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Abstract: In this study, the potential use of corn-based crude bioethanol was investigated
as an alternative energy source for marine fuel oil under increasingly stringent maritime
emissions regulations. A small-scale combustion chamber with a capacity of approximately
1 ton was developed, and comparative combustion tests were conducted with various fuel
types, including MGO, diesel, kerosene, and BE100. In addition, component analysis was
performed and compared using the ISO-8217 method. Complete combustion of the fuel
was performed under the same experimental conditions of stable atmospheric pressure
and temperature. BE100 exhibited an 8.3% increase in the oxygen concentration and a 5.9%
reduction in the carbon dioxide emissions compared to MGO. Despite the low nitrogen
oxide (NOx) emissions of MGO at approximately 34.4 ppm, BE100 demonstrated superior
reduction potential, with a reading of 1.9 ppm. Sulfur oxides (SOx) were not detected in any
of the fuels tested, underscoring the high quality of the currently available low-sulfur MGO.
The exhaust gas temperatures were reduced by approximately 44.6% when using BE100,
from 367.1 °C for MGO to 203.2 °C for BE100. However, the combustion efficiency of BE100
was 8.3% lower than that of MGO. While crude bioethanol shows promise in reducing
exhaust gas emissions, its limited thermal output poses a challenge for direct substitution.
Future studies should investigate the development of blended fuels combining bioethanol
and conventional marine fuels to improve the performance and sustainability.
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1. Introduction

The increase in cargo transport driven by the expansion of ship sizes has led to severe
environmental pollution due to rising fossil fuel consumption [1,2]. While fossil fuels
currently account for approximately 80% of the world’s energy supply, their production is
expected to decline sharply after peaking in 2020 [3,4]. This trend indicates an increasing
dependence on alternative energy sources, especially as exhaust emissions from ships
are a significant environmental problem [3]. According to reports from the International
Maritime Organization (IMO), emissions from ships account for 14% of nitrogen oxides
(NOx), 2% of carbon dioxide (CO;), and 5% of sulfur oxides (SOx) in the transportation
sector [5]. In response, the IMO adopted the “Initial IMO Strategy on Reduction of GHG
Emissions from Ships” at the 72nd Marine Environment Protection Committee (MEPC)
meeting, with the aim of reducing greenhouse gas emissions by up to 50% by 2050 [6].
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This goal was further affirmed at the 80th MEPC meeting, where it was decided to achieve
net-zero emissions for ships [7]. Consequently, international shipping will require near-zero
carbon dioxide (CO,) emissions from vessels in the future [1]. The IMO has also issued
regulations mandating the use of low-sulfur fuels or engines that meet the designated NOx
emission limits to control exhaust emissions from ships [8].

Marine fuel oils, which are usually of lower quality with higher viscosity and contain
residual impurities, release more toxic gases compared to land-based fuels [9]. Therefore,
research efforts are actively underway to improve the fuel quality or develop alternative
energy sources to reduce emissions [10]. The IMO has identified five alternative fuels
for low-carbon and zero-carbon applications: LNG, methanol, ammonia, hydrogen, and
biofuels [11]. Among these, the Korean Register has highlighted the suitability of ethanol-
based fuels, which share similar physical properties with methanol, as viable alternatives
for marine use [2]. Bioethanol, which is biologically derived from renewable biomass, is
recognized as a suitable petroleum substitute [12]. Despite policy-driven efforts to reduce
greenhouse gas emissions and ongoing research into alternative fuels, the constraints of
ship structures and limited space pose a challenge for modification or retrofitting [13].
Therefore, alternative energy sources that come close to the performance of conventional
fuels while reducing atmospheric pollution warrant further investigation.

Research on alternative fuels that blend marine gas oil (MGO), commonly used for
small vessels, with biomass-based fuels is actively underway [12]. However, most studies
focus on biodiesel and blended fuels, while research on the use of bioethanol as a substitute
fuel mixed with MGO remains relatively limited [2]. This scarcity is partly due to the
physical characteristics of bioethanol, such as its water solubility, which makes it difficult
to maintain a stable blend [1,14].

Our previous studies proposed an optimized process for the production of MGO-
bioethanol blend fuels, with blending ratios of up to 30%, and conducted comparative
combustion experiments using dedicated equipment [14].

