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Abstract: This study examined the effects of blending decanol, an oxygenated fuel, with diesel on
diesel engine performance and emissions. Experiments were conducted on a single-cylinder engine
at 1700 rpm and 2700 rpm, using diesel/decanol blends at 10%, 30%, and 50% by volume (D90de10,
D70de30, D50de50). Results showed that brake thermal efficiency decreased with higher decanol
ratios at low speeds. As a result, brake specific fuel consumption and brake specific energy consump-
tion increased due to decanol’s lower calorific value. Regarding emissions, decanol blending reduced
NOx, CO, HC, and smoke. NOx emissions were lowered by the cooling effect resulting from decanol’s
higher latent heat of vaporization and lower calorific value, especially at low speeds. CO and HC
emissions declined as decanol’s oxygen content promoted oxidation, reducing incomplete combus-
tion. Smoke emissions were minimized in fuel-rich zones by preventing unburned carbon particle
formation. This study highlights decanol’s potential as an eco-friendly diesel blending option. Future
work should optimize blending ratios and injection settings to enhance diesel engine performance.

Keywords: decanol; brake thermal efficiency; brake specific energy consumption; nitrogen oxides;
carbon monoxide; hydrocarbon; smoke opacity

1. Introduction

As concerns about fossil fuel depletion and climate change grow, the need for an energy
transition has emerged as a global issue. With industrialization and economic growth,
greenhouse gas (GHG) emissions have increased, worsening the negative environmental
impact, and the need for sustainable energy sources has become more pronounced. In
response, many countries are actively participating in international agreements, including
the Paris Agreement [1], to reduce GHG emissions and address climate change. Such
international efforts have promoted the development of new and renewable energy sources
and eco-friendly alternatives to traditional fossil fuels.

Diesel engines are essential for transportation, heavy equipment, power generation,
and agriculture due to their high thermal efficiency, powerful output, high torque at
low speeds, and excellent durability. Additionally, diesel fuel produces lower emissions
of carbon monoxide (CO), hydrocarbons (HC), and carbon dioxide (CO2) than gasoline,
providing an advantage in fuel efficiency. However, nitrogen oxides (NOx) and particulate
matter (PM) emissions from diesel engines have adverse effects on the environment and
public health [2], posing a significant limitation in terms of sustainability. To mitigate these
issues, advanced fuels such as low-sulfur options have been introduced [3], along with
exhaust gas after-treatment technologies. For instance, diesel oxidation catalysts (DOCs)
convert CO into CO2 and water, while devices combining DOCs and diesel particulate
filters (DPFs) effectively reduce fine and nanoparticle emissions when biodiesel-blended
fuel is used. Moreover, selective catalytic reduction (SCR) technology has been introduced
to reduce NOx emissions [4,5].
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To meet stringent emission regulations and increase energy sustainability, various
alternative fuels have been explored. These alternative fuels include synthetic fuels and
biogas. Synthetic fuels derived from renewable energy sources such as CO2 and water can
reduce GHG emissions when produced using renewable energy [6]. They also maintain
compatibility with existing fuel infrastructure, enhancing their practicality. However,
high production costs and energy intensity are barriers to the widespread adoption of
synthetic fuels. Biogas produced through anaerobic digestion of organic wastes offers
another sustainable option with the potential to reduce methane emissions from landfills
by up to 60–80% compared to fossil fuels [7,8]. However, challenges such as feedstock
variability and purification costs limit its scalability.

In this context, various biofuels, including biodiesel and bioethanol, have been exten-
sively studied as alternatives to reduce pollutant emissions from diesel engines. Among
these, alcohol-based biofuels derived from biomass have emerged as promising options due
to their compatibility with conventional diesel engines and ability to improve combustion
efficiency while reducing harmful emissions. Oxygenated alcohols, in particular, signifi-
cantly reduce particulate emissions, enhance combustion efficiency, and exhibit diverse
physicochemical properties depending on the number of carbon atoms and bonding struc-
tures. When blended with diesel or gasoline fuels, these properties influence miscibility,
ignition timing, and emission characteristics [9,10].

In addition, computational and experimental studies have provided valuable insights
into the benefits of alcohol-based fuels and advanced modeling techniques for diesel en-
gines. For instance, studies have shown that oxygenated alcohols, such as ethanol and
butanol, significantly reduce particulate emissions and enhance combustion efficiency by
improving fuel-air mixing and oxidation characteristics under various operating condi-
tions [11]. Advanced computational approaches, such as large-eddy simulations, have
demonstrated the ability to analyze complex in-cylinder processes, including the effects
of turbulence and chemical reaction rates on heat release and emissions at various ex-
haust gas recirculation (EGR) rates, providing a basis for optimizing cleaner combustion
strategies [12]. Additionally, recent numerical studies have highlighted the flexibility of
alcohol-diesel blends to significantly reduce particulate matter and NOx emissions under a
range of engine operating conditions [13].

