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Abstract: As a high oxygenated fuel, bioethanol has already obtained more and more widespread
attention in diesel engines. The present work aims to study and compare effects of various diesel-
bioethanol-biodiesel ternary mixture fuels on combustion and emissions from a four-cylinder diesel
engine. A series of engine experiments are conducted on neat diesel fuel (D100), 95% D100 blended
with 5% bioethanol and 1% biodiesel by volume (D95E5B1), 90% D100 blended with 10% bioethanol
and 1% biodiesel by volume (D90E10B1), and 85% D100 blended with 15% bioethanol and 1%
biodiesel by volume (D85E15B1) according to various engine loads (40, 80 and 120 Nm). The
experimental results show that the peak value of pressure and heat release rate (HRR) in the cylinder,
nitrogen oxides (NOx) and smoke emissions increase with the increase in engine load, but the brake
specific fuel consumption (BSFC) decreases. There is no significant variation in cylinder pressure with
the addition of ethanol, but HRR is improved and NOx and smoke emissions are effectively controlled.
It is exciting that the addition of ethanol can simultaneously reduce NOx and smoke emissions under
medium and high load conditions. Specifically, at 120 Nm, ethanol addition simultaneously reduces
NOx emissions by 2.08% and smoke opacity by 36.08% on average. Through the results of this study,
it is found that the ethanol can improve the combustion of the four-cylinder diesel engine and also
effectively control the emissions of NOx and smoke. Therefore, ethanol will play an important role in
the future research field of energy saving and emission reduction for diesel engines.
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1. Introduction

Based on high thermal efficiency, output power, stability and low fuel consumption,
diesel engines are widely used in passenger vehicle, truck, ships, construction and agri-
cultural machinery, and other fields. However, the disadvantage of diesel engines is that
they emit more nitrogen oxides (NOx) and smoke emissions than gasoline engines due
to the fuel/air mixing-controlled combustion [1,2]. Although electric vehicles (EVs) do
not produce any emissions during driving, if the generation process of electricity relies
too much on fossil fuels, it also emits carbon dioxide (CO,) and other harmful emissions
in the life cycle assessment (LCA). According to the global car sales report released by
the International Energy Agency (IEA), the ownership of EVs only accounted for 8.57%
of total global car ownership in 2021—that is, the internal combustion engine (ICE) still
occupied the dominant position. However, as these regulations become stricter with respect
to emissions, improving combustion efficiency and reducing emissions has become the
main development direction of ICE. Therefore, how to effectively reduce the above harmful
emissions is of great significance in promoting the green and healthy development of
diesel engines.
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At present, many researchers have proposed the following effective methods to reduce
diesel engine emissions, including variable valve timing (VVT) strategy, variable com-
pression ratio (VCR) strategy, exhaust aftertreatment system, new combustion technology,
biofuel, and multiple-injection strategies. Xu et al. [2] reported that the combustion process
of a diesel engine can be effectively controlled by optimizing VVT and VCR strategies, so
as to achieve the goal of highly efficient combustion and low emissions in diesel engines.
In addition, the optimization of VVT strategy is conducive to improving the exhaust gas
temperature to ensure the efficient operation of the catalyst in the exhaust aftertreatment
systems [3]. However, the application of VVT sometimes leads to negative effects such as
increased fuel consumption. Honardar et al. [4] pointed out that the brake specific fuel
consumption (BSFC) increases by nearly 11% with VVT operation. On the other hand,
at present, the method of reducing diesel engine exhaust emissions is mainly realized
through the exhaust aftertreatment devices (i.e., DOC, DPF, SCR, EGR). The function of
diesel oxidation catalyst (DOC) is to catalyze CO and HC emitted by diesel engines to form
CO; and water. A diesel particulate filter (DPF) is a device to effectively capture diesel soot
particles, and selective catalytic reduction (SCR) and exhaust gas recirculation (EGR) are
devices to effectively reduce diesel NOx emissions. However, these devices all have differ-
ent disadvantages. For example, DOC has a strong dependence on exhaust temperature.
Generally, most catalysts require exhaust gas temperature between 250 and 400 °C [3]. It is
difficult for catalysts to work at low temperatures. Moreover, the conventional catalysts of
DOC are mainly transition metals and noble metal groups such as Pt, Pd and Rh, and the
use of these metals will lead to higher costs [5]. During the use of DPF, filter blockage often
occurs, which leads to the increase in engine back pressure and the decrease in combustion
efficiency. This requires a method to burn the accumulated particles regularly, which is
called regeneration, including active regeneration and passive regeneration [6]. Active
regeneration has high requirements for exhaust temperature. Active regeneration can only
be carried out when the temperature exceeds 550 °C, but often at the expense of higher fuel
consumption [7]. Although passive regeneration is not limited by temperature, it needs to
add fuel additives or catalysts to reduce the ignition temperature of particles, but excessive
additives will affect the life of DOC [8]. On the other hand, NOx reduction through SCR
often requires the addition of urea. This is because urea generates NHjz after hydrolysis and
pyrolysis at high temperature, and NOx is reduced to Ny by NH3 on the surface of SCR
system catalyst [9,10]. The working principle of EGR mainly depends on recovering part of
exhaust gas into the cylinder to reduce the maximum combustion temperature by reducing
the amount of fresh air, so as to curb excessive NOx generation. However, its disadvantages
are low combustion efficiency and high fuel consumption [11]. Therefore, compared with
these methods, developing alternative fuels such as biodiesel and bioethanol is the simplest
and most effective way to reduce the harmful emissions from diesel engines.

