing emissions, improving fuel

efficiency, and controlling pollution
While some advancements have been made in
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battery, motor, and control technologies,
development  continues in  light of
technological progress. In this context,
automotive lightweighting has emerged as an
effective and relatively straightforward
solution to address these challenges.
Lightweight vehicles have taken a prominent
position  in  2lst-century  automotive
technology development and have become a
hot topic of research [13].

Reducing vehicle weight has become a key
area of research in the automotive industry. To
lower development costs and shorten the time-
to-market for new vehicles, it is crucial to
optimize BIW design during the concept
design phase [14].

In this context, vehicle chassis components are
typically divided into three main sections:

1. Front engine compartment
2. Passenger cabin
3. Rear trunk

Each section has its own specific purpose and
characteristics. The BIW is produced using
sheet metal, which is shaped into the desired
form and then joined using spot welding. The
resulting structure is highly rigid, and since it
operates as a unified system, it is referred to as
a monocoque. The monocoque distributes the
dynamic loads of normal vehicle operations
across its entire surface, making it a highly
intricate structure. In the event of a crash, the
monocoque transfers forces through side rails
or lateral elements to the base and roof
structures. In modern vehicles, the engine
compartment is used as a crumple zone,
designed to absorb energy during a collision
and slow down the vehicle [15]. The objectives
that automakers aim to achieve as part of the
BEV transition can be examined under key
themes.

2.2 Meeting safety standards

The expectations from safety regulatory
bodies, such as the U.S. National Highway
Traffic Safety Administration (NHTSA), the
European Safety Council, and other safety
oversight organizations, are that vehicles
continue to be built in a way that ensures
greater safety for passengers. At the same time,
automakers are increasingly focused on
enhancing the safety of travel. One of the
challenges faced by manufacturers of BEVs is

protecting the battery with minimal weight
increase due to its addition. Typically placed in
the lowest part of the vehicle, the battery pack
must be shielded from all potential leaks while
also maintaining thermal stability in the event
of a crash, as any breach could pose a serious
fire hazard [16]. In terms of vehicle body
designs, the front and rear sections of electric
vehicles exhibit several differences when
compared to ICE vehicles. These differences
can vary depending on the production
platform, brand, and model of the vehicle. At
the core of these differences are crash tests
conducted to ensure safety and the structural
integrity of the vehicle body. EVERSAFE
conducted frontal crash tests on two first-
generation vehicles (Volvo C30 and Toyota
Yaris), examining how differences in the
design of the front bumper impact vehicle
safety.

Figure 2.2 Eversafe front crash test (Top: Toyota Yaris,
Bottom: Volvo C30) [16]

As part of the test, both vehicles crash into a
fixed barrier at a speed of 48 km/h, with the
impact directed at the center of the vehicle.
Since first-generation EVs were the initial
transition from ICE vehicles, their body
compositions  had  significantly = more
similarities with ICE vehicles compared to the
current generation of EVs. Many of these early
EVs still had a transmission tunnel underneath
the vehicle, and their BIW structures remained
largely unchanged. According to this crash
test, first-generation EVs converted from ICE
vehicles failed to provide adequate
stabilization in the front area. The absence of
powertrain components and the engine block,
which are present in ICE vehicles, resulted in
increased deformation. When comparing the
two vehicles, it was observed that the front
bumper and attached components of the Volvo
C30 more effectively transmitted the impact
force. This finding indicates that the front
bumper designs in EVs need to be improved to
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enhance protection for the centrally located
battery within the vehicle body [16].

2.3 Reducing emissions, fuel efficiency and
pollution control

To combat climate change, the Paris Climate
Agreement was established in 2015 with the
goal of reducing global warming. One
approach to lowering greenhouse gas (GHG)
emissions is the adoption of BEVs. This can
decrease emissions per kilometer by up to 40%
when renewable energy is used to power BEVs
during their operational phase [17].

Vehicles, particularly in countries where
demand for automobiles is growing, are among
the most polluting sources globally. Since
2000, China has experienced a rapid increase
in automobile usage, reaching a growth rate of
17.5% [18]. Reducing fuel consumption is the
only way to control GHG emissions, as 97% of
automobile-related GHG emissions stem from
the combustion process, which is directly tied
to fuel consumption [19].

Figure 2.3 above illustrates the fuel
consumption pathways and the outcomes of
vehicle technologies for mid-sized sedans. The
current technology assesses fuel production
and vehicle technologies using existing raw
materials and process fuel mixes. Future
technologies, on the other hand, represent
advanced powertrain technologies and low-
emission fuel pathways. In this context:

Black Line: The GHG emissions associated
with current technology for the respective
pathways.

Red Line: Projected future vehicle efficiency
gains. The fuel economy improvement
estimates are based on the adoption of
advanced vehicle and powertrain technologies
within the 2030-2035 timeframe. For electric
vehicles, this line represents the state of a
vehicle using the U.S. electric grid mix in 2035
with projected future technology gains.

