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Abstract: The effects of three kinds of oxygenated fuel blends—i.e., ethanol-gasoline, n-butanol-gasoline,
and 2,5-dimethylfuran (DMF)-gasoline-on fuel consumption, emissions, and acceleration performance
were investigated in a passenger car with a chassis dynamometer. The engine mounted in the vehicle
was a four-cylinder, four-stroke, turbocharging gasoline direct injection (GDI) engine with a displacement
of 1.395 L. The test fuels include ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline with four
blending ratios of 20%, 50%, 75%, and 100%, and pure gasoline was also tested for comparison.
The original contribution of this article is to systemically study the steady-state, transient-state,
cold-start, and acceleration performance of the tested fuels under a wide range of blending ratios,
especially at high blending ratios. It provides new insight and knowledge of the emission alleviation
technique in terms of tailoring the biofuels in GDI turbocharged engines. The results of our works
showed that operation with ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline at high blending
ratios could be realized in the GDI vehicle without any modification to its engine and the control
system at the steady state. At steady-state operation, as compared with pure gasoline, the results
indicated that blending n-butanol could reduce CO,, CO, total hydrocarbon (THC), and NOx
emissions, which were also decreased by employing a higher blending ratio of n-butanol. However,
a high fraction of n-butanol increased the volumetric fuel consumption, and so did the DMF-gasoline
and ethanol-gasoline blends. A large fraction of DMF reduced THC emissions, but increased CO,
and NOx emissions. Blending n-butanol can improve the equivalent fuel consumption. Moreover,
the particle number (PN) emissions were significantly decreased when using the high blending ratios
of the three kinds of oxygenated fuels. According to the results of the New European Drive Cycle
(NEDC) cycle, blending 20% of n-butanol with gasoline decreased CO, emissions by 5.7% compared
with pure gasoline and simultaneously reduced CO, THC, NOx emissions, while blending ethanol
only reduced NOyx emissions. PN and particulate matter (PM) emissions decreased significantly in
all stages of the NEDC cycle with the oxygenated fuel blends; the highest reduction ratio in PN was
72.87% upon blending 20% ethanol at the NEDC cycle. The high proportion of n-butanol and DMF
improved the acceleration performance of the vehicle.
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1. Introduction

In recent years, in order to alleviate environmental pollution, reduce dependence on petroleum
resources, and meet increasingly stringent emission regulations, biofuels have been investigated
widely [1] and considered as attractive alternative fuels for gasoline. Ethanol, as a representative
biofuel, has the properties of a high octane number, large latent heat of vaporization, and less soot
formation tendency in the engine combustion process [2]. Ethanol is the main alternative fuel for SI
(spark ignition) engines [3]. Unlike a co-solvent being required when ethanol is blended with diesel [4],
ethanol and gasoline are mutually soluble. As a result, there is no requirement for a co-solvent, which
means that the production and storage of ethanol-gasoline blended fuel is very convenient and low
cost. Compared with ethanol, n-butanol is one of four isomers of butanol, which has a straight-chain
structure with the OH at the terminal carbon [5,6]. N-butanol has higher energy density, lower vapor
pressure, better compatibility, and lower corrosion to the engine system than that of ethanol [7-9].
Similar to n-butanol, the heating value of DMF (2,5-dimethylfuran) is about 15% higher than that of
ethanol. The characteristics of DMF include a high boiling point, insolubility in water, good storage
stability, etc. [10-12]. Meanwhile, DMF has a high research octane number (RON) and consequently a
low knock tendency in engines [13,14]. Therefore, both n-butanol and DMF also have been considered
as new alternative fuels or fuel additions in SI engines. Furthermore, all the three biofuels-ethanol,
n-butanol, and DMF—are relatively easy to obtain and can be processed from waste biomass; thus,
the production process has less pollution to the environment.