Biodiesel can be regarded as the ideal alternative fuel for diesel engines, because
it has a high cetane number with better ignition characteristics [12,13]. Higher oxygen
content can promote the complete combustion of the fuel. In addition, biodiesel can be
mixed with diesel fuel in any proportion based on the fact its fuel properties are very
similar to diesel fuel [14-16]. Zhang et al. [5] investigated diesel and biodiesel on emission
and combustion characteristics of a four-cylinder diesel engine. They found that adding
biodiesel resulted in an average reduction of 35%, 64% and 45% in CO, HC and smoke,
respectively. However, the experimental results show that the addition of biodiesel leads to
more CO emissions than diesel because the higher viscosity of biodiesel is not conducive to
atomization [17]. Therefore, some researchers tried to use alcohols (e.g., ethanol, methanol)
to mix biodiesel and diesel and studied the effects of these ternary mixed fuels on diesel
engine combustion and emission characteristics [18,19]. Kwanchareon et al. [20] pointed
out that 80% diesel fuel mixed with 5% ethanol and 15% biodiesel is the best mixing ratio
considering the fuel properties and the effect on emission reduction. Noorollahi et al. [21]
tested various diesel-biodiesel-ethanol blends on a single diesel engine. However, the
above literature review shows there is a lack of research on the following points: (i) most
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researchers use a single-cylinder diesel engine as the main object; (ii) different engines lead
to inconsistent experimental results; and (iii) there are few studies that focus on ethanol, and
many previous studies have focused on nano additives, such as alumina nano additives,
in diesel-biodiesel-ethanol blends. Therefore, in view of the research gaps in the previous
studies, it is necessary to directly investigate the influences of various diesel-biodiesel-
ethanol blends on combustion and emissions of a four-cylinder diesel engine. In addition,
ethanol was the main experimental variable in this study. As much as 15 vol.% ethanol was
added to the mixture of diesel and biodiesel. No other additives was used.

To investigate the improvement effect of bioethanol on combustion and emissions in a
four-cylinder common rail direct injection (CRDI) diesel engine, especially for control of
NOx and smoke emissions, a series of engine tests were carried out. Four tested fuels includ-
ing neat diesel fuel (D100), 95% D100 blended with 5% ethanol and 1% biodiesel (D95E5B1),
90% D100 blended with 10% ethanol and 1% biodiesel (D90E10B1), and 85% D100 blended
with 15% ethanol and 1% biodiesel (D85E15B1) were prepared and tested in the diesel
engine. All fuels were mixed according to the volume ratio. The experimental results show
that adding a proper amount of bioethanol to diesel can simultaneously reduce NOx and
smoke emissions under medium and high load conditions. Therefore, it can be expected
that bioethanol is likely to be widely used in diesel engines as a fuel additive in the future
to control NOx and smoke emissions.