Blue Line: The GHG emissions associated
with the production of future technology
vehicles, amortized over the vehicle's lifetime.
This represents the lifecycle GHG emissions
from vehicle manufacturing, assuming the
vehicle operates at 0 gCOze/mile fuel. The
vehicle production assumptions here use
baseline assumptions for the electric grid mix,
materials, and vehicle production practices
from the GREET model, and do not consider
additional solutions such as electrification or
the use of low-carbon fuels for vehicle
manufacturing decarbonization.

Downward Arrows: Potential GHG emissions
reductions from low-carbon fuels and
electricity in addition to vehicle efficiency
gains. The gap between the arrows and lines
can be considered the lifecycle emissions
associated with fuel cycles or vehicle operation
[20].
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Figure 2.3 Fuel consumption rates for mid-sized sedans according to technological developments [20]
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The use of lightweight BIW structures
produced from aluminum and advanced high-
strength steel, which are increasingly
employed in the transition from internal
combustion engines to electric vehicles,
significantly = reduces  greenhouse  gas
emissions. Furthermore, the utilization of
aluminum in BIW contributes to substantial
reductions in life cycle energy consumption
and greenhouse gas emissions, while advanced
high-strength steels achieve greater energy
savings per unit mass [21]. The substitution of
steel with aluminum in automotive bodies
demonstrates  significant  potential  for
increasing energy efficiency and reducing CO»
emissions [22]. However, the adoption of
aluminum in the automotive industry faces
several challenges, including high material
costs, the design of safety structures, advanced
manufacturing technologies, and supply chain
issues [19].

2.3.1 Vehicle dynamics

Vehicle dynamics and behavior are among the
characteristics significantly influenced by
vehicle weight on performance. Many driving
parameters, such as cornering stability,
responsive suspension, high-speed stability,
acceleration, and braking, are directly
dependent on the vehicle's weight [23]. Also,
the total vehicle mass has a direct impact on
performance by increasing inertia, contributes
to environmental effects by accelerating tire
and road wear, and affects fuel efficiency due
to the higher engine load [24]. Vehicle
longitudinal dynamics describe the movement
and response of a vehicle along its longitudinal
axis. This motion encompasses various factors,
including acceleration, deceleration, velocity,
position, and the forces influencing the
vehicle's behavior [25].

(1) Rolling resistance
(2) Aerodynamic drag
(3) Internal friction
(4) Inertial force

(5) Gravitational force

Figure 2.4 Illustration of the different factors affecting
vehicle driving resistance [25]

The total tractive force Ft is given by:
Fe=F+F, + F;+F (1)

In this equation Ft represents total tractive
force(N) which sum of E,. rolling resistance
force (N), F, acceleration resistance force (N),
Fy aerodynamic drag force (N) and F;
gravitational force(N)

The rolling resistance at the wheels, is given
by:

F=fxmxg @)
Where m represent vehicle mass (kg) and g
represent acceleration due to gravity (m/s?)
The acceleration resistance is given by:
F,=mXa 3)
Where a represent vehicle acceleration (m/s?)
The aerodynamic drag, is given by:
Fy=1/5Cp X poir x v? x A (4)
Where Cp represent drag coefficient, pg;,-
represent air density (kg/m’), v represent
vehicle speed (m/s) and A represent vehicle
frontal area (m?)

Gravitational force is given by;

F,=mXx g Xsin (a) (5)
Where a represent road grade(®)

Rolling resistance coefficient is given by:
f=a+bv+cvt (6)
In equation (6), the coefficients usually have
the following values for passenger car tire [26]:
a=04

b=25x%x10"°

c=23,5x 10710

The previous equations clearly indicate that the
primary sources of resistance are directly
dependent on the mass (m).

This situation leads to improved damping
characteristics in roll motions, thereby
benefiting driving dynamics. With reduced
weight, inertial masses decrease during rolling
and yawing movements, positively affecting
steering control and the wvehicle's overall
handling behavior [27].

2.3.2 Passive Safety

Weight reduction through material substitution
and compact packaging has significant effects
on safety [28]. Detailed CAE (Computer-
Aided Engineering) analyses Noise, Vibration,
and Harshness (NVH), crash tests, and the
durability of structures demonstrate the safety
of lightweight structures [29]. Passive safety
systems are activated when a crash becomes
inevitable. Honeycomb  structures have
provided lighter and much safer options for
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advanced vehicles. These structures can be
made from aluminum and  various
thermoplastic materials. The application of
honeycomb structures depends on the required
level of safety and whether they are used on the
exterior or interior of the vehicle. As illustrated
in Figure 2.5 below, the use of honeycomb
structures clearly shows the advantage of
absorbing a large portion of the impact energy

[30].
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Figure 2.5 Impact absorption responses of honeycomb
structures based on vehicle chassis regions [30]

A lightweight material not only reduces the
weight of the BIW but also minimizes the risk
to both the occupants inside and those around
the vehicle [31]. The BIW structure, designed
with multi-material usage, has enhanced
performance while successfully reducing both
weight and cost. By combining aluminum
extrusions, castings, and steel press-formed
parts, the structure maximizes stiffness while
minimizing weight. The selection of multiple
materials in BIW manufacturing offers the best
optimization in terms of material cost and
strength, rather than choosing a single material
for the entire body [32]. The adoption of a
multi-material approach has led to a 35%
reduction in vehicle body weight [19].