Among alcohols, lower alcohols such as methanol and ethanol are the most extensively
studied fuels. These alcohols effectively improve diesel engine fuel efficiency when blended
in small quantities [14,15], but high-concentration blends encounter limitations due to phase
separation [16]. To address this, surfactants can be added, or dual fuel injection methods
may be employed, such as injecting alcohol into the intake port while directly injecting
diesel into the combustion chamber [17–20]. Lower alcohols are effective in reducing smoke
due to their high oxygen content. Still, their low heating value (LHV) and cetane number
(CN) limit their ignition performance in compression ignition engines [21].

To overcome the limitations of lower alcohols, higher alcohols such as butanol and
octanol have recently gained attention as alternative fuels for diesel engines. Higher
alcohols offer higher energy content and CN, which enhance compatibility with diesel
engines and improve performance. Their greater molecular weight and low volatility also
help resolve phase separation and volatility issues [22–24]. Technologies have also been
developed to convert syngas from both renewable and conventional sources into higher
alcohols through catalytic reactions [25,26]. Additionally, metabolic engineering enables
the direct conversion of cellulose into biofuels and higher alcohols, offering an alternative
pathway that eliminates the need for intermediate syngas production [27]. Synthesizing
higher alcohols from CO2 contributes to GHG reduction, presenting them as a promising
eco-friendly fuel source for internal combustion engines [28].

Butanol, a higher alcohol, can help reduce NOx emissions by lowering the combustion
temperature due to its high latent heat of vaporization when blended with diesel [29].
However, studies have reported that while increasing the butanol ratio raises the maximum
cylinder pressure and brake thermal efficiency (BTE), performance declines when the
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butanol ratio exceeds 50% due to the cooling effect on the combustion chamber [30]. In
contrast, blending octanol with diesel can reduce PM and NOx emissions, though BTE
varies with operating conditions [31,32]. The oxygen content in higher alcohols is crucial
for enhancing combustion, reducing smoke and PM emissions, and effortlessly blending
with diesel. This compatibility allows for use with minimal modifications to existing
infrastructure, offering significant economic advantages [33].

Despite extensive research on lower alcohols and other higher alcohols like butanol
and octanol, decanol remains relatively unexplored in diesel engine applications. Decanol
has unique physicochemical properties, including a high CN and a calorific value similar
to diesel, making it particularly compatible with compression ignition engines [34]. These
properties address the typical limitations of lower alcohols, such as low CN, low calorific
value, and phase separation issues. In addition, its oxygen content increases combustion
efficiency and reduces PM emissions, making it a promising candidate for cleaner fuel
mixtures [35]. However, the high viscosity of decanol can interfere with fuel atomization
and air mixing, affecting exhaust characteristics under various operating conditions.

Therefore, this study investigates the effect of decanol addition on engine performance
and emissions by preparing binary mixtures of decanol and diesel at different ratios to
understand its combustion characteristics. Although the physical properties of the fuel
mixture may lead to differences in injection pressure and duration, this study focuses on
analyzing the overall effect of decanol addition under realistic operating conditions. The
results of this study fill a significant knowledge gap regarding alcohol-based fuels and
provide baseline data to evaluate the potential of decanol as an eco-friendly fuel alternative,
highlighting its advantages and limitations for sustainable energy applications.

2. Experimental Setup
2.1. Test Engine and Instrumentation

In this research, combustion experiments were performed on an MT502E single-
cylinder engine test bench (ESSOM, Bangkok, Thailand) to investigate the changes in
engine performance and emissions characteristics when different decanol/diesel blends
were used as fuel. The setup for the experiment is depicted in Figure 1.
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The diesel engine employed in the experiment is a naturally aspirated, air-cooled
engine with a swept volume of 298.6 cm3. To manage the load, the engine is connected to an
air-cooled eddy current dynamometer, and various sensors are linked to an instrumentation
panel to monitor exhaust gas temperature, brake torque, and air and fuel flow rates. The
throttle valve position and load settings can be adjusted via a computer connected to this
panel. Based on the collected data, performance parameters such as brake power, BTE,
and brake specific fuel consumption (BSFC) were calculated using the MT502E software.
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Fuel was injected directly into the combustion chamber using a mechanical injector with
a hole-type nozzle, and the engine operates with a compression ratio of 21:1. Detailed
specifications of the test engine are provided in Table 1.

Table 1. Engine specifications.

Parameter Specifications

Model MITSUKI MIT-178F
Number of cylinders 1

Bore 78 mm
Stroke 62.5 mm

Compression ratio 21:1
Ignition Compression ignition

Injection type Direct injection
Injector nozzle Hole type
Cooling system Air-cooled

Rated power 5.22 kW @ 3000 rpm
Swept volume 298.6 cm3

Type of loading Eddy current dynamometer
Lubrication oil SAE 5W-30 API CF

The QRO-402 gas analyzer (QroTech, Bucheon, Republic of Korea) was employed
to measure the major post-combustion emissions. This device utilizes a non-dispersive
infrared technique for measuring CO and HC levels, while NOx is detected through an
electrochemical cell. The analyzer achieves a resolution of 0.01% for CO and 1 ppm for
both HC and NOx, with a sample flow rate consistently maintained between 4 and 6 L/min
to ensure accuracy.