While there are more studies on the use of bioethanol as an alternative fuel for land
vehicles, research on its use as a marine fuel remains limited.

Bae et al. investigated the blending of bioethanol with diesel for land vehicle engines and
found a reduction in particulate matter (PM) and NOx emissions but no decrease in hydrocarbon
emissions [15,16]. However, this research pertains to land diesel and not marine fuels.

Ha and Yoon applied gasoline-bioethanol blends in both spark ignition (SI) and marine
engines and reported reductions in carbon monoxide (CO) and emissions comparable to
gasoline [17]. In other studies, the combustion characteristics of different ethanol samples
were compared in four-cylinder engines [18]. An improvement in exhaust emissions and
an increase in fuel efficiency of up to 26% were found when pure bioethanol was used in SI
engines compared to gasoline [19]. Nevertheless, research on the substitution of MGO with
bioethanol is still insufficient [14].

Therefore, the objective of this study was to analyze the emission reduction potential
and feasibility of bioethanol as a substitute fuel through comparative combustion tests
using a 1-ton combustion chamber developed in previous research. This study focused
on MGO, which is commonly used for marine vessels, along with diesel oil and kerosene,
which are widely used for land applications.

2. Materials and Methods
2.1. Marine Gas Oil (MGO) and Bioethanol (BE100)

MGO is widely used as a primary fuel for small vessel engines, as an auxiliary fuel for
medium-sized ships, and as a generator fuel for large ships. According to the international
standards for marine fuel (ISO-8217) [20], all the distillates categorized as DMX, DMA,
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DMZ, and DMB fall under MGO [21]. With a boiling point between 250 °C and 350 °C,
MGO is similar to conventional diesel fuel but has a higher density and slightly better
ignition and explosion properties [12,22]. It is produced during the crude oil refining
process, lies between kerosene and heavy oil, and is referred to as “Gas Oil” to distinguish
it from lower-grade heavy oils [14]. ISO-8217 classifies marine fuels into distillate and
residual oils and specifies the minimum quality requirements [23]. Normally, MGO has a
density of less than 0.89 (15/4 °C) and a kinematic viscosity of 1.5 to 6.0 ¢St at 40 °C. The
sulfur content is usually less than 1.5%. Recently, the sulfur content in MGO formulations
produced to comply with Emission Control Area (ECA) regulations has been reduced to
below 0.1%. This trend is expected to increase in the future [14].

Bioethanol is synthesized primarily from plant-based biomass, using raw materials
such as starch, sugar, or lignocellulosic biomass. It is often blended with gasoline and used
in gasoline engines, requiring only minimal adjustments to the existing petroleum refining
and distribution infrastructure [24]. However, bioethanol production presents challenges
due to the decentralized availability of resources, making large-scale production and
transportation difficult [12,14]. Ships, in particular, require reliable and efficient fuel supply
chains, which underscores the need for further technological advances tailored to marine
applications [14]. Bioethanol has long been under active development in various fields
and is categorized into three generations based on the edibility of its raw materials [25-27].
First-generation bioethanol is derived from edible resources such as corn and palm oil,
the second generation uses non-edible lignocellulosic resources, and the third generation
focuses on marine resources like algae and seaweed due to their potential carbon reduction
capabilities [25-27]. In this study, bioethanol (Shicorp Co., Ltd., Seoul, Repubic of Korea)
extracted from corn, a first-generation grain resource, was selected. Figure 1 compares
examples of bioethanol for each generation [2,14].

Ist Grains

2nd | Lignocellulosic

3rd Seaweed

Figure 1. Examples of raw materials for bioethanol extraction by generation [2,14].

Kerosene and automotive diesel, which are extensively used in land-based applications
and whose quality is strictly regulated, were also selected as experimental samples for com-
parison [28]. Kerosene typically has a density of between 780 and 810 kg/m?, is distilled from
crude oil at 150 °C to 275 °C, and contains approximately 6 to 16 carbon atoms. Automotive
diesel has a density between 820 and 845 kg/m3, shares a similar boiling range (150 °C to
275 °C), and contains about 16 to 30 carbon atoms [29]. Therefore, the objective of this study
was to analyze the thermal output and exhaust emission reduction effects of corn-based
first-generation bioethanol under identical combustion conditions, using automotive diesel
and kerosene as terrestrial fuel benchmarks for comparison with MGO.