2. Materials and Methods
2.1. Engine and Fuel

Figure 1 displays the representation of the experimental setup. Specifications of the
engine are shown in Table 1. Four tested fuels were prepared for engine testing: neat diesel
fuel (D100), 95% D100 blended with 5% ethanol and 1% biodiesel (D95E5B1), 90% D100
blended with 10% ethanol and 1% biodiesel (D90E10B1), and 85% D100 blended with 15%
ethanol and 1% biodiesel (D85E15B1). The main fuel properties are listed in Table 2.
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Table 1. Specifications of the four-cylinder diesel engine.
Engine Parameter Specifications
Engine type In-line 4-cylinder
Cooling system Water cooling
Air intake system Turbocharger with WGT
Number of cylinders 4
Bore x stroke 83 x 92 (mm)
Injector hole diameter 0.17 (mm)
Number of injector nozzle holes 5
Injector spray angle 150 (degree)
Compression ratio 17.7:1
Max. power 82/4000 (kW /rpm)
Table 2. Properties of diesel, ethanol and biodiesel.
Properties (Units) Diesel Fuel Bioethanol Biodiesel Test Method
Density (kg/m3 @ 15 °C) 836.8 799.4 877 ASTM D941
Viscosity (mm?/s @ 40 °C) 2.719 1.10 4.56 ASTM D445
Calorific value (MJ/kg) 43.96 28.18 39.72 ASTM D4809
Cetane index 55.8 8 57.3 ASTM D4737
Flash point (°C) 55 12 196 ASTM D93

Oxygen content (%) 0 34.7 11.26 -

2.2. Experimental Conditions and Measurements

Experiments were performed on the CRDI diesel engine according to three engine loads
(40, 80, 120 Nm) with a constant engine speed of 1800 rpm. The pilot/main injection timing and
injection pressure were respectively controlled at 5/10 °CA ATDC and 50 MPa. Table 3 lists the
main experimental conditions. Table 4 shows the range, resolution and uncertainty of relevant
test equipment. The engine speed and load were controlled by a DYTEK230 dynamometer.
The fuel consumption in the experiment was measured by a GP-100K weighing balance. As
the most important value for analyzing combustion characteristics, the in-cylinder pressure
was measured by a 6056A Kistler pressure sensor with a charge amplifier. The pressure data
in the cylinders were recorded over 200 consecutive engine cycles. For the measurement
of engine exhaust emissions, a Horiba exhaust gas analyzer (MEXA-554]K, Horiba, Kyoto,
Japan) was employed to measure the HC and NOx emissions, and a multiple gas analyzer
(GreenLine MK2, Eurotron [Korea] Ltd., Seoul, Korea) was employed to measure the CO
emissions. An OP-160 smokemeter was employed to measure smoke opacity. Based on the
variability of the engine, all experimental data were recorded after the engine ran stably—that
is, the temperature of cooling water reached 85 °C.

Table 3. Experimental conditions.

Item Conditions
Fuel D100, D95E5B1, D90E10B1, D85E15B1
Load 40, 80, 120 Nm
Speed 1800 rpm
Injection pressure 50 MPa
Pilot/main injection timing 5/10° ATDC
Intake air temperature 25+1°C

Cooling water temperature 85+ 1°C
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Table 4. The rang, resolution and uncertainty of experimental equipment.
Device Range Resolution Uncertainty
CO (ppm) 0-4000 1 +0.62%
HC (ppm) 0-10,000 1 +£5%
NOx (ppm) 0-6000 1 +0.25%
Smoke opacity (%) 0-100 0.1 +1%
Engine load (Nm) 0-833 0.1 +0.2%
Engine speed (rpm) 0-10,000 1 +0.1
Fuel consumption (g) 0-101 1 +1.98
In-cylinder pressure (bar) 0-250 0.1 +0.01