Ethanol has been already widely used in spark ignition engines along with gasoline, which is
due to its high octane number and high volatility. Some scholars have studied the effect of ethanol
blending into gasoline on the performance of GDI (gasoline direct injection) engines. In recent years,
GDI has been an important innovation of the automotive industry that has been rapidly developed
and applied [15]. With respect to the PFI (port fuel injection) engine, the GDI engine has apparent
advantages such as better fuel economy, transient response, cold-start emissions due to the precise
control and fast response of fuel injection, better mixing with high injection pressure and direct
injection in the cylinder, etc. [16,17]. Costa et al. [18] compared the engine performance and emissions
of a production four-stroke engine fueled with hydrous ethanol and a gasoline-ethanol fuel blend.
The results showed that the BMEP (brake mean effective pressure) was higher when the gasoline-ethanol
was fueled at lower engine speeds. Palmer [19] indicated that adding ethanol to gasoline increased
the octane number. The results showed that ethanol-gasoline fuel blends containing 10% ethanol
improved the engine power by 5%. However, Hsieh et al. [20] pointed out that mixing 5%, 10%,
20%, and 30% ethanol by volume into gasoline increased the fuel consumption due to the low heat
value of ethanol. Chen et al. [21] investigated ethanol-gasoline blends of E5, E10, E20, E30, and E40.
As far as emissions were concerned, E5 and E10 showed an indistinguishable trend with gasoline (E0),
while E20 to E40 obviously decreased HC, CO, and NOx emissions. Costagliola et al. [22] studied
the influence of four bioethanol-gasoline blends prepared with 10%, 20%, 30%, and 85% ethanol by
volume in gasoline, and CO, was reduced by 7% when fueled with E85 compared to the gasoline fuel.
Stepien et al. [23] investigated a flex-fuel direct-injection vehicle with ethanol-gasoline blend fuels
containing 10% or 85% ethanol with special consideration of nanoparticle and non-legislated gaseous
emissions. It indicated that nanoparticle emissions from ethanol-gasoline blends of E85 showed the
lowest PN (particle number) concentrations. In addition, the emissions of nitrogen dioxide (NO,) and
nitrous oxide (N,O) could be found in only negligible amounts. Ericsson et al. [24] also found that an
ethanol-gasoline fuel blend with 85% ethanol content (E85) could simultaneously reduce the quantity
and quality of particulate emissions in a direct injection engine, and the particulate quality emissions
during the cold-start stage would also be significantly reduced.

Butanol has been widely regarded as an alternative fuel to gasoline in recent years. Many scholars have
studied the effects of butanol on the performance and emissions of gasoline engines. Karavalakis et al. [25]
conducted comparative tests of ethanol-gasoline and n-butanol-gasoline blends at different blending
ratios in a direct-injection gasoline engine, and found that high-oxygen fuels could significantly
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reduce particulate quality emissions. The concentration of particulate quantity generally decreased
when the proportion of ethanol and butanol increased. Other researchers observed that the addition
of n-butanol could result in shorter ignition delay, faster combustion, better combustion stability,
and better emissions, but advancing the spark timing will increase HC and NOx emissions in spite of
decreasing CO emissions [26-28]. Compared with gasoline, the concentrations of nitrogen oxides either
decreased or increased slightly when operated with gasoline-butanol blends and pure n-butanol [29,30].
He et al. [31,32] investigated the combustion and emission characteristics of a HCCI (Homogeneous
Charge Compression Ignition) engine fueled with n-butanol-gasoline blends in a single cylinder port
fuel injection engine, and found that the indicated mean effective pressure (IMEP) decreased as the
n-butanol amount in the blends increased. The presence of n-butanol increased both formaldehyde and
acetaldehyde emissions. Venugopal et al. [33] investigated the emission characteristics of gasoline and
n-butanol under a dual fuel mode employing a dual-injection system. The results showed that with the
proper selection of the fuel ratio, a significant reduction in HC emissions could be achieved compared
to operation on neat gasoline. Singh et al. [34] analyzed the technical feasibility of a multi-point port
fuel injection SI engine with butanol-gasoline blends of 5%, 10%, 20%, 50%, and 75% n-butanol by
volume. The research found that butanol-gasoline blends have slightly higher BSFC (brake-specific
fuel consumption) than gasoline. Bata et al. [35] investigated the effects of butanol on the performance
of a four-cylinder spark-ignition engine, and found that the thermal efficiency of the fuel with 20%
butanol in gasoline was reduced by 2.5%, and the effective fuel consumption rate was increased
by 6.5%. Chen et al. [36] also investigated the combustion and performance under stoichiometric
combustion conditions with n-butanol-gasoline blends of 15%, 30%, and 50% n-butanol by volume
on a turbocharged GDI engine. It indicated that n-butanol-gasoline blends increased the combustion
pressure and pressure rise rate, and decreased the ignition delay and combustion duration compared
with pure gasoline. A higher n-butanol ratio in fuel blends increased the combustion temperature
and brake thermal efficiency, decreased the temperature in the later stage of the expansion stroke,
and showed a slightly higher knock possibility in high-load conditions. Furthermore, Chen et al. [37]
investigated the thermodynamic process and engine emissions of n-butanol-gasoline blends with
30% and 50% n-butanol by volume. The results showed that the maximum BMEP of the engine was
increased to 1.99 MPa with B50. A high ratio of n-butanol increased unburned hydrocarbon (UHC)
and CO emissions, but decreased NOx and CO, emissions. Besides, the group of Yao et al. [38-41]
investigated the effects of the addition of n-butanol by experimental study on diesel engine and laser
diagnostics. It can be seen that blending n-butanol can reduce soot emissions, because the oxygenated
structure of n-butanol has a higher ability to reduce PAHs (polycyclic aromatic hydrocarbons) and soot.