2.4 Weight reduction and BEV material
usage

Weight reduction in automotive research is not
only limited to conventional fossil fuel
vehicles but also extends to the rapidly
developing electric and FCEV [19]. In recent
years, numerous studies on lightweight
automotive body components and BIW
structures have been conducted and published.
Many of these studies have shown excellent
potential for reducing mass while maintaining
performance. Achieving significant weight

reductions in vehicle packaging, while
preserving safety and performance, requires
substantial changes in the body assembly and
paint workshops. To avoid multi-material
joints and galvanic corrosion issues, material
selection in the design of lightweight vehicle
BIW structures is typically limited to a single
material, leading to "all-steel" or "all-
aluminum" designs [33]. To keep the
processing methods as simple as possible and
the final product prices as low as possible,
special high-strength steels began to be
developed in the last decades of the 20th
century. Compared to conventional steel, these
new materials have much higher strength and
meet the required levels for cutting, forming,
and weldability [34]. In this context, the
percentage of hot-stamped components in BIW
structures is steadily increasing. A clear
example of this trend can be observed in the
evolution of Volvo's BIW design. In 2002,
only 7% of the first-generation XC90 SUV was
made from hot-stamped steel; these
components were particularly used in the B-
pillars and bumper beams. By 2015, this figure
had risen to 38% in the second-generation
XC90, with more parts being produced using
Ultra High Strength Steel (UHSS). In 2015,
around 360 million hot-stamped steel parts
were produced, representing a significant
increase from the 124 million parts produced
in 2010 [35]. N
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Figure 2.6 Use of hot-stamped components in Volvo
[35]
The rise of BEVs represents another factor in
the growth of the hot stamping market. Due to
the weight of the battery itself and the
increasing demand for the protection of the
battery pack, the curb weight of a typical BEV
is approximately 10% higher than that of an
internal combustion engine vehicle [36]. This
increases the need for weight reduction,
making hot stamping a more prominent option
for BEVs. According to a recent report,

Percentage of hot-stamped parts in BiW
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automaker Hyundai Motors uses hot-stamped
steel in approximately 15% of all steel
components in its internal combustion engine
vehicles, while this figure rises to 20% for
electric vehicles. With the growing need for
lightweight  solutions in  automobile
manufacturing, third-generation advanced
high-strength steels (AHSS) have been
introduced. The design of 3rd Generation
AHSS provides both exceptional mechanical
properties such as strength and ductility at
reduced thickness while maintaining superior
safety standards compared to the first-
generation AHSS. Additionally, these steels
overcome issues such as the high costs
associated with using large amounts of
alloying elements and the decreased
weldability observed in second-generation
AHSS. A notable type among these steels is
MMn steels, which contain approximately 3-
12% Mn, 0.05-0.6% C, 0-3% Si, and 0-6% Al
[35]. A lightweight material not only reduces
the weight of the BIW but also minimizes the
risk for both the passengers inside and those
around the vehicle [31]. The BIW structure,
designed using multiple materials, has
enhanced performance while successfully
reducing both weight and cost. By utilizing a
combination of extrusion, casting, and pressed
aluminum and steel parts, stiffness has been
maximized, and weight has been minimized.
Selecting multiple materials for BIW
production provides the best optimization in
terms of material cost and strength, rather than
using a single material for the entire body. The
use of a multi-material approach has resulted
in a 35% reduction in the vehicle body’s
weight [19].

The use of aluminum in the automotive
industry has steadily increased over the years.
In the North American market, the use of
aluminum per vehicle increased from 154 kg in
2010 to 208 kg in 2020, and it is expected to
reach 258 kg by 2030. This increase is
primarily due to the growing use of aluminum
in areas such as BIW, closures, and chassis
components [37].