3. Experimental Results and Discussion
3.1. Combustion Characteristics
3.1.1. Pressure in the Cylinder

Figure 2 shows the in-cylinder pressures of four test fuels according to different engine
loads under a constant engine speed of 1800 rpm. Generally, for diesel engines with pilot
and main injection strategy, the pressure curve in the cylinder has two peaks, which are
caused by pilot and main injection, respectively [22]. When the main injection timing occurs
before top dead center (BTDC), the peak value of in-cylinder pressure of main injection
is greater than that of pilot injection. However, when the main injection occurs after top
dead center (ATDC), the maximum pressure caused by the main injection is smaller than
that of the pilot injection [23]. In this study, the pilot and injection timing occurred at
ATDC 5° and 10°, respectively. Therefore, the pressure peak caused by main injection is
far lower than that of pilot injection. This is because the piston is already in the process of
moving from top dead center (TDC) to bottom dead center (BDC), and the cylinder volume
gradually increases to offset some of the pressure caused by fuel combustion. In addition,
as shown in Figure 2, three pressure peaks can be clearly observed, appearing at the TDC,
the ATDC 5° and 10°, respectively. The first pressure peak may be related to the pressure
generated by the piston in the compression process and some residual heat generated by
the later fuel combustion. The second and third pressure peaks are caused by pilot and
main injection fuel combustion, respectively. The reason the third pressure peak is much
lower than the first and second is that combustion occurs far away from the TDC during the
expansion stroke [24]. Therefore, as shown in Figure 2, under the same load, the maximum
value of in-cylinder values for all fuels are almost the same. These results are not quite the
same as those reported by Sittichompoo et al. [25]. They investigated the combustion and
emissions of a single-cylinder diesel engine fueled with different diesel-biodiesel-ethanol
blends (EOQ, E10, E20, E30, E40, E50). They pointed out that the addition of ethanol would
significantly delay the start of ignition, and when a large amount of ethanol was added
to the blended fuel, the maximum in-cylinder pressure was far lower than that of diesel.
This may be because the diesel engine in this study is a four-cylinder engine, and the
combustion characteristics variation is more complex than that of a single-cylinder engine.
In addition, the difference from [25] is that no other additives, including hydrogen, are
added in this study. On the other hand, for most fuels, the maximum value of in-cylinder
values occurs at ATDC 3° under low load (40 Nm) conditions, and it occurs at ATDC 2°
under medium (80 Nm) and high load (120 Nm) conditions. The reason the maximum
pressure occurs earlier on the crankshaft angle may be related to the large amount of
residual heat generated under medium and high load conditions.



Sustainability 2023, 15, 1391

6 of 16

80
—— D100
704 |—— D9SESB1 1st
= —— D90E10B1 2nd
8 60{|——D85E15B1 l l
g
2 50
g 3rd
0. 40 - l
o]
©
£ 30+
¢
£ 20
10 +
0 T T T T T T T T T
50 -40 -30 20 -10 O 10 20 30 40 50
Crank angle (deg)
(a) 40 Nm
80
—— D100
704|—— D9SESB1
= —— DY0E10B1 l
g 604 |—— D85E15B1
g
ﬁ 50 -
o
}
o}
©
£ 30
¢
£ 20
10 +
0 T T T T T T T T T
50 -40 -30 -20 -10 O 10 20 30 40 50
Crank angle (deg)
(b) 80 Nm
80
——D100 vy
704 |—— D95SES5B1 !
= —— DY0E10B1
‘é 604 |—— D85E15B1
g
§ 50
o
O 40 |
@
©
£ 301
>
?
£ 20
10 -
0 T T

T T T T T T T
50 -40 -30 -20 -10 O 10 20

Crank angle (deg)

(¢) 120 Nm

Figure 2. In-cylinder pressure.

