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A B S T R A C T

In this study, the low idle operation is defined as the engine running at the lowest engine speed with a few slight
loads. Idling is necessary for most vehicles, especially for buses and trucks that frequently travel long distances, as
drivers often rest inside the vehicle. However, under idling conditions, weak air flow and low air-fuel ratio result
in poor air to fuel mixture, ultimately causing incomplete combustion and the production of more harmful exhaust
emissions. Bioethanol, as a low-carbon fuel, has great potential for application in diesel engines due to its unique
properties. In this research, the influences of different diesel-bioethanol blends (BE0, BE5, BE10, BE15) on
combustion and emissions of a diesel engine were investigated under idle conditions. The main results show that
there was no phase separation phenomenon even up to 15% bioethanol was directly blended with diesel by
volume. And adding bioethanol to diesel had no significant impact on combustion pressure peak, but it postponed
the start of combustion (SOC). Surprisingly, the nitrogen oxide (NOx) and smoke were simultaneously decreased
by over 52% and 78% with the intervention of bioethanol, respectively.
1. Introduction

In recent decades, internal combustion engines (ICE), especially
diesel engines, have been playing an important role in the fields of on-
road and off-road machinery. Although electric vehicles (EVs) can
solve on-road transportation pollution problems. However, if the elec-
tricity used by EVs comes from traditional thermal power generation, EVs
are not purely zero-emission vehicles. Even studies have shown that EVs
that rely on coal-fired power generation emit higher CO2 emissions than
ICE in terms of life cycle assessment (LCA) (Petrauskien _e et al., 2020). In
addition, the current global ownership of EVs in the world is far from
being compared with ICE, so the ICE is still the main transportation
machinery at present. Especially the diesel engine, which has the ad-
vantages of large power, fuel economy and good durability, is widely
used in on-road and off-road operations (e.g., heavy trucks, ships, agri-
cultural machinery, etc.) (Othman et al., 2017). However, compared with
gasoline engines, diesel engines emit more nitrogen oxide (NOx) and
smoke emissions (Lu, 2011). Compared with conventional mechanical
and system optimization methods, developing emerging suitable alter-
native fuels to reduce diesel emissions has become a hot topic. Some
alternative fuels have attracted the attention from the world, such as
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biodiesel, methanol, ethanol, dimethyl ether (DME) and others (Cam-
pos-Fern�andez et al., 2012; E et al., 2017; Wang et al., 2022; Ying et al.,
2008).

As a typical alternative fuel, biodiesel is rich in sources and can be
obtained from animals, vegetable oils, seaweeds and others by trans-
esterification (E et al., 2017). Biodiesel is a low-carbon, renewable, clean,
high oxygen fuel that can be mixed with diesel in any blending ratio (Roy
et al., 2014). Many studies have shown that using a certain amount of
biodiesel can effectively control the emissions of CO and PM, but it may
slightly increaseNOx and fuel consumption (Basha et al., 2009; Devarajan,
2019). Besides, the high viscosity of biodiesel directly affects the atomi-
zation quality, which deteriorates the atomization effect, leading to poor
fuel flow in the cylinder and increasing themixing timewith air (Erdo�gan
et al., 2019). Similar to biodiesel (oxygen content: 11wt%), ethanol is also
a high-oxygen and low-carbon alternative fuel (oxygen content: 35 wt%).
Unlike biodiesel, ethanol is commonly used as an anti-knock additive in
gasoline engines due to its high octane number (Abdellatief et al., 2021).
The low cetane number of ethanolmakes it unsuitable as a standalone fuel
for diesel engines. Furthermore, another advantage is that the cost of
ethanol is much lower than that of biodiesel due to its inexpensive raw
materials for preparation. There are research results showing that the
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Table 1
Main physical properties of pure diesel and bioethanol.

Properties Measurement unit Diesel Bioethanol

Cetane index – 55.8 8
Density @ 15�C kg/m3 836.8 800
Flash point �C 55 13
Viscosity @ 40�C mPa s 2.719 1.1
Lower heating value MJ/kg 43.96 28.18
Latent heat of evaporation kJ/kg 250 840
Carbon wt% 86.1 52.2
Hydrogen wt% 13.9 13.1
Oxygen wt% 0 34.7
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production cost of ethanol is as low as 0.09~0.12 USD/L (Khounani et al.,
2019), while for biodiesel is as high as 0.42~0.75 USD/L (Mizik and
Gyarmati, 2021). Ethanol can be prepared from various sugar- and
starch-containing rawmaterials aswell as lignocellulosic biomass through
fermentation and saccharification processes (Bu�si�c et al., 2018). More-
over, cheaper ethanol can be produced from coal through coal gasification
under the action of non-precious metal catalysts (Kang et al., 2021).