As a new oxygenated fuel, DMF has also been widely studied worldwide. Christensen et al. [42]
investigated the chemical and physical properties of fuel mixtures with the addition of DMF for a
spark-ignited engine to determine their feasibility as gasoline alternative fuels. The results showed
that blending DMF decreased the vapor pressure and density of the blends, but increased the viscosity.
Daniel et al. [43] investigated PFI, GDI, and dual-injected modes in a single-cylinder, four-stroke SI
research engine; the results indicated that 25% DMF in gasoline offered higher thermal efficiencies and
lower fuel consumption, but also produced higher NO emissions. Rothamer et al. [14] investigated
DMF/gasoline blends of 5%, 10%, and 15% DMF by volume. The results showed that slight knocking
occurred when an engine was fueled with DMF5. There was no distinctive difference in knock
suppression capabilities between DMF10 and DMF15. E10 (ethanol/gasoline blend with 10% ethanol by
volume) had a better anti-knock property than DMF10 and DMF15. It was found that DMF exhibited
less sensitivity to engine parameters such as combustion phasing, injection timing, and variable
valve timing, which meant allowing a wider window for emissions optimization. Daniel et al. [44]
investigated the effects of combustion phasing, injection timing, relative air-fuel ratio, and variable
valve timing on the performance and emissions of a SI engine using 2,5-dimethylfuran. The results
showed that emissions were inherently low, except for NO emissions.
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Based on the above discussion, it can be found that blending three biofuels, i.e., ethanol, n-butanol,
and DMF into gasoline can improve the performance and emissions of gasoline engines to some
extent. However, the existing investigations mainly focused on small blending proportions of ethanol,
n-butanol, and DMF into gasoline in spark ignition (SI) engines or vehicles. Therefore, this paper
mainly highlighted the effect of high blending ratios of ethanol, n-butanol, and DMF on the fuel
consumption, emissions at different vehicle speeds, and acceleration performance. Meanwhile,
the steady-state, transient-state, cold-start, and acceleration performance of the tested fuels have been
firstly systematically studied in this paper. Considering that the downsizing is the main development
direction in SI engines, the tested vehicle is equipped with a direct-injection turbocharged engine.
Through comparison and analysis, the research aims to produce knowledge regarding which biofuels
can offer better characteristics on combustion and emissions in GDI turbocharged engines.

2. Experimental Apparatus and Methods

2.1. Experimental Equipment

The test was conducted on a commercial GDI vehicle (manual model of a FAW-Volkswagen BORA
2016, FAW-Volkswagen Automotive Company Ltd, Changchun, Jilin, China). The main technical
parameters of the engine of the tested vehicle are shown in Table 1. The accumulated mileage of the GDI
vehicle before the test was 500 km, and the vehicle was in good operation condition. The experiment
was performed on a chassis dynamometer test bench, and the schematic diagram of the test bench is
shown in Figure 1. The car simulated the actual road operating conditions on the chassis dynamometer.
The exhaust gas passed through the dilution channel, which introduced air to dilute the exhaust gas so
as to simulate the condition of the vehicle exhaust into the atmosphere. The concentration of the diluted
exhaust gas was continuously measured with the emission analyzer during the test. Meanwhile, a part
of the diluted exhaust gas with a fixed flow rate was collected in the gasbag, and was analyzed to
quantify the concentration of the components in the exhaust gas after the end of the test cycle. The fuel
consumption was also calculated with the exhaust components and their concentrations in the gasbag.
The emission analyzer employed in current study was a Horiba MEXA-7200H (HORIBA Ltd, Kyoto,
Japan); the full-flow dilution sampling system was a Horiba CVS-7200T (HORIBA Ltd, Kyoto, Japan),
and the dilution channel was a Horiba DLS-7100E (HORIBA Ltd, Kyoto, Japan). CO,, total hydrocarbon
(THC), CO, and NOx emissions were tested by an emission analyzer. PN emissions were measured
by a MEXA-2000SPCS (HORIBA Ltd, Kyoto, Japan) particle counter. The measuring principle of the
MEXA-2000SPCS is laser scattering condensation particle counting. The measured solid particles were
between 23 nm and 2.5 um. The counting efficiency of 23-nm solid particles was 50% + 12%, and the
counting efficiency of 41-nm solid particles was 90% or above. The particulate matter (PM) were
collected by filter paper and then weighed by precision electronic balance (MSE6.65-000-DF, Sartorius
Ltd, Gottingen, Germany). Table 2 shows the major equipment used in this study. Table 3 shows the
measurement errors of the major instruments and equipment.