It is particularly observed that the use of
aluminum (alloy, casting, extrusion) and
hybrid metals is becoming increasingly
widespread. While the use of soft metals is
decreasing, the utilization of AHSS steel and

composite materials is on the rise.
According to a statement by the World Steel
Association (WSA), the types of steel used in
BEVs vary depending on technology and
needs. It is predicted that in future EVs, 48%
of the steel used will be next-generation
materials with over 1000 MPa, which will
directly impact production methods, and the
equipment used [38]. In terms of weight
reduction using steel and aluminum materials,
the use of hydroformed structures and Tailored
Blanks has been shown to provide a 25%
weight reduction compared to a standard
vehicle. Additionally, lightweight aluminum
usage offers a 50% weight reduction [39].
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Figure 2.7 General materials used in BIW(a) and the
ratio of steel materials over the years (b) [35]
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Figure 2.8 Steel types used in BEVs [38]

Studies have explored carbon fiber parts and
carbon fiber-reinforced polymers to provide
ultra-lightweight solutions, enhance crash
performance, and achieve better acoustic
properties [40]. The wuse of polymeric
materials, despite a 14% cost increase, has
reduced weight by 51% and improved
performance by 10%. Carbon Fiber Reinforced
Polymer (CFRP) has been successfully
investigated for application in lightweight
body structures for electric vehicles. The
microstructure model of carbon fiber fabric has
been examined, and the properties in each axis
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have been defined. These properties were then
applied to the Finite Element Analysis (FEA)
package, and the entire body structure was
analyzed under various loading and impact
conditions, resulting in improved crash
resistance. This CFRP structure achieved 28%
weight savings compared to Glass Fiber
Reinforced Polymer [19].

3.Results and Discussion
3.1. Transition from ICE to BEV platforms

The transition from ICE platforms to BEVs has
presented challenges, particularly around
battery protection. Passenger safety has always
been a priority that drives the scope of
engineering  improvements.  Continuous
development has been an ongoing effort across
various areas of the wvehicle, from the
advancement of AHSS for structural
components to specially designed crumple
zones and airbags.

The addition of batteries in BEVs has
introduced the need to protect the battery pack
from both overheating and intrusion. Although
each automaker has developed its own unique
approach, most have positioned the batteries in
modules and placed them at the lowest level of
the vehicle. Automakers have focused their
efforts on reducing the risk of intrusion and
crashing in the event of an accident.
Manufacturers have implemented various
design improvements in line with these
primary objectives during the BEVs transition
process.

3.1.1 EV body front-end modifications

According to the figure above, 6000 series
aluminum extrusion plates are used in region
1, while AHSS 1is applied in regions 3 and 4.
At this point, the modifications made to the
front provide a 10% deformation advantage
during a collision compared to an ICE vehicle.
The front bumper beam has been extended
laterally (along the Y-axis) and its cross-
sectional width has increased compared to ICE
vehicles. Collision boxes have been added to
the front bumper attachment to reduce impact
during a crash. The connection parts between
the front bumper and the upper body have been
extended to increase load transmission. Bolt
connections have been added to the front door
hinge pillar to increase load capacity [41].

One of the efforts to minimize the impact of
damage in the front-end sections of ICE and
BEVs has been to increase the number of front
bumper support barriers. This application has
been implemented on the Volvo XC40 model.

Figure 3.1 Ford Mustang Mach-E front support
component modifications [41]
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Figure 3.2 Volvo XC40 BIW Representation [10]
Three innovations stand out when compared to
ICE vehicles. The front bumper support group
extended using aluminum extrusion, the AHSS
steel connection group establishing a link
between this group and the vehicle's lower
chassis frame, and the aluminum extrusion
connection brackets. As part of the studies
conducted, there are other investigations that
directly affect both the vehicle's range and
weight.

Figure 3.3 Magnesium alloy cross bar production via

die casting method [42]
The example of a magnesium cross bar
produced by "GF Casting Solutions" using the
die casting method is shown in Figure 4.3
above. Magnesium alloy provides a
lightweight advantage of 37% compared to
aluminum [42].

>

Figure 3.4 Addition of front support bracket for GM
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Hummer BEVs [42]

GM has added a "K bracket" in the vacant area
on the front engine side of the ICE to enhance
the front strength of the Hummer BEV model.
This not only provides support for the trunk
located at the front of the BEV but also acts as
a shock absorber, reducing the impact that may
reach the front panel on the driver's side [42].

3.2. EV body mid-side body modifications

Within the scope of BEV, particularly
considering impact resistance, side impacts
pose a greater threat to the battery group
compared to the front and rear sections of the
vehicle. New methods and designs that
combine lightweight with robustness and
safety elements are being applied to vehicles
by manufacturers. The traditional material
used in the B-pillar of a lightweight utility
vehicle is low-carbon steel, which offers strong
safety performance at a relatively low material
cost. However, steel can be heavy compared to
lightweight composites and metals, leading to
higher fuel consumption during vehicle
operation. Opportunities for reducing the
weight of the B-pillar involve replacing steel
with alternative materials such as advanced
high-strength steel, fiber-reinforced polymer
composites, and aluminum [43].

Figufe 3.5 Volvo XC90 ICE B-Pillar replacement [10]

Volvo has 1mplemented Tailor Welded
material in the Center pillar component of the
XC90 wvehicle, which is equipped with an
internal combustion engine, in its second-
generation body design. Sheets with different
material properties and thicknesses have been
combined to form the B-pillar. This method is
also applied in the XC40 model, which is the
first-generation EV model.