The application of ethanol low-carbon fuel in diesel engines has
attracted widespread global attention. Many researchers have reported
that the ethanol can be directly blended with diesel or diesel-biodiesel
mixture to prepare binary or ternary blended fuels. These prepared
blended fuels can be directly burned on diesel engines without any
changes. Ethanol has the advantages of high oxygen content, high latent
heat of evaporation, high volatility, and lowcarboncontent,whichdirectly
improve combustion and emissions. However, its disadvantages are lower
cetane number and low calorific value, which will increase ignition delay
and ignition energy. In addition, its lower viscosity increases the leakage
likelihood in the fuel injection pump, resulting in reduced power. And
ethanol also has a low flash point, which makes it highly flammable.
Therefore, according to the NFPA regulations in the United States, diesel-
ethanol blends should be classified as Class I liquid fuels, and appropriate
measures should be taken in transportation, storage, and management.
(YahuzaandDandakouta, 2015). Ethanol has stronghygroscopicity,which
makes it corrosive to metals such as aluminum, low-carbon steel, and
copper (Thangavelu et al., 2016). However, Odziemkowska et al. (2016)
and Pradelle et al. (2019) both tested the corrosiveness of ethanol blended
fuels on copper metal, which is prone to corrosion. The research results
showed that all samples had acceptable low corrosiveness andwerewithin
the PN-EN 590 standard for diesel. Moreover, when preparing
multi-componentmixed fuels bymixing ethanol with diesel, it is necessary
to strictly control the ambient temperature as the solubility of ethanol is
greatly affected by temperature. When the ambient temperature is above
10�C, diesel can dissolve a certain amount of ethanol. While the ethanol is
prone to phase separation in diesel when the temperature is below 10�C
(Hansen et al., 2005). Ge et al. (2022a,b) found that there was no strati-
fication when bioethanol was blended with diesel at room temperature
according to various volume ratios of ethanol in diesel from 5% to 15%.
Shrivastava et al. (2021) researched the influences of
diesel-biodiesel-ethanol ternary mixture on performance and emissions of
a single-cylinder diesel engine under different compression ratios and
loads at 1500 rpm. Based on the performance and emission characteristics,
they reported that amixture of 70%diesel, 20%biodiesel and 10%ethanol
is the optimal combination compared to baseline of diesel. Ethanol con-
tains up to 35 wt% oxygen, which can reduce CO and smoke emissions by
improving fuel-air mixture ratio. In addition, ethanol has stronger cyclic
changes compared to diesel, and its fuel-bound oxygen is stronger
compared to other alcohol substitute fuels such as n-butanol (Rakopoulos
et al., 2019). Moreover, ethanol has unique properties such as high latent
heat of evaporation and high volatility, which play an important role in
simultaneously improving NOx and smoke emissions (Ge et al., 2022). To
use a larger proportion of ethanol in the diesel engine,multiple application
modes have been investigated, including direct injection in cylinder or
intake manifold, and ethanol multicomponent fuel blends. Beatrice et al.
(2020) found that 80% ethanol ratio can be effectively applied in a diesel
engine with dual-fuel combustion method under high injection pressure
conditions. Emiro�glu and Şen investigated the applied characteristics of
different alcohol fuels such as butanol, ethanol and methanol on a single
cylinder diesel engine. Compared with diesel, addition of alcohol fuels
resulted in longer ignition delay, higher maximum in-cylinder pressure,
lower CO and lower smoke emissions (Emiro�glu and Şen, 2018a).