Table 1. Detailed engine parameters. GDI: gasoline direct injection.

Parameter GDI Car
Engine type Four cylinders, four valves per cylinder
Displacement 1395 mL.
Maximum power 96 kW
Air intake system Turbocharged
Compression ratio 10.5
Fuel supply method Direct injection in cylinder
Exhaust treatment No
Knock sensor Exists
Emission standards China V
Gasoline recommended 95#

Maximum design total mass 1765 kg
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Figure 1. Schematic of the experimental setup. HEPA: High Efficiency Particulate Air filter; OVN:
Oven Type Heated Analyzer; CFV: Critical Flow Venturi.

Table 2. Major equipment.

Name Type Manufacturer
Chassis dynamometer Roadsim48"compact AVL
Emission analyzer MEXA-7200H Horiba
Dilution sampling system CVS-7200T Horiba
Dilution channel DLS-7100E Horiba
Particle counter MEXA-2000SPCS Horiba
High precision electronic balance MSE6.65-000-DF Sartorius

Table 3. Measurement errors of major instruments and equipment. PN: particle number, PM:
particulate matter.

Equipment Test Items Measurement Error
CO,
Emission analyzer Cco <1% Full scale or 20'/0 .
THC measurements, take the minimum
NOx
Particle counter PN <10%
Speed constant adjustment difference <0.05% Full scale
Chassis dynamometer Time measurement tolerance 0.00005%
Traction constant tolerance <0.2% Full scale
Precision electronic balance Filter paper quality (PM) +1 pug (5% load)

2.2. Experimental Methods

The New European Drive Cycle (NEDC) was chosen as the test cycle in this study. The entire
NEDC cycle is divided into an Urban Drive Cycle (UDC) and Extra-Urban Drive Cycle (EUDC).
The speed of the UDC operating condition is lower compared with that of the EUDC operating
condition, and a similar trend is shown in the engine temperature. The vehicle speed of the NEDC
cycle is shown in Figure 2. To evaluate the emissions and fuel economy of various fuels under different
operating conditions, six steady-state vehicle speeds, including 0 km/h, 15 km/h, 40 km/h, 65 km/h,
90 km/h, and 120 km/h were tested. The emission analyzer sampled exhaust gas for 100 seconds at
each vehicle speed. Before measurement, the vehicle speed was allowed to stabilize for 20 seconds to
ensure stable operation. In order to avoid the influence of the after-treatment device and highlight the
impact of different fuels on emissions, the three-way catalytic converter of a GDI car was disabled
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before the test without affecting the exhaust pressure of the vehicle. The air-fuel ratio was controlled
by the lambda sensor, and the calibration data of this production vehicle did not change, which the
vehicle ran naturally with different experimental fuels in order to evaluate the adaptability of various
tested oxygenated fuels to the existing vehicle.

120 -
100

80 ;
60 ubc
40} i
20 |
0 L

i .
0 200 400 600 800 1000 1200
Time (s)

Theoretical speed (km/h)

Figure 2. Vehicle speed of the New European Drive Cycle (NEDC) cycle. UDC: Urban Drive Cycle.

The car acceleration performance was used to evaluate the impact of different fuels on the power
performance of the vehicle. Since the GDI vehicle used in this test adopts a manual transmission,
in order to eliminate the error caused by the shift process, each gear was measured separately.
The starting speed of each gear shift lever referred to the minimum speed at which the engine operated
stably, while the maximum speed referred to the highest speed and the extreme point of the acceleration
curve of the vehicle at that gear shift lever. Accordingly, the speed of the third gear was 30-65 km/h,
that of the fourth gear was 40-80 km/h, and that of the fifth gear was 60-110 km/h. Each acceleration
test was performed at least four times.

To ensure the reliability of the data, the tire pressure during the test was maintained at 2.25-2.3 bar,
and the lubricant, air filter, and oil filter of the vehicle were replaced periodically. Once the tested fuel
was changed, the fuel tank and pipe needed to be drained and cleaned thoroughly with the next set of
fuel, and a new fuel filter was replaced. Then, the vehicle was operated at a speed of 70-90 km/h for
more than 20 min with the new test fuel to eliminate the interference of the previous test fuel on the
test results.