Smoke opacity was evaluated using an OPA-102 smoke meter (QroTech, Bucheon,
Republic of Korea), which operates on the light extinction principle, providing opacity
values as a percentage. The device offers a resolution of 0.1% and a response time of 0.5 s,
with a 3 to 6 min warm-up period required before taking measurements. Table 2 presents
the emission concentrations’ measurement range, accuracy, and resolution. Additionally, to
ensure consistency in the subsequent analysis and discussion, the measurement units were
converted to g/kWh based on relevant references [36,37].

Table 2. Technical specifications of the gas analyzer and smoke meter.

Emissions Range Accuracy Resolution

NOx 0–5000 ppm ±15 ppm 1 ppm
CO 0–10% ±0.02% 0.01%
HC 0–9999 ppm ±20 ppm 1 ppm
CO2 0–20% ±0.06% 0.1%

Smoke opacity 0–100% ±1% 0.1%

2.2. Tested Fuels

To evaluate and compare the combustion and emission characteristics of decanol/diesel
blends, commercial diesel was mixed with decanol in volume ratios of 10%, 30%, and 50%,
labeled as D90de10, D70de30, and D50de50, respectively. Pure diesel was referred to as
D100. The decanol used in this study was sourced from Daejung Chemicals & Metals
Co., Ltd. (Siheung, Republic of Korea) with a 98–100% purity level. Table 3 outlines the
physicochemical properties of the diesel and decanol used in the experiments, highlighting
notable differences in oxygen content and kinematic viscosity. In contrast to lower alcohols,
decanol and diesel exhibit similar lower heating values and cetane numbers. No phase
separation was observed 48 h after the mechanical mixing of the fuel blends. Additionally,
fuel mixing was conducted immediately before each experiment to minimize the potential
effects of fuel heterogeneity on combustion behavior.
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Table 3. Physicochemical properties of fuel.

Properties Diesel Methanol a Ethanol a Decanol

Lower heating value (MJ/kg) 42.9 19.6 26.8 41.9
Latent heat of vaporization (MJ/kg) 0.27 1.16 0.92 0.51

Cetane number >52 5 8 52
Self-ignition temperature (◦C) 260 463 420 254

Density (kg/m3) 840 791 789 826
Kinematic viscosity at 40 ◦C (mm2/s) 3.4 0.58 1.13 6.5

Oxygen (wt.%) 0 49.9 34.7 10.1
Stoichiometric air-fuel ratio (AFR) 14.9 6.5 9.0 13.1

a Data taken from Ref. [38].

2.3. Test Conditions and Procedure

Experiments were conducted at varying engine speeds and loads to examine changes
in engine performance and emission characteristics with different fuel blends. The engine
speed was set to 1700 rpm and 2700 rpm, with brake torque levels of 6, 8, 10, and 12 Nm
applied at each fixed speed. These conditions corresponded to four brake mean effective
pressure (BMEP) levels, representing low to high loads typically encountered in small diesel
engines. While these conditions provided valuable insights into decanol-diesel blends’
performance and emission characteristics, they did not cover the entire load spectrum.

Before each test, the engine was idled for at least 15 min using D100 to reach its
standard operating temperature. Prior to switching fuels, the remaining fuel in the tank
was drained and refilled with D100. Then, the engine ran for around 3 min to flush out
any residual mixed fuel in the system. Load and speed settings were gradually modified
to allow the engine to stabilize under the new conditions, after which data were recorded.
For each experimental condition, three replicate measurements were performed to ensure
reproducibility. The results present the mean values, with error bars representing the 95%
confidence intervals. This statistical measure quantifies observed trends’ reliability and
highlights experimental results’ variability.

3. Results and Discussion
3.1. Brake Thermal Efficiency

Figure 2 shows that BTE tends to increase as BMEP increases for all fuels, including
pure diesel. At 2700 rpm, BTE was overall higher than at 1700 rpm. This is because the
temperature inside the combustion chamber increases, as shown in Table 4, and heat loss
through the cylinder wall decreases as the fuel injection amount increases during high-
speed operation. In addition, as shown in Table 5, the λ is relatively close to unity, which
reduces heat loss to excess air. At 1700 rpm, BTE tends to decrease as the decanol blending
ratio increases. Overall, D90de10 showed the highest BTE, and D50d50 showed the lowest
BTE. However, D70de30 showed the lowest BTE at 2700 rpm.

Table 4. Exhaust gas temperature.