30

40 50



Sustainability 2023, 15, 1391

7 of 16

Figure 3 shows the maximum in-cylinder pressures of four test fuels under different
engine loads. Generally speaking, the addition of biodiesel and alcohol fuel will lead to
higher maximum pressure in the cylinder than that of diesel fuel. Because biodiesel and
alcohol fuel are both oxygenated fuels, the presence of oxygen will improve combustion to a
certain extent [26]. In addition, the cylinder pressure is also directly related to fuel viscosity,
cetane number and other properties. Fuel with low viscosity and high cetane number can
form a more uniform mixture when mixed with air, which is beneficial to increasing the
in-cylinder pressure [27]. However, as shown in Figure 3, there is no significant variation in
the maximum in-cylinder pressure of all test fuels under the same engine load conditions
with the addition of ethanol. At 40 Nm, the maximum in-cylinder pressures of D100,
D95E5B1, D90E10B1 and D85E15B1 are 54.3 bar, 54.3 bar, 54.6 bar and 54.3 bar, respectively.
At 80 Nm, the maximum in-cylinder pressures of D100, D95E5B1, D90E10B1 and D85E15B1
are 61.9 bar, 61.6 bar, 61.6 bar and 61.7 bar, respectively. At 120 Nm, the maximum in-
cylinder pressures of D100, D95E5B1, D90E10B1 and D85E15B1 are 72.6 bar, 72.0 bar,
72.1 bar and 72.1 bar, respectively. As mentioned above, the maximum in-cylinder pressure
of almost all fuels appears at ATDC 2~3°. At this time, neither pilot injection nor main
injection occurs, so the pressure in the cylinder may be mainly attributed to the waste heat
generated after the compression of the piston and the combustion of the mixture. Moreover,
the maximum in-cylinder pressure shows a gradually increasing trend with the increase in
engine load, which is mainly caused by a large amount of fuel being burned under high
load. Similar reports were presented by [28,29].
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Figure 3. Maximum in-cylinder pressure.

3.1.2. Heat Release Rate in the Cylinder

Figure 4 illustrates the variation of heat release rate (HRR) of four test fuels under
different engine load conditions. As shown in Figure 4, similar to the in-cylinder pressure
curve, the HRRs of all test fuels have three different peaks, which are respectively caused
by piston compression and residual heat, pilot injection, and main injection. The HRR
curves of all the test fuels show a similar trend consisting of premixed combustion phase
and diffusion combustion phase. Because the pilot injection occurs near the TDC, the
temperature and pressure in the cylinder are very high, which causes the fuel to be burned
soon after injection—that is, it is difficult to calculate the ignition delay. However, the only
thing that can be seen is that the start of combustion (SOC) of D95E5B1 is slightly earlier than
that of D100. This may contribute to the improvement of combustion characteristics due to
the higher cetane number of biodiesel. However, the SOC of D90E10B1 and D85E15B1 is
similar to that of D100, which may be due to the negative effect (increased ignition delay)
caused by the low cetane number of bioethanol, which offset the positive effect (shortened
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ignition delay) of biodiesel [24]. In addition, after the main injection, the peak value of
HHR for all blended fuels are higher than those of diesel. This may be due to the high
evaporation latent heat characteristic of ethanol during atomization, which leads to the
decrease in ambient pressure and temperature in the cylinder, thus prolonging the ignition
delay period and combustion stage of the blended fuel [30].
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Figure 5 shows the variation of maximum heat release rate (HRR) of four test fuels
under different engine load conditions. At 40 Nm, the maximum HRR of D100, D95E5B1,
D90E10B1 and D85E15B1 are 22.69, 24.76, 27.85 and 28.96 J/CA, respectively. At 80 Nm,
the maximum HRR of D100, D95E5B1, D90E10B1 and D85E15B1 are 34.96, 39.62, 41.50 and
42.00 J/CA, respectively. At 120 Nm, the maximum HRR of D100, D95E5B1, D90E10B1
and D85E15B1 are 38.96, 38.51, 41.04 and 39.23 ] /CA, respectively. At low (40 Nm) and
medium (80 Nm) load, the maximum HRR of all test fuels increases gradually with the
increase in ethanol mixing ratio. At high load (120 Nm), there is no dramatic change in
maximum HRR with increase in bioethanol. The above reasons can be summarized as
follows [24,26,28,29,31]: (i) low cetane number of ethanol increases the ignition delay, which
is conducive to full mixing of fuel and air; (ii) high evaporation latent heat of ethanol leads
to the absorption of a large amount of heat around the fuel during atomization, which
also increases the ignition delay; (iii) high volatility and low viscosity of ethanol result in
it being easy to mix with air, making it easier to form a uniform mixture; (iv) the small
droplet size of ethanol increases the spray cone angle and promotes the development of
spray, thus improving the air-fuel mixture to promote combustion; (v) high load cause
more fuel to be burned and generates a lot of heat, which counteracts the characteristic that
ethanol increases ignition delay, so the maximum HRR has no obvious change.