Through reviewing above articles, it is found that most of the current
research on ethanol is focused on the single-cylinder diesel engine under
medium and high loads or medium and high speeds operating conditions,
and the researchon special conditions suchas idling is still ina blankperiod.
Although idling is not commonly used in actual on-road engine operations,
it is necessary formost long-distancedrivers tomaintain a certain amount of
2

rest time. In addition, the engine oftenwarms up under idling conditions in
the coldwinter. Research has shown that long-haul trucks are idling for 6 to
16 h a day (Rahman et al., 2013a). The in-cylinder temperature is very low
under idling conditions, air flow is usually feeble, resulting in high fuel
consumption and more harmful emissions (Ge et al., 2022; Vignesh et al.,
2021). Hua et al. reported that the n-hexane, benzene and acrolein unreg-
ulated emissions from diesel engines are the highest under idle condition
compared to maximum torque and nominal operation conditions due to
incomplete combustion caused by a thinner mixture (Hua et al., 2020).
Compared tohot idle conditions, diesel engines emitmoreCO,HC,NOx and
PM emissions due to lower combustion temperatures and delayed com-
bustion processes under cold idle conditions. The exhaust temperature is
only 100�Cunder cold idle condition,much lower than the400�Cunderhot
idle condition (Tipanluisa et al., 2021). Therefore, reducing idle emissions
from diesel engines has become a hot topic.

In this study, the idle operationwas definedas the engine running at the
lowest speed with light load. This is consistent with the definition of other
researchers (Rahman et al., 2013b, 2014). Low carbon anhydrous bio-
ethanol was considered as a relatively inexpensive and practical alterna-
tive fuel compared to biodiesel for a diesel engine under idling conditions.
Themain aimof this work are as follows: 1) to study the application effects
of bioethanol in a diesel engine under idling conditions, 2) to optimize the
optimal blending ratio of diesel-bioethanol blends and corresponding en-
gine operating conditions, and 3) to investigate the emission characteris-
tics and generationmechanisms of NOx and smoke. This study can provide
some reference values for the control of idling emissions from diesel en-
gines fueled with some low-carbon alternative fuels.

2. Experimental equipment and operational details

2.1. Experimental fuels

The ethanol used in this study was anhydrous bioethanol, which was
purchased from local K company and prepared from corn starch as raw
material. Although there are potential competition issues with human
food resources in using corn starch to prepare bioethanol, the corn has
abundant sources and is easier to convert into biofuels than lignocellu-
losic materials. And the preparation process is simple and cost-effective
compared to using lignocellulosic biomass (Cripwell et al., 2020). In
addition, corn is one of the most widely produced crops in the world,
with an annual output of over 1 billion tons (García-Lara and
Serna-Saldivar, 2019). The diesel was obtained from the S-oil petrol
station near the university. Three diesel-bioethanol blended fuels
including BE5, BE10 and BE15 were prepared using ultrasonic technol-
ogy according to the volume ratios of 5%, 10%, and 15% ethanol in
diesel. Table 1 lists the main properties of pure diesel and bioethanol. In
Table 1, the bioethanol has lower cetane index and lower heating value,
as well as higher latent heat of evaporation and higher oxygen content
compared to diesel. These typical properties directly affect combustion
and emission characteristics. For example, low cetane number can delay
the start of combustion (SOC), high oxygen content can improve local
hypoxia, and high latent heat of evaporation can diminish the maximum
combustion temperature.



Table 2
Engine specifications.

Type Turbocharged diesel engine

No. of cylinder 4
Injection mode Direct injection
No. of injector nozzle holes 5
Bore (mm) 83
Stroke (mm) 92
Compression ratio 17.7:1
Rated power 82 kW @ 4000 rpm
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2.2. Experimental methods

The main equipment of this experiment includes an inline four-
cylinder diesel engine, a dynamometer, a combustion and emission
analysis system, which are displayed in Fig. 1. Table 2 lists the engine's
main performance parameters. A 230 kW dynamometer was used to
measure the engine load. A Horiba MEXA analyzer was used to test CO,
HC and NOx emissions. An OP-160 was used to analyze smoke emissions
by calculating opacity. The combustion pressure was recorded by a Kis-
tler 6056A piezoelectric sensor, the signal was amplified by a Kistler
5011B charge amplifier. An A&D GP-100K precision balance was
employed to measure the fuel consumption.

2.3. Experimental conditions

To ascertain the impact of bioethanol on combustion and emissions
from diesel engines under idle conditions, engine loads of 0, 15, 30 Nm
were selected as several light loads. The speed under idling conditionswas
controlled at 750 rpm. To reduce experimental errors, recording experi-
mental data was performed when the engine reaches a stable state of
operation. That is, when the temperature of the cooling water reaches
85�C and remains constant, it is called a stable operating state. To reduce
the influences of the previous fuel on the next experiment, a fuel pumpwas
employed to remove the remaining fuel in the pipe and engine after each
experiment. After all tests were completed, the fuel was replaced with the
pure diesel and run for at least 30 min before turning off the engine.