2.3. Test Fuels

The test fuels were fuel blends of gasoline and oxygenated fuels including ethanol, n-butanol,
and 2,5-dimethylfuran, i.e., gasoline was blended with each oxygenated fuel in a certain volume ratio.
The gasoline was bought from a Shell gas station with the research octane number (RON) of 93.1;
there was no ethanol addition, and oxygen content was below 0.82%. Three oxygenated fuels-ethanol,
n-butanol, and DMF—were bought from Tianjin Yuanli Chemical Engineering Limited Company,
and their purities were all higher than 99%. The volume percentage of oxygenated fuels in the fuel
blends was set to 20%, 50%, 75%, and 100%. Table 4 shows the physicochemical properties of the
three oxygenated fuels as well as gasoline. Table 5 shows the key fuel blends’ properties. The octane
number, density, and latent heat of vaporization of each oxygenated fuel were higher than those of
gasoline. However, the lower heating value of each oxygenated fuel was lower than that of gasoline.
In the following, simple signs will be used to designate various types of blended fuels. The form of
sign was oxygenated fuel abbreviation and volumetric percentage, among which the abbreviation of
ethanol, n-butanol, and 2,5-dimethylfuran were E, B, and D, respectively. Following such a rule, E20
represented the ethanol-gasoline blends with an ethanol volume percentage of 20%, and so on.
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Table 4. Physical and chemical properties of three oxygenated fuels and gasoline [36,45,46].

Fuel Gasoline Ethanol n-Butanol  2,5-Dimethylfuran
Molecular formula Cr—Cyy C,Hs0H C4HyOH CgHgO
Molecular weight (g/mol) 110.8 46.07 74.12 96.1
Research octane number 93.1 107 96 119
Density at 20 °C (g/mL) 0.745 0.789 0.81 0.89
Lower heating value (M]/L) 329 21.3 26.9 29.3
Laminar flame burning speed at 1 bar, 390K (cm/s) 52 63 57 50
Viscosity at 20 °C (cSt) 0.4-0.8 1.52 3.35 0.57
Surface Tension at 20 °C (mN/m) 20-25 22.39 24. 6 25.9
Vapor Pressure (kPa) 55-103 18 4.08 1.253
Boiling point (°C) 35-210 78 117 92
Latent heat of vaporization (kJ/kg) 180-373 840 546 332
H/C ratio 1.8 3 2.5 1.3
O/C ratio 0 0.5 0.25 0.167
Stoichiometric A/F ratio 14.56 8.95 11.13 10.72
Stoichiometric CO, (kg/L, fuel) 2.38 1.51 1.93 245

Table 5. Key fuel blend properties. Fuel: ethanol-gasoline blends (E), n-butanol-gasoline blends (B),
and 2,5-dimethylfuran—gasoline blends (D) with an E/B/D volume percentage of 20%, and so on.

Density at Lower Heatin: . . Stoichiometric
Fuel 20°C (JmL) Value (M] /L)g H/C Ratio O/C Ratio A/F Ratio
E20 0.754 30.6 2.0 0.07 13.27
E50 0.767 27.1 2.3 0.19 11.61
E75 0.778 24.2 2.6 0.33 10.26
B20 0.758 31.7 1.9 0.04 13.72
B50 0.778 29.9 2.1 0.11 12.71
B75 0.794 28.4 2.3 0.18 11.91
D20 0.774 32.2 1.7 0.03 13.57
D50 0.818 31.1 1.6 0.08 12.41
D75 0.854 30.2 1.5 0.13 11.53