J. Mar. Sci. Eng. 2025, 13,433 40f12

2.2. Analysis of Fuel Composition and Physical Properties

A comparative analysis of the four selected fuel samples was performed according to
ISO-8217, the standard test method for marine fuels [30,31]. The comparison focused on
five parameters: higher heating value (M]/kg), lower heating value (J/g), density (kg/m?),
flash point (°C), and kinematic viscosity (mm?/s). The summarized results are listed in
Table 1. The lower heating value of MGO was approximately 43,030 J /g, similar to diesel
and kerosene. However, BE100, a pure bioethanol, had a significantly lower value of
24,190 ]/ g, about 56.2% lower than MGO. The density of MGO was measured at 840 kg/m?,
while BE100 was close at 811.5 kg/m3. Kerosene had the lowest density among the samples.
The flash points were 67.5 °C for MGO, 47.5 °C for diesel, 44.0 °C for kerosene, and below
40 °C for BE100. The kinematic viscosity for MGO was registered at 3.011 mm? /s, while it
was 2.557 mm?2 /s for diesel, 1.097 mm?/s for kerosene, and 1.210 mm? /s for BE100. These
relatively low viscosity levels suggest that uniform atomization can be effectively promoted
during combustion, allowing for stable combustion. Figure 2 provides a visual comparison
between the samples and low-quality marine fuels.

Table 1. Standard testing method for fuel materials.

Standard

List Method [20] MGO Diesel Kerosene BE100 Unit
Lower calorific
value (LHV) ASTM D240-19 43,030 42,700 43,250 24,190 J/g
High calorific  \or r pogg.19 46.065 45.780 46.335 27.010 MJ/k
value (HHV) ' : ' : &
. o KS M ISO 3
Density @ 15 °C 12185:1996 840.8 821.2 786.7 811.5 Kg/m
Flash point ASTM D93-20 67.5 47.5 44.0 Less than 40.0 °C
Kinematic KS M ISO )
viscosity @ 40 °oC 3104:2020 3.011 2.557 1.097 1.210 mm-/s
(a) (b) (c) (d) (e) 4] (2
HFO MDO MGO Diesel Kerosene ||Bioethanol|] Gasoline

Figure 2. Comparison of samples with marine fuels and bioethanol: (a) heavy fuel oil, (b) marine
diesel oil, (c) marine gas oil, (d) diesel, (e) kerosene, (f) bioethanol 100%, and (g) gasoline.



J. Mar. Sci. Eng. 2025, 13,433

50f12

2.3. Design and Fabrication of a 1-Ton Combustion Chamber

To analyze the emission reduction characteristics of each fuel sample, a small combus-
tion chamber with a capacity of approximately 1 ton was designed and fabricated. This
chamber generates thermal energy through the combustion of fuel. The design was based
on previous research by the study team and emphasized simplicity in order to be of an
easily portable scale [22,32]. The internal volume of the chamber was approximately 900 L.
One side featured an integrated gun-type burner with a fuel supply rate of 4-10 kg/h
and a capacity of 99,000 kcal/h. The opposite side was fitted with a high-temperature,
heat-resistant glass panel for monitoring and visualizing the flame condition [22,32]. The
exhaust pipe was constructed using a 5K 200A-sized chimney(Gyeongnam Welding Co.,
Ltd., Tongyeong, Republic of Korea). A probe nipple for exhaust gas analysis, along with
temperature and pressure sensors for data acquisition, was installed at the end of the
pipe [14]. Table 2 outlines the detailed specifications of the chamber for the comparative
combustion tests [22,32], and Figure 3 depicts the external appearance of the fabricated
combustion chamber [14].

Gun-type N |
Burner Assy' b

Stopper
Wheel

Figure 3. Appearance of the standard combustion chamber [14].

Table 2. Specifications for the combustion chamber [22,32].