3. Results and discussions

3.1. Combustion characteristics

3.1.1. Effects of engine loads on combustion pressure
Fig. 2 displays the influences of engine loads on combustion pressure

for all diesel-bioethanol blends under idling conditions. The maximum
Fig. 1. Diesel engin
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combustion pressure for all tested fuels increased with increasing of load
under idling conditions. As the load increases, the peak pressures in the
cylinder for all tested fuels were delayed by 1~2�CA in terms of the crank
angle. And the peak pressures occurred further away from the TDC. The
start of combustion (SOC) had been slightly advanced with increasing of
load. Similar results can be found in Zhu et al. (2011). The reason of this
situation is that the increase in load leads to an increase in injection
quantity, thereby increasing combustion temperature, combustion pres-
sure and combustion duration. On the other side, adding 10% ethanol to
diesel (BE10) had a significant increase in peak combustion pressure with
load variation. Compared with the result at 0 Nm, the peak pressure for
BE10 was increased by 12.13% and 23.51% at 15 Nm and 30 Nm,
respectively. This may be attributed to the high volatility and high oxy-
gen content of bioethanol, which plays a positive role in combustion at
higher loads.

3.1.2. Influences of diesel-bioethanol blends on combustion pressure
Fig. 3(a)–(c) shows the influences of diesel-bioethanol blends on

combustion pressure at different engine loads. All experimental fuels
exhibited similar combustion pressure curves, with combustion pressure
peaks on the left and right sides of the TDC caused by pilot injection and
main injection, respectively. Under all load conditions, the peak com-
bustion pressure of pure diesel (BE0) was the highest compared to diesel-
e bench setup.



(a) (b)

(c) (d)

Fig. 2. Combustion pressure in the cylinder for (a) BE0, (b) BE5, (c) BE10 and (d) BE15.
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bioethanol blends. Because the calorific value of bioethanol (28.18 MJ/
kg) is much lower than that of diesel (43.96 MJ/kg). The low calorific
value leading to low combustion pressure has also been proven in (Qi
et al., 2010). In addition, it can be observed that the SOC of the
diesel-bioethanol blended fuels was gradually delayed with increasing of
the amount of bioethanol addition. This result is related to the low cetane
number and high latent heat of evaporation of bioethanol. Low cetane
number directly leads to poor ignition characteristics, while high latent
heat of evaporation reduces cylinder temperature during fuel atomiza-
tion, thereby weakening the chemical combustion performance. Fırat
et al. also demonstrated similar research results to this study. They re-
ported that bioethanol with high latent heat of evaporation and low ce-
tane number caused long ignition delay in diesel engines.

3.1.3. Effects of diesel-bioethanol blends and loads on peak combustion
pressure

Fig. 3(d) presents the effects of diesel-bioethanol blends and engine
loads on peak combustion pressure. From the figure, it is clear seen that
the peak pressure in the cylinder showed a slight decrease trend with the
increasing of bioethanol under each load condition. At 0 Nm, the peak
pressures of BE0, BE5, BE10, and BE15 were observed to be 55.3, 54.3,
53.6 and 54.1 bar, respectively. At 15 and 30 Nm, the addition of bio-
ethanol had less effect on the variation of peak pressure compared to the
result at 0 Nm. Especially at 15 Nm, the peak variation caused by diesel-
biodiesel blends was the smallest, with an average change rate of 0.44%,
followed by 1.76% at 30 Nm and 2.35% at 0 Nm. In other words, the
diesel-bioethanol blends had the least impact on the peak combustion
4

pressure under a light load of 15 Nm. As mentioned earlier, the decrease
in peak pressure is related to the low calorific value and high latent heat
of evaporation of bioethanol. On the other hand, the increase in load
directly increased the peak combustion pressure, which was clearly
observed in Fig. 3(d). Compared with the results at 0 Nm, the average
peak pressure was increased by 11.00% and 21.77% at 15 and 30 Nm,
respectively. Injecting more fuel resulted in an increase in peak com-
bustion pressure at high load. Therefore, reasonable control of the
addition ratio and injection quantity of bioethanol can effectively
improve the peak combustion pressure.

