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Abstract

Emissions from internal combustion engine vehicles have a major impact on environmental
pollution and global warming, which are among the world's biggest problems. The use of alternative
fuels is quite popular to reduce the emission values originating from diesel engines, which are
preferred due to their high efficiency. Another issue that has become popular in recent years is
optimization studies for alternative fuels. In this study, to determine the most suitable sesame oil
biodiesel (SOB) in terms of emissions in a single cylinder diesel engine using SOB as an alternative
fuel, firstly engine experiments were performed, and response surface methodology (RSM)
optimization was performed using experimental data. In the optimization design, SOB percentage
and engine load were determined as factors, while carbon monoxide (CO), hydrocarbon (HC), carbon
dioxide (CO,), and nitrogen oxide (NOx) were determined as responses affected by the factors. The
optimum variable levels offered by the optimization study are 15% SOB and 850 W engine load. The
emission levels designed as responses under these conditions are 0.0680% CO, 7.1858 ppm HC,
4.0887% CO,, and 316.4166 ppm NOyx. When compared with the test results, it was concluded that
the RSM results and the test results converged in the 0.71%-2.34% error range and accordingly the
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1. Introduction

It is projected that the use of alternative energy sources will
increase more as the demand for energy keeps growing [1,2] and
the environmental impact of carbon fuels becomes more
apparent [3,4]. 1t will be essential to keep funding research and
development, enact rules and regulations that encourage the use
of renewable energy sources, and work to lower consumption
and increase energy efficiency to meet the world's long-term
energy needs [5-7]. The search for novel and varied energy
sources, including biofuels, has become increasingly important
[8]. The power sector will probably use a combination of fossil
fuels and renewable energy sources to meet the growing demand
for electricity while addressing environmental issues [9].
Despite being believed to be more sustainable and
environmentally beneficial than fossil fuels, renewable energy
sources have their own issues and drawbacks. Resources and
land are needed to produce biofuels (especially first generation),

which could negatively impact ecosystems and food supply [10].

Some, like pyrolysis, require significant investments in
technology and equipment and can be quite energy intensive.

Finding sustainable and renewable energy sources is a
challenging and ongoing task that will probably require a variety
of strategies and technological advancements.

Utilizing biofuels could address several issues, such as
lowering air pollution, improving engine performance and
providing an inexpensive fuel substitute, and lowering overall
fuel costs [11,12]. To reduce their CO, emissions, biofuels can
also be used with fossil fuels to further improve their
sustainability and environmental impact. One of the biggest
sources of carbon emissions worldwide is the transportation
sector [13,14]; using biofuels can help lower these emissions
[15]. To address the global climate issue and guarantee the
sustainability of our energy future, this is imperative.

Vegetable oils and the biodiesels made from them are now a
viable substitute for fuels derived from petroleum [16]. By
combining them with regular diesel fuel, they can be used in
diesel engines without any changes. Vegetable oils are a
renewable energy source because they are made from renewable
vegetables, emit heat at a rate like that of diesel, have low
emissions (CO, HC, and PM), and contain little sulfur.
Vegetable oils have been the subject of extensive research and
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development due to these significant benefits. Studies have also
been carried out on sesame oil, a type of vegetable oil, based on
its use in diesel engines. Widely cultivated sesame, a seed crop,
is among the top producers of oilseed worldwide [17]. Sesame,
which contains of a very great oil content of almost 44-58%, is
valuable in unsaturated fatty acids [18]. Under ideal storage
conditions, sesame oil is much more resistant to oxidative
deterioration than other vegetable oils, and it does not break

down as quickly in hotter regions [19]. Based on these properties,

sesame oil is considered a potential source of vegetable oil for
biodiesel production and some studies are being carried out in
this regard. In one of these studies, Santos et al. [20]
experimentally investigated the effects of SOB use in diesel
engines. The study's findings led the authors to the conclusion
that SOB use raised CO and NOy emissions. On the other hand,
the authors reported that specific fuel consumption decreased
with increasing SOB ratio. For these reasons, it was concluded
that SOB use up to 20% mixture ratio could be an alternative to
fossil diesel fuel. In an another investigation, John et al. [21]
tested the impacts of SOB on compression ignition engine
reactions at different compression ratios. The authors confirm
the fact that SOB can be utilized as an alternative fuel source for
diesel, in line with the conclusion stated in literature sources.
Many studies similar to these have been conducted in the past
[22,23].