Speed (rpm) BMEP
(bar) EGTD100 EGTD90de10 EGTD70de30 EGTD50de50

1700

2.47 211.9 210.0 202.7 211.0
3.31 255.8 256.0 237.6 251.2
4.11 308.8 315.7 305.0 300.7
4.85 370.8 368.7 360.6 352.3

2700

2.47 263.0 276.5 269.0 262.5
3.32 340.8 327.4 321.6 312.0
4.11 399.8 395.8 391.0 379.8
4.94 466.9 481.9 478.9 477.4
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Table 5. Relative air/fuel ratio, λ.

Speed (rpm) BMEP
(bar) λD100 λD90de10 λD70de30 λD50de50

1700

2.47 1.54 1.47 1.57 1.55
3.31 1.36 1.29 1.42 1.39
4.11 1.15 1.11 1.14 1.18
4.85 0.97 0.97 1.00 1.00

2700

2.47 1.42 1.32 1.32 1.40
3.32 1.20 1.14 1.16 1.21
4.11 1.03 1.01 0.99 1.03
4.94 0.89 0.87 0.83 0.87

Since these outcomes arise from various factors, several aspects should be considered
to understand the correlation between the decanol blending ratio and BTE. First, decanol is
an oxygenated fuel, and because 10.1 wt.% of oxygen is additionally generated during the
fuel decomposition process, it reduces local incomplete combustion, increasing combustion
efficiency and BTE. However, due to the higher kinematic viscosity of decanol (6.5 mm2/s),
it is difficult to atomize the fuel, which hinders the uniform mixing of fuel and air at high
speeds and leads to incomplete combustion, which may decrease BTE. Precise control of
injection timing or pressure is required to offset these disadvantages of decanol. Unfortu-
nately, the mechanical injection system used in this study lacks the ability to independently
adjust these parameters, contributing to the reduction in BTE at higher decanol blending
ratios. Moreover, the higher heat of vaporization than diesel can lower the temperature
inside the combustion chamber, thereby suppressing the initial combustion reaction upon
ignition and slightly reducing BTE. This cooling effect and reduced spray quality may
result in delayed combustion, which could further affect BTE under these conditions.

As shown in Table 5, especially at 2700 rpm, the λ of D70de30 is lower than that of
D50de50, which relatively increases the oxygen-deficient area and enhances the cooling
effect during the fuel evaporation process, tending to decrease combustion efficiency. Pre-
vious studies have also reported that oxygenated fuels such as decanol positively affect
combustion efficiency, but atomization may become difficult due to increased viscosity [39].
Based on these results, applying a high-pressure injection technique to enhance fuel atom-
ization and a fuel preheating device to improve viscosity and increase the decanol blending
ratio at high speeds seems necessary. Furthermore, optimizing the initial combustion
reaction by controlling injection timing could also be effective.
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3.2. Brake Specific Fuel Consumption

BSFC is the amount of fuel consumed to produce a unit of power and is an essential
indicator for evaluating the fuel economy and its environmental impact. The higher the
BSFC, the more fuel is consumed, which increases operating costs and can generate more
exhaust gas. The calorific value of the fuel is the dominant factor in BSFC, and since the
LHV of decanol (41.9 MJ/kg) is about 2.4% lower than that of diesel, more fuel is needed to
generate the same power, which is the main cause of the increase in BSFC.

Figure 3 clearly shows the decreasing trend of BSFC with increasing BMEP for all
fuels. This is because the amount of fuel injected increases as the load increases, leading
to increased heat release. The resulting increase in combustion chamber temperature and
pressure promotes the combustion reaction. In addition, the heat loss due to excess air is
reduced because of the lower λ, so the heat released by the combustion reaction can be
used more efficiently.
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At 1700 rpm, BSFC increases as the decanol blending ratio increases; in particular,
D90de10 has a lower BSFC than D100. At 2700 rpm, BSFC is relatively lower than at
1700 rpm, which is due to the turbulent flow inside the combustion chamber being strength-
ened at high speeds, allowing more uniform mixing of fuel and air, more stable combustion,
and reduced incomplete combustion. However, D70de30 exhibits the highest BSFC among
the blends. It may result from the complex interaction between the physicochemical
properties of decanol and the engine operating conditions.

In intermediate mixtures such as D70de30, the reduced air intake leads to a lower λ,
negatively affecting combustion efficiency. In addition, the viscosity and latent heat of the
vaporization of decanol delay the vaporization and combustion reactions, which worsens
incomplete combustion. Conversely, in the case of D50de50, the higher oxygen content
alleviates this problem, promoting oxidation and improving combustion efficiency. The
higher λ value evidences this compared to D70de30. This trend emphasizes the nonlinear
competition between the positive effects of oxygen content and the negative effects of the
physical properties of decanol, especially in high-speed engines where the intake conditions
are less favorable.

These findings have also been confirmed in previous studies, which have reported
that oxygenated fuels with high viscosity and low calorific value can cause a decrease in
combustion efficiency and increase BSFC [40,41].