50

D100
D95E5B1
10 DYOE10B1| p= —
D85E15B1 1 [ ]
5 —
[0}
B 304 -
=2 —
o
o
I
» 204
©
=
10
0
40 80 120

Engine load (Nm)
Figure 5. Maximum heat release rate.

3.1.3. Brake Specific Fuel Consumption

Figure 6 shows the variation of brake specific fuel consumption (BSFC) of four test
fuels under different engine load conditions. With the increase in engine load, the BSFC
of all fuels shows a decreasing trend. Compared with the BSFC at 40 Nm, the BSFC
at 80 and 120 Nm are reduced by an average of 18.30% and 18.50%, respectively. This
may be attributed to the lower combustion efficiency of the engine due to the relatively
low temperature and pressure in the cylinder at a lower load of 40 Nm. In addition,
under medium and high load, the temperature and pressure in the cylinder are improved,
resulting in slight changes in BSFC. Moreover, the high level of oxygen in ethanol can be
fully demonstrated under high engine load to promote complete combustion and reduce
fuel consumption. Similar results were obtained in studies by [26,32]. Under the same load,
the BSFC of blended fuel shows a gradual increase trend with the increase in bioethanol
mixing ratio. At 40 Nm, the BSFC of D95E5B1, D90E10B1 and D85E15B1 are respectively
increased by 1.52%, 2.81% and 3.30% compared with D100. At 80 Nm, the BSFC of D95E5B1,
D90E10B1 and D85E15B1 are respectively increased by 3.04%, 6.00% and 6.57% compared
with D100. At 120 Nm, the BSFC of D95E5B1, D90E10B1 and D85E15B1 are respectively
increased by 3.78%, 3.79% and 5.04% compared with D100. The reason for the increase in
BSFC with the addition of ethanol is that ethanol has a lower calorific value than diesel, so
it needs to burn more fuel to achieve the same power with diesel [26].
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3.2. Emission Characteristics
3.2.1. Carbon Monoxide

Figure 7 shows the carbon monoxide (CO) emissions for all test fuels according to
various engine loads. On the whole, CO emissions decrease first and then increase with the
increase in engine load. Compared with 40 Nm, CO emissions decrease by an average of
30.03% at 80 Nm, while they increase by an average of 15.86% at 120 Nm. The CO of all
test fuels under medium load is the lowest, which can be attributed to the fact that the fuel
and air are mixed evenly, and the combustion conditions such as temperature and pressure
are relatively moderate in the cylinder, resulting in more sufficient combustion. However,
combustion conditions under low load, such as low cylinder temperature and pressure,
are not conducive to complete combustion of fuel. In addition, under the high load of
120 Nm, although the higher temperature and pressure in the cylinder are conducive to
combustion, more fuel is injected into the combustion chamber under high load, which
causes uneven mixing of fuel and air and incomplete combustion. On the other hand,
under the medium and low load, the CO emissions of blended fuels are higher than that of
pure diesel fuel, but the opposite result appears under the high load of 120 Nm. This may
be because the high evaporation latent heat of ethanol dominates under medium and low
load, while the high temperature of the engine under high load counteracts the negative
impact of the evaporation latent heat of ethanol, and the oxygen contained in bioethanol
promotes fuel combustion more fully, thus reducing the generation of CO emissions. Tutak
et al. [33] also pointed out that low temperature and high local equivalence ratio directly
affect CO emissions.
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Figure 7. CO emissions.
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3.2.2. Hydrocarbon

Figure 8 displays the hydrocarbon (HC) emissions of four test fuels under different
engine load conditions. As shown in Figure 8, HC emissions show a gradual decrease trend
with the increase in engine load. Compared with HC emissions at 40 Nm, HC emissions of
four test fuels at 80 and 120 Nm are averagely decreased by 33.33 and 48.49%, respectively.
This is mainly because increasing the engine load increases the temperature in the cylinder,
promotes the oxidation of HC, and reduces the probability of misfire, as well as unburned
or partial combustion caused by low temperature of the cylinder wall. Similar results were
reported by [26,28]. On the other hand, when 5 vol.% of ethanol is added to diesel fuel,
HC is shown to be the lowest compared to other test fuels under all test conditions. Under
the engine load of 40 Nm, 80 Nm and 120 Nm, the HC of D95E5B1 is respectively reduced
by 12.5%, 50.0% and 40.0% compared with that of D100. However, when the mixing ratio
of ethanol exceeds 5 vol.%, especially when 15 vol.% of ethanol is added to diesel fuel,
HC is respectively increased by 25.0% and 16.67% at 40 Nm and 80 Nm compared with
diesel fuel. This may be because after excessive ethanol is added to the diesel fuel, the high
evaporation latent heat (cooling effect) of ethanol dominates—that is, the cooling effect is
significant—which reduces the temperature in the cylinder and hinders the oxidation of
HC emissions [26].
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Figure 8. HC emissions.