Item List Specification Unit
Type Square cylinder -
Volume 900 liter
Size 750 x 750 x 1600 mm
Combustion -
Chamber Thickness 3.2 t
Sight glass H125 x W250 mm
Funnel 5K 200A mm

Weight About 265 kg
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Table 2. Cont.
Item List Specification Unit
Model SGH-10 -
Fuel Diesel, etc. -
Burner Assembly Consumption 4-10 kg/h
Calorific value Max. 99,000 kcal/h
Weight 40 kg
Model 030H6920 -
Flow rate 3.72 kg/h
Nozzle
Angle 60 °
Definition point Max. 10.0 bar

2.4. Experimental Conditions and Methods

The experimental conditions for analyzing the applicability of bioethanol as a marine
fuel are summarized in Table 3. The external temperature during the experiment was
between 11.1 °C and 23.5 °C, while the internal pressure of the combustion chamber was
maintained at a slightly negative but stable level. The fuel injection pressure was between
9.02 and 9.27 bar, and the average fuel temperature was maintained between 12.03 °C and
15.33 °C. For the exhaust gas analysis, a T-340 model was used to measure the O, (%), CO,
(%), NOx (ppm), and SO, (ppm) [33]. The external and exhaust gas temperatures were
measured simultaneously using thermocouples, the detailed specifications of which are
summarized in Table 4 [34]. Data collection was standardized to continuous intervals of
300 s for all the samples. A 30 min warm-up period was performed between fuel changes

to flush residual fuel from the pipes and stabilize the combustion chamber.

Table 3. Experimental conditions.

Experiment Condition Values Unit
MGOM Diesel P Kerosene K BE100 BE Y%
Chamber Pressure —0.000002 —0.000008 —0.000047 0.00021 bar
Chamber Temperature 434.73 418.16 404.37 252.41 °C
Fuel Injection Pressure 9.27 9.19 9.02 9.13 bar
Fuel Oil Temperature 14.18 13.98 15.33 12.03 °C
Supply Air Temperature 23.5 11.1 16.6 11.9 °C
Table 4. Specification for the exhaust gas analyzer [34].
Parameter Range Accuracy (%) Resolution Unit
O, 0-25 +0.20 0.01 Yo
CO, 0-CO2max +0.20 0.10 Yo
NOy 0-4000 +5-10 1.00 ppm
SO, 0-5000 +10 1.00 ppm
Temperature —40-1200 +0.50 0.10 °C
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3. Results
3.1. Exhaust Gas Emissions

The characteristics of the exhaust emissions measured by the research team for the four
fuel samples are illustrated in Figure 4. The oxygen concentration for MGO was approximately
8.0%. This compares to 10.5% for diesel, 12.0% for kerosene, and 16.3% for BE100, an increase
of 8.3% over MGO. This increase can be attributed to the oxygen content and moisture in the
bioethanol as well as the residual unburned oxygen from the burner’s air supply.

214 15+
18
16.3
12 4
15
T = 12.0 g 4 s
~ ] 10.5 ~ b
o) 3 9 7.5
94 8.0 ! 6.5
22 81 NN
6 S NN
NN 34
3 ‘ 3 ——
MGO Diesel Kerosene BE100 MGO Diesel Kerosene BE100
Fuel Oil Comparison Fuel Oil Comparison
(a) (b)
50 4
45 5
40 4
i 34.4 4]
E 30 25.7 T 34
@ 25 o 8 g
o 5
= 204 2 5
15 -
104 1
5 19 Not detected
g 0 T T T T
0~ ; T . MGO Diesel Kerosene BE100
MGO Diesel Kerosene BE100 Fuel Oil Comparison
Fuel Oil Comparison
(9) (d)

Figure 4. Comparison of exhaust gas emissions: (a) oxygen, (b) carbon dioxide, (c) nitrogen oxide,
and (d) sulfur dioxide.

MGO recorded a CO, concentration of 9.3%, diesel 7.5%, kerosene 6.5%, and BE100
approximately 3.4%, which corresponds to a reduction of 5.9% compared to MGO. This
indicates that carbon neutrality in terms of marine emissions can be achieved through the
partial substitution of conventional marine fuels with bioethanol.

The NOx emissions were 34.4 ppm for MGO, 25.7 ppm for diesel, and 24.5 ppm for
kerosene. BE100 clearly outperformed these fuels, recording just 1.9 ppm—a reduction of
up to 94% compared to MGO. This highlights the potential of bioethanol as a marine fuel
alternative to reduce nitrogen oxide emissions.