3.3. Brake Specific Energy Consumption

Brake specific energy consumption (BSEC) measures the energy consumed by fuel to
generate a unit of power, serving as an energy efficiency indicator. Unlike BSFC, which
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focuses on fuel consumption, BSEC offers a different perspective on fuel performance. This
is important for an objective comparison of energy efficiency between fuels with different
calorific values.

As shown in Figure 4, BSEC at 1700 rpm was higher than that at 2700 rpm due to low
temperature inside the combustion chamber during low-speed operation, slowing down
the combustion reaction and increasing heat loss due to excessive air intake. At 2700 rpm,
the high speed led to more uniform mixing of fuel and air, while the increased temperature
and pressure in the combustion chamber promoted a more active combustion reaction,
slightly reducing energy consumption.
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When D90de10 and D70de30 were used at 1700 rpm, BSEC was lower than that of
D100 overall, but at 2700 rpm, BSEC was lower than that of D100 only for D90de10. This
means that decanol blending is relatively effective in low-speed operation. Air and fuel mix
less actively at low speeds, increasing the likelihood of incomplete combustion. However,
the oxygen content in decanol helps compensate for this, reducing local incomplete com-
bustion and enhancing combustion efficiency. This reduces BSEC and can increase energy
consumption efficiency.

Moreover, at low speed, the in-cylinder temperature is lower than at high speed,
making the cooling effect more significant. The higher λ and longer residence time increase
the contact between fuel and air, allowing the combustion reaction to occur more uniformly.
It improves combustion efficiency and helps reduce BSEC. On the other hand, since the
engine used in the experiment is air-cooled, it can be understood that the lower calorific
value and cooling limitations can have a negative effect on efficiency at high speed, but the
thermal management ability has minimal impact on BSEC at low speed.

3.4. NOx Emissions

NOx emissions are primarily produced during high-temperature combustion processes
through the reaction of nitrogen and oxygen in the air, and their levels tend to increase
as engine loads or combustion temperatures rise. Figure 5 illustrates the trends of NOx
emissions according to the decanol blending ratio and BMEP at 1700 rpm and 2700 rpm,
showing a clear tendency for NOx emissions to decrease with increasing decanol ratios at
each speed. For instance, when the BMEP was 4.11 bar at 1700 rpm, NOx emissions from
D100 were 3.20 g/kWh, decreasing to 2.30 g/kWh for D50de50. A similar trend is observed
at 2700 rpm, where NOx emissions dropped from 2.58 g/kWh with D100 to 2.16 g/kWh
with D50de50.
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As BMEP rises, pressure and temperature inside the combustion chamber increase,
providing sufficient activation energy and promoting NOx formation. However, under the
experimental conditions in this study, the λ is less than unity at the maximum BMEP of
4.9 bar, reducing the oxygen concentration in the combustion chamber and limiting NOx
formation. Decanol enhances combustion stability and reduces incomplete combustion
due to its oxygen content. The availability of oxygen facilitates oxidation processes, which
improve combustion efficiency and reduce harmful emissions. At the same time, the
combined effects of decanol’s high latent heat of vaporization and lower calorific value
suppress combustion temperature, further limiting NOx formation, which predominantly
occurs at high temperatures. These properties are particularly effective in reducing NOx
emissions under high-load conditions.

While the in-cylinder temperature directly affects NOx formation and provides crit-
ical insights into combustion behavior, the experimental equipment in this study could
not measure it directly. Instead, the exhaust gas temperature was measured to indirectly
analyze decanol’s combustion behavior and cooling effect. This limitation restricts de-
tailed thermodynamic analysis, which future studies will supplement using advanced
diagnostic tools.

During high-speed operation, the in-cylinder temperature is already sufficiently high,
so the cooling effect of decanol is relatively less effective, limiting the temperature reduction.
Conversely, at low speeds, where the in-cylinder temperature is lower, the latent heat of
vaporization has a larger impact, helping to suppress the temperature and contributing to
NOx reduction. Additionally, under high-speed conditions, turbulent mixing inside the
combustion chamber is enhanced, making the fuel-air mixture more uniform and reducing
local hot spots, which helps to lower NOx production.

However, the high viscosity of decanol can affect fuel atomization and lead to locally
unstable combustion reactions, which may offset the beneficial cooling effect under certain
conditions. This interaction highlights the need for further investigation into how the
physicochemical properties of decanol affect NOx formation.

Moreover, the air-cooled engine used in this experiment has limitations in thermal
management compared to a water-cooled engine, making it more prone to overheating
at high speeds. Accordingly, decanol-blended fuel may be less effective in reducing NOx
at higher speeds. Despite these limitations, the observed NOx reduction demonstrates
the potential of decanol as an eco-friendly additive. Future research should optimize the
decanol/diesel blend ratio and injection strategy to address viscosity-related issues and
achieve more efficient NOx reduction.