3.2.3. Nitrogen Oxide

Figure 9 displays the nitrogen oxide (NOx) emissions of four test fuels under different
engine load conditions. NOx emissions emitted from diesel engines mainly include nitric
oxide (NO) and nitrogen dioxide (NO;), of which the content of NO is the highest, account-
ing for about 90% [34]. The formation mechanism of NO depends on the combination of
some molecular species and some differences in certain fuel properties [35]. As shown
in Figure 9, the NOx emissions of four test fuels shows a gradual increase trend with the
increase in engine load. Compared with 40 Nm, NOx emissions at 80 and 120 Nm are
averagely increased by 83.30 and 130.19%, respectively. The formation of NOx emissions
from diesel engines is highly dependent on temperature in the cylinder, local oxygen
concentration, and duration of combustion in the high temperature zone [28]. The increase
in NOx caused by the increase in load may be mainly related to more fuel participates in
combustion, thus increasing the combustion temperature and combustion duration in the
cylinder. Other researchers have reported similar results [36]. In addition to the obvious
influence of engine operating conditions on the formation of NOXx, the addition of ethanol
also changes the formation of NOx emissions. Compared with diesel fuel, the ternary
mixture fuels give slightly higher NOx emissions at low engine load of 40 Nm, while
they show lower NOx emissions at medium and high engine loads. At 40 Nm, the NOx
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emissions of D95E5B1, D90E10B1 and D85E15B1 are respectively reduced by 5.37, 21.46
and 28.78% compared with D100. At 80 Nm, the NOx emissions of D95E5B1, D90E10B1
and D85E15B1 are respectively increased by 5.59, 7.83 and 3.58% compared with D100.
At 120 Nm, the NOx emissions of D95E5B1, D90E10B1 and D85E15B1 are respectively
increased by 1.10, 2.56 and 2.56% compared with D100. Because the fuel injected into the
cylinder is relatively small under low load condition compared with that under medium
and high load conditions. Therefore, compared with the cooling effect of ethanol, the
role of high oxygen content plays a leading role, promoting combustion and increasing
combustion temperature. However, a great quantity of fuel is injected into the combustion
chamber as the load increases, so the cooling effect of ethanol plays a major role in reducing
the maximum combustion temperature in the combustion chamber, thereby reducing the
NOx formation.
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Figure 9. NOx emissions.

3.2.4. Smoke Opacity

Figure 10 displays the smoke opacity in percentage of four test fuels under different
load conditions. Diesel particulate matter (DPM) is mainly composed of soot and some
hydrocarbons (soluble organic fraction, SOF) adsorbed on the soot surface. Among the
components of DPM, soot is considered to be the main substance that affects the smoke
opacity. When there is insufficient air or oxygen in the combustion chamber, the air-
fuel ratio will decrease, resulting in a large number of soot particles generated from the
thermal decomposition of long-chain molecules [37]. As shown in Figure 10, it can be
observed that the smoke opacity shows a gradual increase trend with increase in engine
load. Compared with 40 Nm, the smoke opacity at 80 and 120 Nm are averagely increased
by 59.57 and 427.66%, respectively. The increase in smoke opacity caused by the increase in
load can be explained as the increase in the content of fuel injected into the cylinder, thus
reducing the air-fuel ratio, resulting in more fuel-rich areas and incomplete combustion.
Other researchers also reported that the increasing of engine load increases the smoke
opacity [38]. On the other hand, on the whole, the addition of bioethanol reduces smoke
opacity compared with diesel under most conditions. Especially under the high load
condition of 120 Nm, there is a significant reduction of smoke opacity with the addition of
bioethanol. At 120 Nm, compared with D100, the smoke opacities of D95E5B1, D90E10B1
and D85E15B1 are reduced by 23.53, 40.00 and 44.71%, respectively. This may be related to
the addition of ethanol. Firstly, ethanol is a highly oxygenated fuel, and the oxygen can
improve the problem of local oxygen deficiency. Secondly, the high volatility and high
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latent heat of evaporation of ethanol lead to an increase of the ignition delay, resulting in
sufficient mixing time for fuel and air, which is conducive to complete combustion. The low
carbon/hydrogen ratio and R-OH group of ethanol, as well as the reduction of the carbon
chain length of the blended fuel with the addition of ethanol, are additional major reasons
for reducing particle formation [26]. Hulwan et al. [37] also pointed out that the presence of
atomic-bound oxygen in ethanol is beneficial to reducing the particles. Moreover, the good
volatility of ethanol is conducive to better atomization and vaporization of the mixture,
which can reduce the soot generation in the fuel-dense area within the mixed diffusion
flame sheath.
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Figure 10. Smoke opacity of all test fuels at different engine loads.