Sulfur dioxide (SO,) was not detected in any sample, including MGO. The low sulfur
content (<0.01%) of MGO indicates superior fuel quality compared to heavy fuel oil or
lower-grade marine diesel 0il (MDO). The absence of SO, in land-based fuels and bioethanol
suggests that these fuels could enable net-zero sulfur oxide operation.
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3.2. Exhaust Gas Temperature

The comparison of the exhaust gas temperatures for the four fuel samples is shown
in Figure 5. The temperature for MGO was approximately 367.1 °C, while diesel for land
use was measured at 335.4 °C, and kerosene, which was used for heating, was recorded
at 317.7 °C. For pure bioethanol, BE100 exhibited a much lower exhaust temperature of
about 203.2 °C, which is approximately 55.3% of the temperature of MGO. This reduction
can be attributed to factors such as the latent heat of evaporation due to moisture in the
bioethanol, the presence of unburned oxygen from the fixed supply air conditions, and the
relatively lower calorific value of bioethanol compared to fossil fuels. While bioethanol
shows excellent performance in reducing exhaust emissions compared to MGO, its limited
heat output makes it less suitable as a standalone fuel for marine use. Consequently,
the use of a blended fuel combining MGO with bioethanol at specific ratios seems more
appropriate. Previous studies by this research team have found that blending MGO with
up to 30% bioethanol results in a significant reduction in exhaust emissions while limiting
the temperature reduction to around 5.8% [14]. This indicates the need for further studies
investigating different blending ratios to optimize the performance.

500 T T T 40
450 - 35
400 o r30

350 4 25

300 F20

\. =

Exhaust gas temperature (C)
(0,) ainjesadwsay e Alddng

T
Diesel Kerosene BE100

Fuel Qil Comparison
Figure 5. Comparison of the exhaust gas temperature.

3.3. Combustion Efficiency

Combustion efficiency is defined as the ratio between the heat produced during actual
combustion and the calorific value of the fuel [22]. In this comparative study, MGO was
used as a control to calculate the combustion efficiency of land-use diesel, heating kerosene,
and bioethanol under identical experimental conditions. Although there are multiple
formulas for determining the combustion efficiency, a method using constant reference
values for each fuel type was used in this study, as derived from the exhaust gas analyzer
T-340 [33]. In Equation (1), gA represents the combustion loss, FT is the exhaust gas
temperature, and AT is the supply air temperature. A; is a fuel-specific parameter specified
by the manufacturer, with dimensionless constants of 0.686 for MGO and 0.007 for B1 [34].
The reference oxygen concentration Oy, is 21%, and Ky is a correction constant applied
when exhaust temperatures fall below the dew point. The final combustion loss rate (qA)
was used to calculate the efficiency Eff. (%) shown in Figure 6.

A=|(FT—AT)x ——=——+B; | — K 1
q (( ) Oner — 02 1) k (1)

Eff, [%] = 100 - gA @
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Figure 6. Comparison of the combustion efficiency.

Under identical experimental conditions, the combustion efficiency for MGO was
approximately 72.3%. For diesel, it was 69.3%, and for kerosene, 68.4%, which is a slight
decrease compared to MGO. BE100 achieved a combustion efficiency of 64.0%, a decrease
of 8.3% compared to MGO.

4. Statistical Analysis
One-Way Analysis of Variance (ANOVA)

A one-way analysis of variance (ANOVA) was performed to investigate whether there
were statistically significant differences in the average exhaust gas temperatures, oxygen
concentrations, and carbon dioxide and nitrogen oxide emissions depending on the fuel
samples used. Given that the sample sizes were uniformly controlled, the Tukey post hoc
test was selected to determine the significance level [35].

The ANOVA results revealed a statistically significant difference, with F =2,342,163.674
and p = 0.000 at a significance level of 0.01. The post hoc analysis revealed differences in
the mean exhaust gas temperatures for each fuel sample: 367.113 °C for MGO, 335.366 °C
for diesel, 319.703 °C for kerosene, and 203.239 °C for BE100. The order of the exhaust gas
temperature was M > D > K > BE, showing that MGO, diesel, and kerosene had higher
exhaust gas temperatures than BE100.