Even if using biodiesel as an alternative fuel reduces
emissions from diesel engines, there will be losses in produced
fuel, money, and time if the ideal combination ratio is exceeded
or not identified. It is crucial to ascertain the ideal combination
ratio because of this. However, it can take a lot more
experiments to reach this conclusion through experimental
research. Furthermore, even with a lot of experiments, an
accurate analysis might not be achievable. Optimization
applications, which may mimic a big number of trials with high
success rates with a small number of experiments instead of
executing many tests, are the way that will eliminate all these
negatives [24]. RSM is a popular application in numerous
industries and professions since it has demonstrated its
dependability and effectiveness among these applications
[25,26]. A few studies have also been conducted on the
optimization of SOB usage with RSM in diesel engines to save
time and experiment costs [27-29].

In the current research, RSM optimization was conducted to
define the optimum SOB ratio and obtain the lowest emissions.
There are different studies in the literature related to SOB/diesel
blends. However, there are limited studies in which SOB usage
is optimized with RSM. Moreover, no study was found on the
optimization of SOB obtained from waste sesame oil. The most
important point that distinguishes this study from other studies
is the optimization of the usage of SOB obtained from waste
sesame oil in diesel engines with RSM. This caused this study
to emerge as a new and different study.

2. Materials and Methods
2.1. Biodiesel production and Test procedure

Biodiesel from sesame oil was produced using the
transesterification process. Figure 1 shows a schematic
illustration of the process used to produce biodiesel from sesame
oil. 100 mL of sesame oil was put in a water bath bottle set at
65°C and allowed to cool to 63°C. To make methoxide, put 2 g
of powdered NaOH (catalyst) and 25 mL of methanol in a
container. Use a mechanical mixer to agitate the mixture for 20
minutes. After adding the methoxide, the heated sesame oil is
stirred for 25 minutes. To separate the glycerin, the resultant
mixture is placed in a separating funnel and left for 15 hours.
Following the separation of the glycerin, the valve at the end of
the funnel is used to separate the glycerin from the sesame
methy| ester. Following the synthesis of the sesame methyl ester,
itis cleaned in hot water and the biodiesel is dried for four hours
at 100 °C to eliminate any remaining water. The final output is
acquired after filtering is completed. The assets of manufactured
SOB and diesel are tabulated in Table 1.

Table 1. Some main assets of test fuels.

Item Diesel SOB
Density at 15°C (g/cm®) 0.830 0.922
Lower thermal value (MJ/kg) 43.000 38.075
Kinematic viscosity (mm?s) 2.86 5.8
Cetane number 56 52
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Figure 1. Schematic illustration of the biodiesel production
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After SOB production, test fuels were created using four
different SOB ratios (from 10% to 40% with 10% changes).
Experiments were carried out at 6 different engine loads (from 500
W to 3000 W with 500 W changes) at 3000 rpm continuous engine
speed using the created test fuels and pure diesel, and emission
changes were examined. The representation inspect of the
experimental setup is presented in Figure 2, and the basic
characteristics of the engine are presented in Table 2.

) ] R 0.75][110]
Diesel Injector Emission ‘ [5.82][34 ]
Fuel filter

Fuel Air Exhaust

analyzer —|=|—
g [=]
Tank o

Single cylinder
Il diesel engine

Electronic
Scale

Figure 2. Schematic illustration of the experimental setup

Table 2. Requirements of the test engine.

Engine Qualifications

Brand/Model Lutian LT 178F
Type Air cooled, 4-strokes

diesel engine
Cylinder number and volume single and 296 cm?
Maximum output power 3.2 kw
Engine power 7 Hp

2.2. RSM design

Among optimization techniques, RSM stands out for its
excellent accuracy and ease of use. It is commonly used in
engineering applications to model and optimize test variables
and output factors [30,31]. In contrast to other optimization
methods, RSM is a strategy that reduces time by decreasing the
number of tests and constructing the suitable matrix for those
tests [32,33]. It is common practice to employ a quadratic
polynomial, as shown in Eqg. (1) below, when modeling
complicated systems with RSM. The RSM model is constructed
by estimating the coefficients denoted by B, derived using least
squares regression.

y= Bo+ iﬁixi +iiﬂijxixj +& (1)

i=1 j=i

In this case, the coefficients are represented by pB, the
independent variables by X, the model's anticipated response by
y, its rank by k, and the random error by «.