3.1.4. Effects of engine loads on HRR
Fig. 4 reports the influences of engine loads on HRR of all tested fuels

under idling conditions. The HHR curve, like the cylinder pressure curve,
also had two peaks. The small peak on the left was caused by pilot in-
jection, followed by the higher peak on the right caused by main injec-
tion. As shown in Fig. 4, the ignition delay and peak HRR were
significantly shortened and increased with the increase of load, respec-
tively. Especially for BE15, the engine load had the most significant
impact on ignition delay. Because the lower cetane number and higher
latent heat of evaporation properties of bioethanol leads to longer igni-
tion delay, while the increase in load improves the air-fuel ratio, gas
temperature, and other favorable conditions for combustion in the cyl-
inder, thereby shortening the ignition delay. Ultimately, the “positive
effect” caused by increased load has a faster response to the ignition
delay for bioethanol blended fuels. As the load increases, the position
corresponding to the HRR peak was delayed for pure diesel, while almost



(a) (b)

(c) (d)

Fig. 3. Combustion pressure curves at (a) 0 Nm, (b) 15 Nm and (c) 30 Nm; (d) Peak pressures.

J.C. Ge et al. Green Energy and Resources 2 (2024) 100100
all diesel-bioethanol blends occurred at the same position. The increase
in engine load resulted in an increase in peak HRR and a shortened
ignition delay, which was also reported by Chen et al. (2022).

3.1.5. Influences of diesel-bioethanol blends on HRR
Fig. 5(a)–(c) shows the influences of diesel-bioethanol blends on HRR

under idling conditions. Under all engine load conditions, the HRR of
BE15 was the highest, with maximum values of 19.96, 23.67, and
28.81 J/CA at 0, 15, and 30 Nm, respectively. In the premixed com-
bustion phase, it can be clearly seen that the ignition delay was further
increased as the proportion of bioethanol mixture increases. In addition,
the peak HRR caused by the pilot injection was the highest for pure diesel
(BE0) compared to diesel-bioethanol blends. This is because the calorific
value of bioethanol is low, and its latent heat of evaporation is high,
resulting in a significant decrease in temperature during the atomization
process of blended fuel in the combustion chamber, thereby increasing
ignition delay and reducing the peak HRR in the premixed combustion
phase. Similar results have also been reported by Wang et al. (2023).
They also pointed out that the energy released by low calorific value fuels
is low for the pilot injection stage with fixed injection quantity. However,
for the main injection stage, the HRR peaks of most diesel-bioethanol
blended fuels were higher than that of pure diesel due to the high oxy-
gen content and high volatility of bioethanol (Wang et al., 2023). In
addition, the long ignition delay caused by the low calorific value and
high latent heat of evaporation of bioethanol allows sufficient time for
the fuel and air to form a homogeneous mixture, promoting complete
combustion and thus increasing the peak HRR.
5

3.1.6. Influences of diesel-bioethanol blends and loads on peak HRR
Fig. 5(d) shows the influences of diesel-bioethanol blends and engine

loads on peak HRR. As shown in Fig. 5(d), the engine had a significant
impact on the variation of peak HRR. The increase in engine load directly
leaded to more fuel injection being used, thereby releasing more energy.
Compared with the results at 0 Nm, the average peak HRR was increased
by 35.33% and 69.42% at 15 and 30 Nm, respectively. The increase in
load could improve the air-fuel ratio and cylinder gas temperature,
thereby promoting complete fuel combustion and resulting in high peak
HRR. The peak HRR of diesel-bioethanol blended fuels showed a grad-
ually increasing trend only at 15 Nm. This can be explained by the fact
that a load of 15 Nm belongs to intermediate operating conditions that
are relatively favorable for the combustion of these diesel-bioethanol
blended fuels, and the cylinder temperature and pressure under these
conditions are also moderate. Under the “positive influence” of high
oxygen content, high volatility and appropriate ignition delay properties
of bioethanol, favorable combustion conditions are provided. Moreover,
other researchers have pointed out that the low viscosity, low density and
low surface tension of ethanol can form better fuel atomization and
mixing, thereby accelerating combustion and releasing more heat (Hul-
wan and Joshi, 2011).