Audi has implemented a "soft zone"
application on the B-Pillar. In this application,
the base of the 1500 MPa hot-pressed B-pillar
body is made of 550-650 MPa AHSS steel.
Due to its ability to dampen side impacts and
the weight reduction in the relevant part, this
design is also planned for use in future BEVs
[44].

Ford has utilized 1500-1700 MPa three-part
martensitic roll-formed sheet material in the
Mach-E model. This material is connected to
the main body using a bolt connection method,
positively contributing to energy damping.
Additionally, to achieve both lightness and
strength, vehicle manufacturers are applying
the aluminum extrusion method [41].

I 22MnBS (press hardened)
BN 22MnBS5 (unhardened)

Flgure 3.6 Audi soft zone B-Pillar [44]

Figure 3.7 Ford Mach-E Rocker design changes [41]
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Figure 3.8 BEVs Rocker de51gns [45]

The above image shows the schematic
representations of aluminum extrusion panels
used as vehicle rocker panels. The structures
indicated by A, B, and C represent multi-
chamber aluminum extrusion structures, while
D and E illustrate sheets with different
thicknesses and strength values that are
pressed together. In the component
development studies, analyses have shown that
the rocker part is examined in two main
sections: energy damping and battery
protection, depending on the manufacturing
method. The homogeneity of structures in
aluminum extrusion and the ability to alter
pore numbers through design changes provide
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advantages for vehicle manufacturers.
Additionally, the combination of different
sheets with various thicknesses and strengths
to create damping and protection layers is seen
as a continuation of the ICE production
method. However, regardless of the method
applied, the primary goal is to achieve
maximum lightness in the vehicle while
ensuring safety [45].

3.3. EV body floor structure modifications

During the transition from ICE to BEV, one of
the most notable changes in vehicle body
components occurs in the central floor section.
With the removal of the driveshaft tunnel in
2nd-generation EVs, which was present in 1st-
generation EVs, battery and battery pack
designs are playing an increasingly active role
in ensuring the structural integrity of the
vehicle body.

Figure 3.9 Vehicle floor structure design (Left:
Monocoque body, Center: Body-on-frame, right:
Skateboard architecture) [12,46,47]

As battery designs have evolved, the vehicle's
floor structure has also undergone significant
changes. The use of a skateboard-type frame
structure has become more prevalent between
Ist- and 2nd-generation BEVs. Brands such as
Audi e-tron, Nissan Leaf, Chevrolet Bolt,
Tesla Model S, and Jaguar I-Pace have started
adopting this method as part of their battery
protection  strategies.  Various  design
modifications have been implemented by
manufacturers to integrate the battery into the
vehicle and ensure its safety [48].

The most significant difference in the design of
the Jaguar I-Pace is the use of a front bumper
support block with a 45-degree angled
structure, compared to the 90-degree
connection to the main body in ICE vehicles.
This block also houses the torque box. At the
rear, a similarly angled body design helps to
evenly distribute the shock across the body in
the event of a crash. The rear torque box is
integrated into the system from the area
indicated in section 2 of the figure.

Additionally, the side rocker panels are
broader in design.

Additional front Wider reinforced
Reinforced front cross member

side rocker
longitudinal beams
- - - -

Large rear torque box

Flat central Rear seat volume optimized
wrt battery pack shape

Reinforced front
torque box floor

Figure 3.10 Jaguar I-Pace floor structure (Left: ICE,
right: BEVs) [48]

Figure 3.11 Ford Mach-E ICE-BEVs floor structure
comparison [41]

The floor geometry used in the Jaguar I-Pace
model is also observed in the Ford Mach-E
model. The front support panels connect to the
rocker panel by enclosing the torque box in a
monoblock structure.

The 2nd Protection Structure

The 1st :Fore-aft members and floor
Protection cross members
Structure

:Body sills

The 3rd Protection Structure

:High-strength battery frame
Figure 3.12 Central floor structure connections [49]

When examining the central floor structure
connections, it can be seen that protective cross
members made of UHSS steel surround the
battery. In addition to these connections, the
rocker design is also optimized to provide a
protective layer for the battery pack. In
vehicles with internal combustion engines, the
floor structures typically use 600-980 MPa
steel sheets; however, for battery protection,
these have been replaced with lighter yet
stronger 1300-2000 MPa steel materials.

Since 2019, VW’s electric vehicle ID.3 has
featured two seat cross members made from
MBW 1900 steel, as seen in Figure 4.13. These
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components are part of the MEB platform
(Modularer E-Antriebs-Baukasten) and can be
used in other electric vehicles in the VW
Group. MBW 1900 is the trade name for a
press-hardened steel with a tensile strength of
1900 MPa. A properly designed MBW 1900
B-pillar can provide 22% weight savings
compared to a Dual-Phase (DP) 600 design and
is 9% less costly than the original Dual-Phase
design [51].