Energies 2024, 17, 6223 10 of 17

3.5. CO Emissions

CO is a colorless, odorless, toxic gas mainly produced under rich combustion condi-
tions, with formation more likely when the combustion temperature is low, or the air-fuel
mixture is uneven. Figure 6 depicts the CO emission trend according to the decanol blend-
ing ratio and BMEP, and it is clearly shown that CO concentration increases as BMEP
increases in all fuel mixtures. This occurs because, as BMEP increases, the mixture in the
combustion chamber becomes richer, leading to local oxygen-deficient zones that inhibit
CO oxidation and increase CO emissions. Additionally, the CO increase with BMEP may
be attributed to the limitations of the mechanical injection system, which lacks the ability to
adjust injection timing or pressure under varying conditions independently. These limita-
tions, combined with oxygen-depleted regions in richer mixtures, may lead to incomplete
combustion and increased CO emissions. Under low-load conditions, the leaner air-fuel
mixture, due to a λ greater than unity, provides sufficient oxygen to oxidize CO and reduce
emissions entirely.
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The decrease in CO emissions with increasing decanol concentration is primarily due to
the oxygen content of decanol, which facilitates oxidation in the fuel-rich region. However,
the observed trends are also influenced by the in-cylinder temperature, oxidation kinetics,
and residence time. At 1700 rpm, lower in-cylinder temperatures slow down CO oxidation
kinetics, resulting in higher emissions despite the longer residence time. Conversely, at
2700 rpm, increased turbulence and higher in-cylinder temperatures enhance the oxidation
efficiency, significantly reducing CO emissions. Improved combustion dynamics offset
the shorter residence time at 2700 rpm due to higher combustion temperatures and better
fuel-air mixing. These combined effects highlight the complex interplay between decanol’s
oxygen availability, combustion chamber conditions, and chemical reaction rates.

As the decanol blending ratio increased, CO emissions decreased across most condi-
tions. For example, under BMEP 4.9 bar at 1700 rpm, CO emissions for D100, D90de10,
D70de30, and D50de50 were 40.6 g/kWh, 32.7 g/kWh, 30.2 g/kWh, and 17.2 g/kWh,
respectively, with the highest reduction of approximately 58% observed in D50de50. This
reduction is primarily due to the additional oxygen provided by decanol, which promotes
CO oxidation and alleviates oxygen depletion in the fuel-rich zone.

However, the high viscosity of decanol may adversely affect fuel atomization and
mixing, potentially creating localized fuel-rich regions. Nevertheless, the improved oxygen
availability of decanol effectively compensates for this disadvantage, as evidenced by the
consistently lower CO emissions with higher blending ratios. These results highlight the
interplay between the oxygen content of decanol, its physical properties, and combustion
dynamics, which collectively affect CO emissions under different engine conditions.



Energies 2024, 17, 6223 11 of 17

3.6. HC Emissions

HC emissions are generated when fuel undergoes incomplete combustion and are
influenced by uneven fuel spray, delayed evaporation, and other combustion inefficiencies.
Figure 7 illustrates the trend in HC emissions, showing that HC emissions tend to increase
as the engine load rises. This results from fuel-rich zones formed in the combustion chamber
as BMEP increases, which promotes incomplete combustion. For example, in D100, when
BMEP increases from 2.47 bar to 4.85 bar at 1700 rpm, HC emissions increase more than
tenfold, from 0.006 g/kWh to 0.08 g/kWh. This significant increase demonstrates the
difficulty of maintaining complete combustion under high-load conditions, where localized
oxygen-depleted areas become more pronounced.
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Adding decanol to diesel fuel generally reduces HC emissions, but at 1700 rpm, the
HC reduction effect is limited compared to D100. The lower in-cylinder temperatures
at low engine speeds amplify the cooling effect of decanol due to its high latent heat
of vaporization, which consequently delays fuel vaporization and combustion reactions,
increasing the likelihood of incomplete combustion. In addition, the overall effectiveness
of decanol’s oxygen content in reducing HC emissions is diminished due to heat loss to
the excess air. The longer residence time at low speeds allows the fuel to oxidize. Still, it
cannot compensate for the adverse effects of low combustion temperatures and delayed
fuel-air mixing.

In contrast, at 2700 rpm, higher in-cylinder temperatures and enhanced turbulence
improve fuel vaporization and mixing, reducing incomplete combustion. At high speeds,
despite shorter residence times, higher combustion temperatures accelerate chemical re-
actions, allowing for more efficient oxidation of HC. Under these conditions, the oxygen
content of decanol plays a more dominant role in promoting oxidation within fuel-rich
zones, resulting in a more pronounced decreasing trend in HC emissions with increasing
decanol concentration. This trend highlights the significant influence of engine speed on the
balance between decanol’s effects on combustion reactions, with higher-speed conditions
enabling complete combustion through improved thermal and kinetic conditions.