3.2. Engine performance

Fig. 6 reports the influences of diesel-bioethanol blends and engine
loads on the variation of indicated specific fuel consumption (ISFC). It
was clearly observed that ISFC increased significantly with the increase



(a) (b)

(c) (d)

Fig. 4. HRR curves for (a) BE0, (b) BE5, (c) BE10 and (d) BE15.
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of engine load for all tested fuels. Compared with the results at 0 Nm, the
average ISFC for all tested fuels was increased by 20.56% and 69.28% at
15 and 30 Nm, respectively. The increase in ISFC may be related to the
excessive injection of fuel into the combustion chamber caused by the
increase in load. Excessive injection of fuel leads to an increase in total
equivalence ratio and a decrease in combustion efficiency (Zhao et al.,
2022). On the other side, the ISFCs of all diesel-bioethanol blends were
higher than that of pure diesel due to the lower calorific value of bio-
ethanol. It is worth noting that the addition of 5% and 10% bioethanol to
diesel resulted in no significant increase in ISFC compared to pure diesel
at 15 Nm. As mentioned earlier, 15 Nm may be a suitable operating
condition for this study when using a suitable blended fuel of
diesel-biodiesel in this diesel engine. Although bioethanol has a lower
calorific value, its high oxygen content and volatility can improve the
mixing uniformity between fuel and air, thereby increasing combustion
efficiency and shortening the gap with pure diesel in ISFC.

3.3. Emission characteristics

3.3.1. CO emissions
The CO emissions of diesel-bioethanol blends under idling conditions

are shown in Fig. 7. Overall, the addition of ethanol resulted in varying
degrees of increase in CO emissions for most tested fuels, especially at
0 Nm, where CO emissions showed a continuously increasing trend. At
0 Nm, the CO emissions of the BE5, BE10 and BE15 were increased by
1.82%, 18.18% and 57.73% compared with that of BE0, respectively. In
addition, CO emissions showed a decreasing trend as the load increased
from 0 to 30 Nm. For all tested fuels, the CO emissions were reduced by
6

an average of 2.57% and 17.32% at 15 and 30 Nm compared to the result
at 0 Nm, respectively. The reason for the slight increase in load leading to
a decrease in CO emissions may be attributed to the slightly higher air-
fuel ratio and high combustion temperature inside the cylinder. In
addition, based on the fact that bioethanol contains approximately 35%
oxygen, it is beneficial for improving the air-fuel ratio (Hulwan and
Joshi, 2011). Therefore, a suitable combination of air-fuel ratio and
combustion temperature resulted in minimal CO emissions, such as for
BE5 and BE10 at 30 Nm. Several studies suggest that the higher oxygen
content and lower carbon to hydrogen ratio resulting by adding appro-
priate bioethanol can promote further oxidation of CO under high engine
loads due to high combustion temperature inside the cylinder (Caligiuri
et al., 2019). The cooling effect inherent in bioethanol had a significant
effect on the increase of CO emissions at 0 Nm. Because even with suf-
ficient oxygen available for combustion at 0 Nm, lower temperature and
delayed combustion could inhibit the oxidation of CO to CO2. Therefore,
in order to minimize CO emissions under idling conditions, the engine
load can be appropriately increased.

3.3.2. HC emissions
Fig. 8 illustrates the influences of diesel-bioethanol blends on HC

emissions under idling conditions. It is well-known that HC emissions are
an unburned substance in fuel, which is mainly produced due to uneven
mixture, cold cylinder wall, low heating value, low combustion tem-
perature, wall wetting, residual fuel in the sac volume, and fuel sliding
into cylinder gaps (Emiro�glu and Şen, 2018b; Fang et al., 2013; Park
et al., 2011; Tutak et al., 2017). It can be clearly observed that with the
addition of bioethanol in diesel, the HC emissions increased under the



(a) (b)

(c) (d)

Fig. 5. HRR curves at (a) 0 Nm, (b) 15 Nm and (c) 30 Nm; (d) Peak HRR.