4. Conclusions

In this work, the influences of the diesel-bioethanol-biodiesel ternary mixed fuel on
the combustion and emission from a four-cylinder diesel engine were investigated. Four
test fuels (D100, D95E5B1, D90E10B1 and D85E15B1) and three engine loads (40, 80 and
120 Nm) were selected as the main experimental variable, and other parameters such as
injection pressure and engine speed were controlled at 500 bar and 1800 rpm, respectively.
The main conclusions can be summarized as follows:

(1) For the combustion characteristics, the maximum pressure and the maximum heat
release rate (HRR) in the cylinder are increased with increase in engine load, but the
brake specific fuel consumption (BSFC) is significantly reduced; the addition of ethanol
has no significant difference in the variation of maximum in-cylinder pressure, but it
respectively increases the maximum HRR and BSFC by 12.95% and 3.98% on average.

(2) For the emission characteristics, overall, as the load increases, carbon monoxide
(CO) emissions of all test fuels show a trend of decreasing first and then increasing,
hydrocarbon (HC) emissions show a trend of gradually decreasing, while nitrogen
oxide (NOx) emissions and smoke opacity both show a trend of gradually increasing.
Compared with diesel fuel, the addition of ethanol reduces CO emissions under high
load of 120 Nm; the addition of 5 vol.% ethanol with an appropriate amount reduces
HC emissions under all loads; the addition of ethanol reduces NOx emissions under
80 Nm and 120 Nm; the addition of 5 vol.% and 10 vol.% ethanol reduces smoke
opacity under all loads; on the whole, the effect of adding ethanol on NOx and smoke
emissions reduction is the most obvious at 80 Nm and 120 Nm, respectively, with an
average reduction of 5.67% and 36.08% respectively.
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The most exciting result in this study is that the addition of ethanol can simultaneously
reduce NOx and smoke emissions under medium and high load conditions. Therefore, the
effect of ethanol addition on NOx emissions reduction will be compared with the operation
of exhaust gas recirculation (EGR) in future work.
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ATDC: after top dead center; TDC: top dead center; NOx: nitrogen oxides; EV: electric vehicles;
CO2: carbon dioxide; LCA: life cycle assessment; IEA: International Energy Agency; ICE: Internal
Combustion Engine; DOC: diesel oxidation catalyst; VVT: variable valve timing; VCR: variable
compression ratio; DPF: diesel particulate filter; BSFC: brake specific fuel consumption; SCR: selective
catalytic reduction; EGR: exhaust gas recirculation; CRDI: common rail direct injection; D100: neat
diesel fuel; D95E5B1: diesel fuel and ethanol are mixed at a volume ratio of 95:5, and then mixed
with 1% biodiesel; D90E10B1: diesel fuel and ethanol are mixed at a volume ratio of 90:10, and then
mixed with 1% biodiesel; D85E15B1: diesel fuel and ethanol are mixed at a volume ratio of 85:15, and
then mixed with 1% biodiesel; BTDC: before top dead center; BDC: bottom dead center; HRR: heat
release rate; SOC: start of combustion.
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