3. Results and Discussions

3.1. Ignition Timing Comparison

Figure 3 shows the ignition timing of three kinds of blended fuels-ethanol-gasoline, n-butanol-gasoline,
and DMF-gasoline, at the blending ratios of 20% and 75%; the results of pure gasoline are presented
for comparison as well. The ignition timing has a direct influence on combustion in the cylinder,
which consequently shows a great influence on the performance of the engine. As the vehicle speed
increases from 15 km/h to 120 km/h, the ignition timing first advances; then, it stays basically the
same, and finally retards. The retardation of the ignition timing may be to ensure the high catalytic
efficiency of the three-way catalytic converter and control the emissions at the low speed of 15 km/h;
meanwhile, the low turbulent intensity restrains the reactivity of fuels and the laminar flame speed
at a low speed of 15 km/h, which may make the ignition timing retard. The combustion speed is
faster at a high speed of 120 km/h, and the accumulation of ignition delay will be much less than
that at a lower engine speed, so the ignition timing should be retarded. The ignition timings of
ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline all retard compared to that of pure gasoline
at the low speed of 15 km/h; in addition, as the blending ratios of ethanol, n-butanol, and DMF
increase, the ignition timings of them retard more. Studies have shown that the combustion durations
of DME, ethanol, and n-butanol are shorter than those of gasoline under the same ignition timing;
in addition, the higher in-cylinder temperature of DMF increases the burning speed rate [46], so
the ignition timings of ethanol-gasoline, n-butanol-gasoline, and DMF—gasoline retard may be to
ensure a similar combustion phase with gasoline. However, the ignition timings of ethanol-gasoline,
n-butanol-gasoline, and DMF-gasoline slightly advance compared to that of gasoline at high speed.
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This may be due to the high octane number of DMF, ethanol, and n-butanol, and the high laminar
flame burning speed of ethanol and n-butanol.
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(a) (b)

Figure 3. Comparison of ignition timing of different fuels at different blending ratios: (a) 20% blending
ratio; (b) 75% blending ratio.

3.2. Energy Consumption Comparison

Figure 4 shows volumetric fuel consumption of ethanol-gasoline, n-butanol-gasoline,
and DMF-gasoline at the blending ratios of 20%, 50%, 75%, and 100%. Similar to CO, emissions,
the commonality of the four curves is that the volumetric fuel consumption is higher at a low vehicle
speed of 15 km/h. As the vehicle speed increases, the volumetric fuel consumption decreases firstly;
then, it increases and remains at the lowest level when the vehicle speed increases from 40 to 65 km/h
for each fuel. This takes place because the weak airflow at low speed results in a low flame propagation
speed and high heat loss, which contributes to the low thermal efficiency and high volumetric fuel
consumption. At high speed, the low degree of constant volume combustion due to the increasing
crank angle of combustion and sometimes incomplete combustion cause low thermal efficiency and
high volumetric fuel consumption. Meanwhile, the air resistance is greater at high speed, which creates
high volumetric fuel consumption. The volumetric fuel consumptions of the ethanol-gasoline blended
fuels are higher than that of pure gasoline at all the four blending ratios. As the proportion of ethanol
increases, the volumetric fuel consumption also increases accordingly, which is mainly attributed to
the lower heating value of ethanol. For n-butanol-gasoline, the volumetric fuel consumption is almost
at the same level of gasoline with 20% and 50% blending ratios. However, when the blending ratio
is increased further, the volumetric fuel consumption increases gradually compared with gasoline.
The lower heating value of n-butanol is lower than that of gasoline. Therefore, more n-butanol is
required to release the same amount of heat, which is the main reason for the increased volumetric
fuel consumption of n-butanol-gasoline. While in the case of the smaller blending ratios of 20% and
50%, since the latent heat of vaporization of n-butanol is higher than that of gasoline, the temperature
in the cylinder is lower, which reduces the heat loss. Meanwhile, the oxygen in n-butanol promotes
combustion and improves the efficiency. These two factors are beneficial for the reduction in fuel
consumption and compensate for the impact of the reduction in the lower heating value of n-butanol,
so the fuel consumptions of n-butanol-gasoline at low blending ratios are similar to that of gasoline.
Regarding DMF-gasoline, there is only a small effect on volumetric fuel consumption compared with
gasoline at various blending ratios. The main reason is that the lower heating value of DMF is slightly
lower than that of gasoline, while it is the highest among the three oxygenated additions. When taking
all the test fuels into consideration, the volumetric fuel consumption of ethanol-gasoline is the highest
among the test fuels. The volumetric fuel consumption of n-butanol-gasoline and DMF-gasoline are
similar to that of pure gasoline at both 20% and 50% blending ratios, but higher than that of pure
gasoline at 75% and 100% blending ratios. The addition of DMF has better volumetric fuel consumption
than that of the addition of ethanol and n-butanol.
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Figure 4. Comparison of volumetric fuel consumption (FC) of different fuels at different blending ratios:
(a) 20% blending ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.