In terms of the oxygen concentration, the ANOVA results showed F = 3,026,252.487,
p = 0.000, indicating a statistically significant difference at a 0.01 significance level. Post hoc
analysis showed mean differences in the oxygen concentration for each fuel sample: 8.034%
for MGO, 10.538% for diesel, 11.976% for kerosene, and 16.251% for BE100. The order was
M < D < K < BE, indicating that BE100 had a higher oxygen concentration than MGO.

For carbon dioxide, the ANOVA results revealed F = 2,939,641.218, p = 0.000, indicating
a statistically significant difference at a 0.01 significance level. Post hoc analysis showed
mean differences in the carbon dioxide concentrations for each fuel sample: 9.322% for
MGO, 7.524% for diesel, 6.531% for kerosene, and 3.420% for BE100. The order of the carbon
dioxide concentration was M > D > K > BE, indicating that MGO, diesel, and kerosene had
higher concentrations than BE100.

For the nitrogen oxide emissions, the ANOVA yielded F = 359,719.804, p = 0.000,
indicating a statistically significant difference at a 0.01 significance level. Post hoc analysis
revealed mean differences in the nitrogen oxide levels for each fuel sample: 34.353 ppm for
MGO, 25.670 ppm for diesel, 24.477 ppm for kerosene, and 1.850 ppm for BE100. The order
was M > D > K > BE, showing that the nitrogen oxide emissions were lower for BE100
compared to the other fuels.

Table 5 lists the results of the one-way ANOVA for the exhaust gas temperature.
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Table 5. Results of the one-way ANOVA for the exhaust gas emissions.

One-Way ANOVA Analysis Results

It i
em Fuel Oil N M sD F P Tukey

MGOM 300 367.113 1.434
Diesel P 300 335.366 1.008

haust as 2342163674 0000**  M>D>K > BE
emperature  gorosene K 300 319.703 1.223
BE100 BE 300 203.239 0.570
MGOM 300 8.034 0.081
Diesel P 300 10.538 0.045

O, 3,026,252.487 0.000 *** M<D<K<BE
Kerosene X 300 11.976 0.030
BE100 BE 300 16.251 0.019
MGOM 300 9.322 0.062
Diesel P 300 7.524 0.032

CO, 2,939,641.218 0.000 *** M>D>K>BE
Kerosene X 300 6.531 0.021
BE100 BE 300 3.420 0.013
MGOM 300 34.353 0.486
Diesel P 300 25.670 0.471

NOy 359,719.804 0.000 *** M>D>K>BE
Kerosene X 300 24.477 0.500
BE100 BE 300 1.850 0.358

***p <0.001.

5. Conclusions

In this study, pure bioethanol was compared with MGO and similar land-based fuels
to evaluate its suitability as an environmentally friendly alternative energy source. The
following conclusions were drawn.

The fuel composition analysis revealed that BE100 had a lower heating value of
24,190 J /g, approximately 56.2% lower than that of MGO at 43,030 ] /g. While the density
was nearly identical, the kinematic viscosity of BE100 of 1.210 mm? /s was significantly
lower than that of MGO at 3.011 mm? /s, indicating better atomization during fuel injection
and possibly leading to more stable combustion.

Under identical experimental conditions using a 1-ton combustion chamber, BE100 had
an approximately 8.3% higher oxygen concentration compared to MGO. The carbon dioxide
emissions were reduced by approximately 5.9%, indicating the potential contribution of
bioethanol as a partial replacement for marine fuels to achieve carbon neutrality.

Despite the already low nitrogen oxide emissions of MGO at 34.4 ppm, diesel and
kerosene were between 24.5 and 25.7 ppm, while BE100 was measured at just 1.9 ppm,
confirming its superior emission reduction potential. Sulfur oxides were not detected in
any sample, which demonstrates the high quality of MGO as a low-sulfur fuel.

The exhaust gas temperature of BE100 was approximately 203.2 °C, a reduction of
44.6% compared to the 367.1 °C for MGO. The combustion efficiency fell by approximately
8.3% compared to MGO. While bioethanol offers excellent environmental benefits in terms
of reducing exhaust emissions, its limited thermal output indicates challenges for direct
substitution as a marine fuel. Future research on blended fuel formulations is necessary to
determine the optimal mixing ratio to maximize the performance and environmental benefits.

This study is limited to a basic simulation test for replacing marine fuel oil with
bioethanol, and it is planned to be directly applied to marine engines in the future.
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