The interaction among decanol’s physicochemical properties, engine speed, and load
conditions underscores the complexity of HC emission trends. While decanol’s oxygen
content enhances oxidation in fuel-rich regions, its high latent heat of vaporization and
viscosity can impede combustion under certain conditions, particularly at low speeds and
high loads. This study demonstrates that optimizing the decanol blending ratio according
to engine operating conditions is crucial for balancing its benefits and drawbacks, ultimately
improving combustion efficiency and reducing harmful emissions.
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3.7. Smoke Emissions

Smoke is a complex mixture of fine solid particles, liquid droplets, and gases produced
during incomplete combustion, primarily due to oxygen deficiency and non-uniform fuel
spray in the combustion process. Figure 8 shows that smoke emissions increase with
BMEP across all fuel mixtures. Combustion temperature increases with increasing engine
load, which improves fuel oxidation efficiency in most cases. However, at high engine
loads, uneven air-fuel mixing and limited oxygen availability can lead to localized fuel-
rich zones, which may result in incomplete combustion. Conversely, a lean combustion
environment is formed at low loads due to a λ greater than unity, rapidly reducing CO and
smoke emissions.
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While decanol-blended fuel helped reduce smoke emissions overall, its smoke re-
duction effect was less pronounced at 1700 rpm than at 2700 rpm. This limitation can be
attributed to lower in-cylinder temperatures at low speeds, where delayed vaporization
due to the high latent heat of vaporization of decanol could prevent complete combustion,
thereby increasing smoke emissions under low-speed, high-load conditions. For exam-
ple, at a BMEP of 4.85 bar, D50de50 demonstrates a noticeable smoke suppression effect;
however, other decanol blends show limited impact on smoke reduction under low-speed,
high-load conditions.

In contrast, at 2700 rpm, the smoke reduction effect of decanol blending became
significant. Higher in-cylinder temperatures at higher speeds allow for more efficient
fuel vaporization and oxidation, which amplifies the role of oxygen content in reducing
incomplete combustion and unburned carbon particle formation. For example, under
BMEP 4.11 bar, D100’s smoke emission was 4.66 g/kWh, but D50de50 reduced this by
about 63% to 1.71 g/kWh. Additionally, turbulent mixing could be enhanced at higher
speeds, improving fuel-air mixture uniformity and further suppressing smoke formation.

The observed reduction in smoke emissions with increasing decanol blending ratios is
consistent with trends reported in previous studies. Devarajan et al. (2020) demonstrated
that decanol blends reduced smoke emissions by increasing oxygen content, which im-
proved combustion efficiency. Similarly, Nanthagopal et al. (2019) reported comparable
results for ternary fuel blends containing decanol [42,43].

In conclusion, decanol-blended fuel effectively suppresses smoke emissions under
certain conditions, underscoring its potential as a blending strategy to reduce diesel engine
emissions and environmental impact.
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3.8. CO2 Emissions

CO2 emissions directly result from combustion and are closely related to fuel con-
sumption and combustion efficiency. While CO2 emissions are an inevitable by-product of
complete combustion, they also indirectly indicate fuel economy, with higher combustion
efficiency typically resulting in higher CO2 emissions due to more complete fuel oxidation.

Figure 9 shows CO2 emission trends for various decanol-diesel blends at different
BMEP levels and engine speeds. At 1700 rpm and 2700 rpm, CO2 emissions increased with
BMEP, reflecting the higher fuel consumption required to meet the increased engine load.
However, the effect of decanol blending on CO2 emissions varied with engine speed and
blending ratios.
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At 1700 rpm, CO2 emissions generally decreased with increasing decanol blending
ratio. For instance, at BMEP 4.85 bar, CO2 emissions decreased from 386.11 g/kWh for
D100 to 323.70 g/kWh for D50de50. This trend is attributed to decanol’s lower carbon
content, which reduces the total carbon available for oxidation. The oxygen content of
decanol supports more complete combustion, which can also influence CO2 emissions
under certain conditions.

At 2700 rpm, the CO2 emission trends are more complex. The D70de30 generally had
lower CO2 emissions than the D50de50. For example, at BMEP 4.94 bar, D50de50 emitted
307.83 g/kWh, slightly higher than D70de30, which emitted 304.66 g/kWh. This divergence
from the 1700 rpm trend highlights the nonlinear interaction between decanol’s oxygen
content and combustion dynamics. Increased turbulence and in-cylinder temperatures at
higher speeds enhance fuel-air mixing and combustion efficiency, amplifying the oxygen
content’s positive effects. However, as the decanol blending ratio increases, the cooling
effects of its high latent heat of vaporization and impact on atomization can counteract
these benefits, leading to slightly higher CO2 emissions in specific cases.

The observed trends underscore the complex relationship between decanol’s prop-
erties and engine operating conditions. Decanol’s lower carbon intensity and in-cylinder
temperature at low speeds contribute to a consistent reduction in CO2 emissions with
higher blending ratios. However, at high speeds, the balance between the benefits of de-
canol’s oxygen content and the challenges posed by its physical properties creates nonlinear
trends in CO2 emissions.