MBW1900

5 160 MPA
<220 MPA
5420 MPA
< 1000 MPA
u> 1000 MPA

1 concept of seat crossbeam
for all variants of platform

Figure 3.13 Sheets used in the Volkswagen ID.3
platform's floor structure [50]

Ford has also demonstrated that using MBW
1900 instead of PHS 1500 can lead to 15%
more weight savings [52]. In line with the
design of 2nd-generation BEVs, alternative
materials have also been tested in the top and
bottom protective plates of battery packs.
While Ist-generation BEVs used soft steel
battery pack plates, the increasing need for
safety and vehicle integrity has shown that
Dual-Phase steels make much more positive
contributions in 2nd-generation BEVs.

3.4 Production Methods

Advancing  technology has  positively
contributed to the change in manufacturing
methods of vehicle chassis parts during the
transition from ICE vehicle to BEVs. Some of
these methods include aluminum casting,
mega casting, patchwork, and new laser
welding methods.

3.4.1 Aluminum casting

Aluminum is one of the three most widely used
metals in modern society due to its excellent
properties such as lightness, good electrical
and thermal conductivity, high strength,
corrosion resistance, and easy machinability.
Aluminum is often alloyed with other elements
[53]. Over the past decade, studies aimed at
energy savings have revealed that the
production of light and economical vehicles
plays a significant role in reducing fuel

consumption. Aluminum alloys are widely
preferred in the construction of passenger cars,
buses, and especially maritime applications
such as trains [54]. Casting aluminum alloys is
quite common and are increasingly finding
more applications in modern industry.
According to various estimates, 20-30% of all
aluminum products produced worldwide are
used as aluminum castings [55]. With CO2
emissions becoming a significant issue in the
automotive sector, the properties of aluminum
alloys, such as energy and fuel savings, as well
as lightness, have been emphasized. The
largest volume of aluminum components in
vehicles includes cast aluminum for engine
blocks, cylinder heads, and chassis parts [56].
New aluminum casting techniques offer
improved material properties and functional
integration to meet the desired requirements.
This trend is driven by the need for automotive
manufacturers to significantly reduce the
weight of powertrain and chassis components.
Additional features to improve vehicle
performance may lead to an unacceptable
increase in vehicle weight [57]. Significant
weight reduction can be achieved in smaller
but high-volume compact vehicles through the
use of aluminum casting, which is already
widely used in high-end car engines [56].
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Figure 3.14 Examples of aluminum cast structural
parts: cross car beam (a), engine cradle (b), control arm
(c), shock tower (d) [58]

Since 1997, high-vacuum aluminum casting
technology, which provides weight savings,
has been applied in vehicle body structures
despite increasing vehicle weights due to
market forces beyond fuel economy. Using
lightweight aluminum casting technology for
net weight reduction is likely to contribute
significantly to fuel economy at a reasonable
cost. The wider application of aluminum
castings and the weight savings achieved
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through best design practices have been
demonstrated in the MMLV (Multi-Material
Lightweight Vehicle) program. The MMLV
body structure was a good engineering
exercise in using commercially available
different  structural materials, forming
operations, and joining techniques for
engineers. Overall, high-pressure vacuum
aluminum castings offer the possibility of
lower mass, part integration, and fewer
assembly processes [59].

M Aluminum Castings

Spring Bucket

Jnge Pillar
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Mid Rail
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Frt Rail Kickdown
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Figure 3.15 MMLYV body aluminum casting parts [33]

The eight castings in the MMLYV consist of the
front shock tower, hinge pillar, kick-down rail,
and rear mid-rail castings on the left and right
sides. Most of the aluminum castings in the
MMLV are mechanically joined to steel
materials using a structural adhesive. The most
commonly used method for such connections
is SPR (Self-Piercing Rivets).

Figure 3.16 Example of a SPR [33]
SPR is a cold mechanical joining process in
which a rivet passes through the top sheet or
both the top and intermediate sheets and locks
into the bottom sheet with the help of a suitable
die. SPR is currently the primary method used

in the assembly of lightweight automotive
structures made from aluminum and composite
materials. SPR emerged half a century ago but
has made significant progress in the last 25
years due to the automotive industry's need to
join  lightweight materials, especially
aluminum alloy structures, aluminum-steel
structures, and other composite materials [59].
The automotive industry is the largest
consumer of aluminum casting alloys, where
they are used in various components such as
engine blocks and transmissions in ICE
vehicles and BEVs. Additionally, the urgent
need for the transition to carbon neutrality is
accelerating trends in weight reduction
(lightweighting) that contribute to energy
savings and the reduction of greenhouse gas
emissions in the automotive industry. The
application of lightweight materials in
automobiles, combined with increasing
electrification, will lead to changes in the
demand for processed and cast alloys in the
near future [60].