Fig. 6. ISFC for diesel-bioethanol blended fuels. Fig. 7. Comparisons of CO emissions for diesel-bioethanol blended fuels.
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same engine load conditions. The increase in HC emissions from bio-
ethanol blended fuels may be related to the high latent heat of evapo-
ration property of the bioethanol. The cooling effect caused by
bioethanol during atomization reduces the cylinder wall temperature,
resulting in a small amount of fuel coming into contact with the cold
cylinder wall and causing misfire. In addition, the increase in HC
7

emissions caused by the addition of bioethanol may also be related to
lower cetane number, longer ignition delay and lower heating value
(Emiro�glu and Şen, 2018b; Park et al., 2011). Low cetane number and
high heat of evaporation of bioethanol result in prolonged ignition delay
and slow burning over late phases of the combustion (Labeckas et al.,
2014). The fuel with low calorific value reduces energy release and



Fig. 8. Comparisons of HC emissions for diesel-bioethanol blended fuels.
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combustion temperature, thereby increasing the generation of HC
emissions (Emiro�glu and Şen, 2018b). On the other hand, an average
increase of 19.61% and 37.25% was observed for all tested fuels at 15
and 30 Nm compared to 0 Nm, respectively. This may be mainly related
to excessive fuel injection, which reduces the air-fuel ratio at low load.
Similar findings were obtained in (Emiro�glu and Şen, 2018b; Qi et al.,
2010). Therefore, the generation of HC emissions can be reduced by
appropriately reducing the fuel injection amount under idling conditions.

3.3.3. NOx emissions
The emission results of NOx of four tested fuels under idling condi-

tions are presented in Fig. 9. Many researchers (Park et al., 2011; Zhang
et al., 2022) have shown that the mechanism of NOx generation in diesel
engines mainly depends on the following three conditions: 1) combustion
temperature in the cylinder, 2) local oxygen concentration, and 3) resi-
dence time in high-temperature regions. The NOx emissions of diesel
engines is mainly composed of 90%~95% NO formed within and beyond
the flame front, with the rest being nitrogen dioxide (NO2) (Labeckas
et al., 2014). As shown in Fig. 9, NOx emissions were significantly
reduced with the addition of bioethanol, with a maximum decrease of
50% compared to pure diesel at 30 Nm for diesel-bioethanol blends. The
reduction of NOx with the increasing of bioethanol may bemainly related
to the cooling effect caused by the high latent heat of evaporation of
Fig. 9. Comparisons of NOx emissions for diesel-bioethanol blended fuels.
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bioethanol. Although bioethanol is a high oxygen low cetane fuel that
can increase the formation of NOx emissions by increasing local oxygen
concentration and ignition delay, bioethanol also has a high latent heat of
evaporation, and its cooling effect dominates, resulting in a decrease in
the maximum combustion temperature inside the cylinder under the
idling conditions. This result is consistent with the research findings from
Guido et al. (2013). In summary, the addition of ethanol leads to an in-
crease in NO emissions, which is related to the combined effects of high
latent heat of evaporation, low calorific value, and low cetane number of
bioethanol. High latent heat of evaporation and low calorific value play a
cooling role in the fuel atomization process, reducing gas temperature
and adiabatic flame temperature, and ultimately lowering the combus-
tion temperature in the cylinder (Caligiuri et al., 2019; Labeckas et al.,
2014). In addition, the lower cetane number of bioethanol may cause
longer ignition delay, resulting in a thinner mixture, which in turn re-
duces combustion temperature and slows down the reaction rate of ni-
trogen and oxygen (Park et al., 2011). Moreover, bioethanol also has
good volatility, which makes it easy to form a relatively homogeneous
lean-mixture. Compared with conventional diesel fuel, the fuel spray
cone angle of bioethanol is wider, which is beneficial to improving the
mixing of air and fuel vapor, and contributing to a more uniform tem-
perature distribution in the cylinder (Labeckas et al., 2014). On the other
hand, the increase in load leaded to a significant increase in NOx emis-
sions under idling conditions. Compared to 0 Nm, an average increase of
87.37% and 279.64% was observed for all tested fuels at 15 and 30 Nm,
respectively. Because more fuel was injected into the cylinder under high
load, thereby increasing the combustion temperature and pressure inside
the cylinder. Therefore, to reduce NOx emissions under idling conditions,
it can be achieved by appropriately adding bioethanol and reducing fuel
injection quantity.

3.3.4. Smoke emissions
The emission results of smoke of four tested fuels under idling con-

ditions are presented in Fig. 10. The particulate matter (PM) or smoke or
soot emissions from diesel engines is mainly composed of carbon and
some hydrogen adsorbed on the surface of particles (known as SOF,
soluble organic fraction), which is usually formed through primary soot
formation and soot oxidation. The former mainly depends on the mo-
lecular rate of collision and the concentration of fuel fragments, while the
latter mainly depends on the active radical nuclei of fuel molecules in
gas-phase collisions (Emiro�glu and Şen, 2018b; Hulwan and Joshi, 2011).
For studying the smoke characteristics of diesel engines, soot or particles
are considered the main substances that cause smoke opacity. The
measurement of smoke opacity is calculated by using an opacity tester
Fig. 10. Comparisons of smoke emissions under idling conditions.
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with a light source and a photodetector to measure the degree of atten-
uation of light passing through the exhaust emissions.