3.9. Limitations and Future Perspectives

This study investigated decanol-diesel blends’ combustion and emission characteris-
tics under controlled conditions using a single-cylinder air-cooled engine. Single-cylinder
engines are commonly employed in basic research due to their simplicity, cost-effectiveness,
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and repeatability. However, they do not fully replicate the performance characteristics of
multi-cylinder commercial diesel engines. Similarly, air-cooled engines are widely used in
small-scale applications but are more susceptible to temperature fluctuations than water-
cooled engines, affecting combustion dynamics and emissions. These inherent limitations
of the experimental setup must be considered when interpreting the results.

The higher viscosity of decanol than diesel poses problems with fuel atomization and
spray uniformity, which are essential for efficient combustion. The mechanical injection
system used in this study exacerbates these problems because it does not have independent
control over injection timing and pressure. The oxygen content of decanol promotes
complete combustion, which offsets some of the disadvantages, but advanced injection
technologies such as high-pressure or electronically controlled systems can significantly
improve fuel-air mixing and alleviate the adverse effects of high viscosity.

The controlled laboratory environment also ensured consistent ambient conditions
such as temperature and humidity. While this approach improves repeatability, it does not
account for the variability of real-world scenarios where fluctuating environmental factors
can affect fuel-air mixing, combustion stability, and emission characteristics.

Although this study primarily focused on the technical performance of decanol-diesel
blends, the economic feasibility of these blends is still an essential aspect of practical
applications. Decanol, a higher alcohol, tends to be more expensive than conventional
diesel because it is costly to produce, and its supply is limited. However, the potential
benefits of reduced emissions, regulatory compliance, and improved efficiency under
certain conditions may help offset these costs.

These limitations highlight the need for further studies involving multi-cylinder water-
cooled engines with advanced injection systems to evaluate decanol-diesel blends under
more realistic operating conditions. Future research should include detailed economic
analyses investigating the costs of decanol production, scalability through renewable
energy sources, and lifecycle cost-effectiveness compared to other fuels. In addition, field
trials in diverse environments with varying ambient temperatures and humidity levels are
recommended to assess the robustness of decanol-diesel blends. Long-term durability tests
are also necessary to determine the practicality of decanol-diesel blends in various engine
types, including transportation and industrial applications.

4. Conclusions

This study evaluated the effects of various decanol blending ratios on diesel engines’
combustion efficiency and emission characteristics by comprehensively analyzing engine
performance and exhaust gas characteristics under various engine loads and speeds. This
study aimed to provide foundational data for establishing an eco-friendly fuel blending
strategy for diesel engines.

The performance parameter BTE showed different trends depending on engine speed
and load. At low speed (1700 rpm), BTE tended to decrease slightly as the decanol blending
ratio increased, but there was no clear relationship between the blending ratio and BTE at
high speed (2700 rpm). BSFC and BSEC both tended to increase with higher decanol ratios,
as the calorific value of decanol is lower than that of pure diesel, requiring more fuel for
the same power output.

In terms of emissions, increasing the decanol blending ratio effectively reduced NOx,
CO, HC, and smoke emissions. NOx emissions were lowered by the cooling effect from
decanol’s higher latent heat of vaporization and lower calorific value, especially at low
speeds. CO and HC emissions declined in most conditions, as decanol’s oxygen content
promoted oxidation in fuel-rich zones, reducing incomplete combustion. CO emissions
remained higher at low speeds, likely due to lower combustion temperatures, which limited
CO oxidation. Decanol blends were more effective at reducing CO and HC emissions at
high speed due to increased combustion temperatures and the oxygen supply effect.

Smoke emissions also decreased as the decanol blending ratio increased, as the oxygen
content in decanol promoted fuel oxidation in rich zones, reducing unburned carbon
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particles. However, under low-speed conditions, the higher viscosity and latent heat
of vaporization of decanol delayed combustion, limiting the smoke suppression effect
compared to high speed.

The low carbon intensity and oxygen content of decanol influenced the CO2 emission
trend. CO2 emissions decreased continuously at low speeds as the decanol blending ratio
increased due to low carbon availability. However, at high speeds, the CO2 emission trend
showed nonlinear behavior because the balance between the oxygen content of decanol and
physical properties such as latent heat of vaporization affected the combustion dynamics.

In conclusion, the blended fuel of decanol and diesel can be considered a promising al-
ternative fuel for reducing harmful exhaust gases and improving the combustion efficiency
of diesel engines. Further studies are recommended to determine the optimal blending
ratio and operating conditions. This study also highlights the importance of understanding
CO2 emissions as a critical parameter for fuel evaluation. It suggests the potential for
developing a commercial eco-friendly fuel using decanol and emphasizes the need for
optimizing injection technology and timing to enhance diesel engine performance.
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