3.4.2 Mega-giga casting

Numerous studies have demonstrated that the
use of aluminum in lightweight vehicles has
been increasing for decades. Specifically, it
has been observed that aluminum usage per
vehicle has surpassed 227 kg in North America
and 180 kg in Europe. Although casting has
been the dominant product form until now, in
recent years sheet and extrusion applications
are expected to show the highest growth rates
[61]. The primary reason for using aluminum
has always been to achieve weight reduction.
However,  higher  aluminum  content,
particularly in sheet metal and extrusion
assemblies, also translates into higher costs.
Moreover, if primary aluminum is being used,
it results in a higher carbon footprint. Original
equipment manufacturers (OEMs) and their
suppliers are working to reduce the material
and processing costs of their components,
improve production quality, and enhance
sustainability—meaning,  increasing  the
recycled content in all types of aluminum parts
[62].

In the automotive industry, trends have
emerged among OEMs toward producing
Mega-Cast body components. As of May 5,
2024, Tesla and Volvo have shown on their
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websites that they are adopting approaches to
producing Mega-Cast aluminum components
in the underbody of their vehicles [63]. In
2018, the electric car manufacturer Tesla
patented Mega-Casting, making it possible to
produce an entire car body in one operation
using aluminum high-pressure die casting
(HPDC) in the future [64]. The aim of this
invention is to reduce operating, production,
and tooling costs, along with cycle time. Other
companies planning to use Mega-Casting
include Mercedes-Benz, which refers to this
technology as “Bionic Cast,” as well as
Chinese OEMs XPeng and Nio [63].

In recent years, with the trend initiated by
Tesla, giga-castings (referred to as “mega-
castings” by some OEMs) have started to be
used in BEVs components. With this method,
it is possible to combine many parts used in the
vehicle body into a single component [61].
Examples of this application can be seen in
Tesla’s Model Y. In Figure 3.17 below, the
design of the front and rear body parts of the
Tesla Model 3 and Model Y is shown.

Figure 3.17 Giga casting example: TESLA Model 3
(left) — Model Y (right) [58]

Compared to the Model 3, these two castings
replaced 171 parts and 1,600 welds, removing
300 robots from the assembly line, which
significantly reduced the necessary capital
investment and floor space. Additionally, it
made a significant contribution to lowering the
logistical costs and carbon footprint associated
with the 171 parts [58].

Recently, Volvo and the premium electric
vehicle brand Polestar have adopted giga-
presses, also referred to as mega-castings, and
begun using this technology. As shown in
Figure 3.18, Volvo plans to use this technology
to create a single-piece mega-cast aluminum
base [58].

The mega-cast bases for Volvo’s next-
generation BEVs will already be designed to
include mounting points for parts like
suspension arms and electric motors, which
will eliminate the need for a rear subframe.
Compared to using methods like welding

multiple small parts in chassis production,
mega-casting is expected to enable the
production of monolithic chassis components.
This way, many additional steps in the
assembly phase are removed, aiming to reduce
costs and provide energy-efficient vehicles.
German automaker Mercedes-Benz s
targeting maximum cost and weight reduction
(enabled by mega-casting) to extend the
electric vehicle range by managing energy
consumption [58].

There are several brands that either following
this method or have announced plans to do so.
Among these brands are Mercedes-Benz,
Volkswagen, Toyota, General Motors,
Hyundai, and Chinese BEVs manufacturers
Nio and Xpeng.

7

Figure 3.18 Volvo mega-casting example [58]
3.4.3 Patchwork and BEVs relationship

Today, reducing the weight of components in
the aerospace and automotive industries has
become a crucial step toward lowering gas
emissions and fuel consumption. One of the
most commonly used manufacturing processes
is sheet metal forming, and in this process,
continuous optimization 1is carried out
regarding the weight, strength, and thickness
of the formed sheets. For this purpose,
designers need to predict the strain limits and
localized necking of the formed part; this
subject has been extensively studied in the
scientific literature [65]. With environmental
issues becoming increasingly severe, energy
conservation and environmental protection
have become two critical problems that need to
be addressed in the automotive industry.
Patchwork hot forming technology can be used
to produce lightweight and high-strength parts,
and it is increasingly being applied in the
production of automotive body components.
Since the main sheet and the patchwork sheet
must be joined with spot welds before forming,
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the arrangement of these weld points has a
significant impact on the formability of part
[66].

In recent years, to enhance crash safety, it has
become necessary to design special
components with segmentation of strength and
toughness in some structural parts made of
boron steel. Patchwork hot forming technology
is a new method that offers good applicability
and low-cost advantages, and it is being
increasingly used in the production of such
special components. Currently, the primary
welding methods used in patchwork hot
forming are resistance spot welding, laser
welding, and arc welding [67]. Considering
automotive  manufacturing  costs  and
efficiency, resistance spot welding is a widely
used joining method. In the patchwork sheet
hot forming, the main sheet and the patchwork
sheet are first joined by spot welding, and then
both are heated and hot-formed together. As a
result, patchwork parts with a specific
segmentation of strength and toughness are
obtained [66]. In patchwork sheets, one or
more “patch sheets” (reinforcements) are
superimposed on a “main sheet” and joined by
spot welding. These spot-welded sheets are
then heated in a furnace and hot-formed in a
single operation. The final part will have
increased thickness in the areas of interest. As
shown in Figure 5.6, patchwork sheets can
reduce the need for reinforcement assemblies
after forming.