In this RSM study; SOB ratio and engine load were selected
as factors affecting diesel engine emissions, while CO, HC, COx,
and NOy were evaluated as emissions. As identifying the ideal
SOB ratio to produce the lowest emissions was the main goal of
the study, experiments were carried out until 40% SOB ratio and
3000 W engine load, at which point emissions and combustion
efficiency began to decline based on the experimental findings.
Increasing the engine load and SOB ratio was not required. As
a result, Table 3 displays the levels of these factors that were
chosen for the RSM design. Furthermore, Table 4 displays the
experiment matrix utilized for the RSM. Considering the levels
of the chosen criteria, the experiments displayed in the table
were chosen at random. For RSM optimization, firstly, a 'Central
composite' design was created using the experimental data
shown in Table 4. Then, analysis was performed under 'full
quadratic' conditions and at 95% confidence level. Then,
optimization was performed by selecting ‘Minimize' objective
for all responses with 'Response Optimizer'.

Table 3. Levels of factors used on the RSM design

Factors Levels
S(OO/O? o | 10 | 20 | 3 | 40 | -
Engine
Load 500 | 1000 | 1500 | 2000 | 2500 | 3000
w)
Table 4. Table of experiments for RSM
Factors Responses
SOB Engine CcO HC COz NOx
(%) Load(W) (%) (%) (%)  (ppm)
0 500 0.105 18.00 2.70 180.67
0 1000 0.091 27.67 3.16 217.33
0 3000 0.081 81.33 6.78 545.50
10 500 0.109 23.33 2.60 183.00
10 1500 0.068 32.67 3.90 278.00
10 3000 0.055 77.67 7.15 568.00
20 1500 0.061 25.33 5.22 420.33
20 3000 0.053 58.33 8.26 787.00
30 500 0.076 7.00 3.72 271.33
30 1000 0.058 17.33 4.48 311.67
30 3000 0.057 48.67 8.65 780.67
40 500 0.127 43.67 2.32 134.67
40 1500 0.092 66.00 3.32 217.33
40 3000 0.119  128.00 5.75 476.50
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3. Results and Discussion

For each response, the model's equations are displayed below

from Eq. (2) to Eq. (5). Regarding the actual factors, the reaction
for specific levels of each element can be predicted using the
equation.

CO = 0.132852 — 0.00311 * SOB — 0.000046 * Load
+ 0.00000000345359 * SOB * Load
+ 0.000079 * SOB?
+ 0.00000000946433 * Load?
HC = 5.53733 — 1.68745 * SO + 0.029390 * Load
—0.000356 * SOB * Load + 0.059512  (3)
* SOB? — 0.000000718330 * Load?
C0O, = 2.41904 — 0.110345 =« SOB — 0.000075 * Load
+ 0.000013 * SOB * Load — 0.002941 (4)
* SOB? + 0.000000476254 * Load?
NO, = 196.9886 + 10.58552 * SOB — 0.085941 * Load
+ 0.002454 * SOB * Load — 0.317394  (5)
* SOB? + 0.000064 * Load?

O]

3.1. Surface Plot of Responses

Incomplete combustion may occur due to many reasons in the
combustion process, and in this case the probability of emissions
such as CO and HC to occur increases. The changes in CO and
HC emissions resulting from incomplete combustion depending
on SOB and engine load are shown in Figure 3 and Figure 4.
The impact of the alteration in SOB ratio is analogous for both
categories of emissions. While the increase in SOB from 0% to
15%-20% reduces CO and HC emissions, both emissions started
to increase after 20% SOB ratio. The oxygen content of
biodiesel improved combustion and reduced incomplete
combustion emissions. However, the relatively high viscosity of
SOB (as shown in Table 1) caused the viscosity of the fuel
mixture to increase after 15%-20% mixing ratio. Since the
pumping difficulty and atomization problem brought about by
high viscosity negatively affected the quality of combustion, CO
and HC emissions started to increase again.
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€O (%)
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Figure 3. Surface graph of CO emission changes depending on

SOB and load.

120

80 w
HC (ppm) ‘
40 2
‘ " 3000
2500
) 2000
1500 Load (W)
0 ’ 7~ 1000
10 %
b 30 0 ~ 500
SOB (%)

Figure 4. Surface graph of HC emission changes depending on
SOB and load.

CO; emission is one of the emission types that occur in
complete combustion where combustion quality is high. As the
complete combustion rate in the cylinder increases, it is likely
that CO, emission will increase. On the other hand, because the
in-cylinder temperature will rise as the cylinder's complete
combustion rate rises, NOy is the pollutant most impacted by this
circumstance [34]. The changes in CO, and NOy emissions
depending on SOB and engine load are shown with the surface
graphs in Figure 5 and Figure 6. As can be clearly seen from
both graphs, increasing engine load caused both emissions to
increase. This situation occurred because the increase in in-
cylinder temperature with increasing load caused more
combustion. On the other hand, increasing SOB ratio caused
emissions to increase up to 15%-20% mixture ratio and then
decrease. As stated in CO and HC emissions, as the SOB ratio
in the fuel mixture increases, the viscosity of the mixture
increases, and the combustion deteriorates, which leads to a
decrease in CO emissions. In addition, the decrease in the in-
cylinder temperature together with the deteriorated combustion
also leads to a decrease in NOx.