As shown in Fig. 10, the smoke opacity of diesel-bioethanol blended
fuels was much lower than that of pure diesel at the same load. As
mentioned earlier, bioethanol has high oxygen content, which can
greatly improve the problem of oxygen deficiency in local fuel rich areas.
Moreover, bioethanol also has high latent heat of evaporation, high
volatility, low cetane number and low calorific value, etc. With the help
of these unique properties, a more homogeneous lean-mixture can be
formed, thereby promoting complete combustion of the fuel and
reducing the generation of smoke. In addition, the lower carbon to
hydrogen ratio of bioethanol (seen in Table 1) is also one of the main
reasons for reducing smoke emissions. The lower the carbon a fuel
molecule contains, the lower the smoke formation (Emiro�glu and Şen,
2018b). Compared with pure diesel, diesel-bioethanol blended fuels
reduced smoke emissions by 40%~80% under all load conditions.
Especially at 15 and 30 Nm, the smoke emission reduction rate remained
above 66%. The effect of diesel-bioethanol blends on reducing smoke
emissions under high load was significantly better than that under low
load, which has also been reported by Fang et al. (2013). The reduction of
smoke emissions is also related to the source of OH in ethanol. During the
formation of OH (C2H5OH → C2H4 þ H2O, H2O þ H→ OH þ H2), active
hydrogen atoms were converted into hydrogen molecules, thereby
reducing the generation of soot (Zhu et al., 2011). Moreover, the addition
of bioethanol can also reduce the initial radicals for the formation of
aromatic rings, thereby reducing the precursor for the formation of
smoke particles (Zhu et al., 2011). Under idling conditions, even with a
slight increase in engine load, a significant increase in smoke emissions
was observed. Compared with the results at 0 Nm, the smoke opacity was
increased by an average of 56.25% and 96.25% at 15 and 30 Nm,
respectively. The increase in load leaded to an increase in fuel injection
quantity, thereby reducing the air-fuel ratio and resulting in incomplete
combustion (Hulwan and Joshi, 2011). Therefore, the generation of
smoke emissions under idling conditions can be effectively controlled by
adding a certain amount of bioethanol to diesel fuel and appropriately
reducing the load.

4. Conclusions

In the present work, the effects of diesel-bioethanol blends on com-
bustion and emissions of a diesel engine under idling conditions were
comparatively investigated. The main conclusions can be summarized as
follows:

i. The effect of engine load on combustion pressure and heat release
rate (HRR) was much greater than that of diesel-bioethanol
blends, while the addition of bioethanol had a smaller impact
on combustion pressure changes than on HRR due to the com-
bined effects of bioethanol's low cetane number, high latent heat
of evaporation and good volatility.

ii. Even a slight increase in load resulted in a significant increase of
over 20% in indicated specific fuel consumption (ISFC) for all
tested fuels on average. Overall, the addition of 5% and 10%
bioethanol had little effect on the changes in ISFC at 15 Nm.

iii. Although the addition of bioethanol is detrimental to the reduc-
tion of CO and HC emissions, it improved the NOx and smoke
trade-off relationship. The NOx and smoke opacity were simulta-
neously reduced, with maximum reductions of 52.08% and
78.26% at 30 Nm, respectively.

5. Future works

Besides ethanol, methanol is also commonly used as a low-carbon
fuel. Therefore, in future work, the combustion and emission character-
istics of methanol and ethanol in diesel engines will be compared based
on different blending ratios and operating conditions such as engine load,
9

speed, injection pressure, and injection timing. Future works are mainly
focused on studying the effects of alcohol low-carbon fuel properties such
as volatility, latent heat of evaporation, calorific value, cetane number,
oxygen content and carbon hydrogen ratio on combustion and emissions,
as well as exploring their influencing mechanisms.
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Emiro�glu, A.O., Şen, M., 2018a. Combustion, performance and emission characteristics of
various alcohol blends in a single cylinder diesel engine. Fuel 212, 34–40. https://
doi.org/10.1016/j.fuel.2017.10.016.
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