N

Tnmar
Figure 3.19 Geometries of the main blank and patch for
the B-pillar: (a) before, (b) after the spot welding
process, (c) after hot forming [68]

Since the spot welds in the patchwork process
are also austenitized and annealed, the
hardness distribution is generally better than
that of spot welds made after hot forming [68].
Overlap patch blanks are a subset of patch
sheets. As shown in Figure 3.20, instead of a
shaped main sheet and bracket, two (or more)
flat sheet sub-parts are joined over the “overlap
zone” using the spot welding method, creating

a structure like a specially laser-welded part.
This technology was initially applied to cold-
formed components [69].

Overlap
: ,Blank 1 region

Blank 2
t

Spot welds ti+t;

PHS 1500 - POS 550
Toior Welded Blank

PHS 1500
Partially Hardened

POS 550

h | ‘\\ 3
o W

Figure 3.20 Overlapped patch sheet welding (a) and
Jaguar [-Pace B-pillar (b) [70,71]

The B-pillar reinforcement of the Jaguar I-
PACE, an aluminum-intensive electric SUV
introduced in 2018, was made from a
patchwork sheet. Unlike previous applications,
the main sheet was made of PQS450, which
can be easily added to the rest of the vehicle
through mechanical joining. The patch was
made of PHS1500, improving side impact and
roof crush performance [71].

In the automotive sector, many companies,
including Honda, Volvo, Jaguar, Ford, and
Mercedes, are known to apply the patchwork
method to produce high-strength lightweight
body parts, reducing the need for spot welding
processes, thereby achieving cost and
equipment savings. This method also plays a
significant role in the global reduction of
greenhouse gas emissions.

3.4.4 Laser screw welding

Elements such as formsty, reliability, and
chassis stiffness, which form the basis of
vehicle performance, play a crucial role in the
assembly of the vehicle body’s structure. Most
of these assembly processes are carried out
with spot welding. However, due to current
distribution, it is not possible to shorten the
welding intervals, limiting the number of
joining points, and it is difficult to fully reveal
the strength and stiffness of the structural



International Journal of Automotive Engineering and Technologies, IJAET 14 (2) 123-141 137

components. The LSW (Laser Screw Welding)
technology developed by Toyota was
introduced to resolve the problem of narrow
plate gap tolerance, which was previously an
issue with laser welding technology. By
applying laser welding to the vehicle body’s
structure, the goal is to enhance vehicle
performance [72].

Short-pitch
with LSW

Figure 3.21 Toyota factory Lexus LSW application
method [73]

In 2011, the LSW process was integrated into
Toyota’s Lexus production factory, adding
approximately 150 LSW welding points, thus
commercializing this technology as a means to
enhance driving stability and comfort. From
the early stages of development, the primary
purpose of LSW has been to renew the
structural integrity and improve vehicle
performance, such as crash safety [73].

LSW is approximately three times faster than
traditional spot welding and can be applied
throughout the vehicle. Replacing some of the
thousands of spot welds in a vehicle structure
with LSW can increase productivity. The
welding process in the vehicle chassis with
LSW can be shortened by up to 40% by
replacing the spot welds with LSW. The main
objective of LSW development is to enhance
the fundamental performance of the vehicle
structure. LSW is also used flexibly between
aluminum and steel materials on assembly
lines. Toyota claims that thanks to the
versatility and speed of this technology,
assembly line length has been reduced by
approximately 50%. This also brings with it a
reduction in factory CO2 emissions [73].

4. Conclusions

The ongoing efforts to generate and store
electrical energy from renewable energy
sources, combined with advancements in
automotive technology, have played a
significant role in reducing fossil fuel

consumption and carbon footprints. These
developments have contributed greatly to the
transition from ICE vehicles to BEVs. Efforts
to reduce the weight of electric vehicles, driven
by the added weight of batteries, have opened
the door to new technologies and the use of
innovative materials in the automotive
industry. It can be concluded that vehicle
lightweighting is not only important for
increasing battery range but also for enhancing
fuel efficiency by reducing emissions and
controlling pollution. The trend toward
producing  lighter vehicles has also
necessitated changes in materials and
manufacturing methods in the vehicle's welded
underbody parts to meet safety standards. In
particular, the integration of aluminum casting
methods with giga-mega presses and the use of
hot-formed sheet materials have demonstrated
that electric vehicle dynamics can yield better
results than the monocoque body structures of
internal ~ combustion  engine  vehicles.
Emerging technologies, such as LSW,
Patchwork, and Giga-Mega aluminum casting
methods, are expected to facilitate the
transition from internal combustion engine
vehicles to electric vehicles by offering
advantages in lightness, durability, cost
efficiency, and safety, while also enabling
longer ranges and more environmentally
friendly features.
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