Figure 5 shows the equivalent fuel consumption of three kinds of blended fuels-ethanol-gasoline,
n-butanol-gasoline, and DMF-gasoline at blending ratios of 20%, 50%, 75%, and 100%, respectively.
The equivalent fuel consumption is defined as the equivalent gasoline consumption calculated with
the lower heating value of each fuel. It is calculated by the following Formula (1):

EFCyel = FCpyel X LHVgyel/LHVG 1)

where EFCyel, FCruel, and LHVy are the equivalent fuel consumption, volumetric fuel consumption,
and lower heating value of a blended fuel; LHV is the lower heating value of gasoline.
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Figure 5. Comparison of equivalent fuel consumption of different fuels at different blending ratios:
(a) 20% blending ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.
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The definition of equivalent fuel consumption can provide an insight into the efficiency of
combustion by eliminating the effect of the variation in the heating values of different fuels on the fuel
consumption. It can be seen clearly that the effect of blending various proportions of oxygenated fuels
on the equivalent fuel consumption is fairly small. Similar to the above-mentioned trend (Figure 4),
for all the test fuels, the equivalent fuel consumption is higher at low speed. As the vehicle speed
increases, the equivalent fuel consumption decreases firstly, and then increases. The high equivalent
fuel consumption at low speed is mainly due to the severe throttling loss. The equivalent fuel
consumption of ethanol-gasoline is the same as that of pure gasoline, which may be due to the increase
of flame propagation speed improving the combustion efficiency for ethanol; however, the higher
latent heat of vaporization of ethanol reduces the combustion efficiency. Oxygen and the lower latent
heat of vaporization of butanol improve the combustion process, resulting in the higher combustion
efficiency of butanol compared to that of pure gasoline. When the blending ratios are up to 75% and
100%, DMF exhibited a slightly better equivalent fuel consumption. Although the laminar flame
burning speed of DMF is slightly lower than that of gasoline, the high-octane value of DMF allows
slightly advanced ignition and combustion at 65 km/h and 90 km/h, as shown in Figure 3, which can
make combustion closer to the top dead center and increase the degree of constant volume combustion.
Similar results can also be found in previous studies [14,47]. In summary, at the same speed, different
fuel components show very small effects on the equivalent fuel consumption, meaning that the thermal
efficiency of the different fuels are similar.

Figure 6 shows the CO, emissions of three kinds of blended fuels-ethanol-gasoline, n-butanol-gasoline,
and DMF-gasoline, at the blending ratios of 20%, 50%, 75%, and 100%, the results of pure gasoline are
also presented for comparison. The commonality trend for all the test fuels is that the CO, emissions are
the highest at the low speed of 15 km/h. As the vehicle speed increases, CO, emissions decrease firstly,
and then increase. The CO, emissions are the lowest when the vehicle speed is in the range of 40 to
65 km/h. The CO, emissions at a vehicle speed of 120 km/h are smaller than those at a vehicle speed of
15 km/h. This can be explained by the fuel consumption, because the CO, emissions are positively
correlated with it. For n-butanol-gasoline blends, the CO, emissions at various n-butanol blending
ratios are lower than those of gasoline. One reason is that the ratio of carbon atoms to the energy of
n-butanol is lower; releasing the same amount of heat produces less CO,. In addition, as shown in
Figure 5, the equivalent fuel consumption of n-butanol is lower than that of gasoline, because the
oxygen content in n-butanol can promote combustion, enhance the combustion efficiency, and improve
the thermal efficiency, which results in lower equivalent fuel consumption and less CO; formation.
The CO; emissions of DMF-gasoline with a 20% DMF fraction remain almost at the same level as that
of gasoline. However, at larger blending proportions, the CO;, emissions of DMF-gasoline become
higher than gasoline due to the larger ratio of carbon atoms to the energy of DME. For ethanol-gasoline
fuel blends, the CO, emissions are slightly lower those of pure gasoline. The theoretical calculation of
ethanol can reduce CO; emissions due to its lower ratio of carbon atoms to the energy compared with
that of gasoline. However, meanwhile, the larger latent heat of vaporization and the surface tension of
ethanol may reduce the in-cylinder temperature, deteriorate the fuel atomization and evaporation,
and have negative impacts on the combustion and fuel efficiency. Therefore, combining the influence
of the two aspects mentioned, the differences in CO, emissions between ethanol-gasoline blends and
pure gasoline are very small. Taking all the test fuels into consideration, the DMF-gasoline fuel blends
show the highest CO; emissions, and the higher the blending ratio of DMF is, the greater the presented
difference in CO, emissions. The CO, emissions of n-butanol-gasoline and ethanol-gasoline are slightly
lower than those of pure gasoline.
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Figure 6. Comparison of CO, emissions of different fuels at different blending ratios: (a) 20% blending
ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.