CO2 (%)
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Figure 5. Surface graph of CO, emission changes depending
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on SOB and load.

800

600

NOXx (ppm)

400 |
, 3000
7 2500
2000
- ~ 1500 Load (W)
0 10 : S 7 1000

20 30 " 500
SOB (%) 40

200 ‘

Figure 6. Surface graph of NOy emission changes depending
on SOB and load.

3.2. Optimization and Confirmation

The main purpose of this study is to define the ideal SOB
percentage to achieve low emission concentrations in diesel
engines operating with SOB/diesel mixtures. For this purpose,
RSM optimization was used. In the optimization, SOB ratio and
engine load were defined as input variables, while CO, HC, CO»,
and NO, emissions were defined as responses. As optimization
objectives, a minimum level was targeted for all responses. The
parameters used for optimization are shown in Table 5.

Table 5. Parameters of optimization

[

2 e

g — = - E g
g 3 g o g e 3

(]

= 8 5 e = = E
NOx Min 134.667 134.667  787.000 1 1
CO2 Min 2.318 2.318 8.648 1 1
HC Min 7.000 7.000 128.000 1 1
CO Min 0.053 0.053 0.127 1 1

The optimum operating conditions and responses resulting
from these are shown in Figure 7. 15% SOB and 850 W load
were found to be optimum variable levels, while 0.0680% CO,
7.1858 ppm HC, 4.0887% CO,, and 316.4166 ppm NOx were
determined as the lowest responses. According to the
verification study conducted to measure the level of peace of the
optimization, the error rates between the test results and RSM
results were found to be in the range of 0.71%-2.34% and within
reliable limits as shown in Table 6.

In one of the few studies that have been done on the
optimization of sesame oil biodiesel, Kumar et al. [26] found
that 20% was the ideal biodiesel ratio. In a second study, Uday
and Simhadri [35] claimed that the best outcomes came from a
20% biodiesel ratio. John et al. [36] also claimed that the ideal
biodiesel ratio was 20% in another study. Variability in the
optimal biodiesel ratio may result from the inclusion of several

components alongside biodiesel in all experiments. It may be
concluded that the study's optimal 15% SOB ratio is mostly in
line with previous research.
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Cur [15.0]
Low 0.0
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3000,0
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Figure 7. Optimization plot

Table 6. Confirmation
SOB Load CcO HC CO2 NOx
(%) (W) (%) (ppm) (%) (ppm)
RSM 0.068 7.1858 4.0887 316.4166

Test 0.067 7.300 4.06 324.00
Error (%) 1.49 1.56 0.71 2.34

15 850

44



Uslu S. / International Journal of Automotive Science and Technology 9 (1): 40-47, 2025

PARAPY .o o000 ™
v. "" ALTOMONVE ENGINEERS

4. Conclusions

In current research, RSM optimization was utilized to define
the appropriate conditions in a diesel engine operated with
SOB/diesel fuel mixtures. First, experimental studies were
carried out at different engine loads and mixture ratios and RSM
optimization was performed with the experimental data. The
results obtained;

o  Experimental studies reveal that the lowest CO and HC are
obtained in the range of 10%-20%.

e The SOB ratio being greater than 10-20% worsened the
viscosity and caused emissions to be negatively affected.

e 15% SOB and 850 W load were found to be optimum
variable levels, while 0.0680% CO, 7.1858 ppm HC,
4.0887% CO2, and 316.4166 ppm NOXx were determined
as the optimum responses.

e The error rates between test and RSM findings were
determined to be within reliable bounds, ranging from
0.71% to 2.34%, based on the verification research that

was carried out to gauge the optimization's degree of peace.

Finally, it was concluded that SOB can be successfully
utilized by combining with diesel in specific ratios, and RSM
can also be successfully employed to optimize diesel engine
responses and operating conditions.

Nomenclature

CoO . carbon monoxide

CO; carbon dioxide

HC . hydrocarbon

NaOH sodium hydroxide

NOx nitrogen oxide

RSM response surface methodology
SOB sesame oil biodiesel
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