3.3. Comparison of Harmful Gaseous Emissions

Figure 7 shows the CO emissions of ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline
with blending ratios of 20%, 50%, 75%, and 100%, respectively. In general, CO emissions are higher at
lower speeds, and as the vehicle speed increases, CO emissions decrease firstly, and then increase as
the vehicle speed furtherly increases. At low speeds, the combustion temperature is low as well, which
causes incomplete combustion and low combustion efficiency; as a result, the CO emissions are higher.
The combustion temperature increases when the vehicle speed becomes higher, so the combustion
efficiency is improved and CO emissions decrease. When the vehicle runs at high speed and at a high
gear, the engine also working in high speed, and the combustion duration is shortened significantly.
As a result, there is not enough time available for the complete oxidization of CO, which results in the
increase in CO emissions. Blending oxygenated fuel can decrease CO emissions at low speed. On one
hand, the oxygen in fuels is helpful to oxidize CO. On the other hand, the effect of volatility becomes
significant when the mixing between air and fuel is uneven at low speed. The volatility of ethanol
is better than those of gasoline, n-butanol, and DMF, so the CO emissions of E50, E75, and E100 are
lowest at low speed. In the case of large blending proportions, the CO emissions of n-butanol-gasoline
are the lowest at medium to high vehicle speeds. The possible reasons may be as follows. Firstly,
the oxygen in n-butanol is beneficial for the oxidization of CO. Secondly, OH radical form more easily
with the longer molecular chain of n-butanol, and OH is a strong oxidant to oxidize CO. Blending
ethanol and DMF in gasoline has a less significant effect on the reduction of CO emissions at medium
to high vehicle speeds. On one hand, due to the oxygenated nature and higher octane number of
ethanol and DME, the blended fuels attain better combustion than gasoline. On the other hand, due to
the high latent heat of vaporization of these two fuels, there is a large number of CO formed in the
low-temperature region, where oxidation is not easy. The simultaneous effects of these two aspects
lead to a smaller effect of CO emissions on the blending ratio of ethanol and DMFE.

Figure 8 shows THC emissions of ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline with
blending ratios of 20%, 50%, 75%, and 100%, respectively. The high THC emissions are mainly
concentrated at the low speed of 15 km/h due to the low combustion temperature and consequent
incomplete combustion. With the increase of speed, the THC emissions decrease quickly, and then
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remain at a low level with small changes with speed; at the same time, the difference in THC emissions
among different kinds of blended fuels decreases. This is because as the speed increases, the increased
gas flow in the cylinder enhances the homogeneity and the combustion rate increases; so, the THC
emissions decrease. However, with the increase of blending proportion, the difference in THC emissions
among different fuels increases. Under all the operating conditions, the THC emissions of oxygenated
fuel blends are lower than those of pure gasoline, since the oxygen atoms in the oxygenated fuel
promote combustion. As the blending ratio increases, the amount of THC emissions decreases. This is
probably due to the fuel containing more oxygen, which makes the combustion more complete. Ethanol
has lower THC emissions at various blending ratios than gasoline, which is attributed to the highest
oxygen content of ethanol promoting full combustion, and thus reducing THC emissions. However,
when n-butanol was blended in a large proportion, the THC emissions were higher than those of
ethanol and DMF. This is probably because the addition of n-butanol is not conducive to atomization
due to its higher viscosity and boiling point, making it is easy to cause impinging [48].
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Figure 7. Comparison of CO emissions of different fuels at different blending ratios: (a) 20% blending
ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.

Figure 9 shows NOx emissions of ethanol-gasoline, n-butanol-gasoline, and DMF-gasoline with
blending ratios of 20%, 50%, 75%, and 100%, respectively. It can be seen that NOx emissions are low
and change little at low to medium speeds (15-65 km/h). However, when the vehicle speed is higher
than 65 km/h, NOx emissions increase rapidly. This is because the combustion temperature is higher at
the higher vehicle speed, so the increase in combustion temperature leads to more NOx formation.
At medium and high speeds, blending ethanol and n-butanol result in lower NOx emissions than
those of gasoline. This is mainly due to the high latent heat of vaporization of ethanol and n-butanol,
which results in a lower in-cylinder temperature and combustion temperature as well [26]. This is
the dominant factor influencing NOx formation. So, with an increase in the blending ratio of ethanol
and n-butanol, NOx emissions decrease accordingly, and ethanol-gasoline shows the lowest NOx
because of this blend having the highest latent heat of vaporization of ethanol. Such a trend is more
obvious at high blending ratios, e.g., 75% and 100%. However, the large proportion of DMF blending
resulted in higher NOx emissions than gasoline, and NOx emissions increased as the DMF blending
ratio increased, which is opposite to the trends of blending ethanol and n-butanol. According to the
theoretical air-fuel ratio and low heating value of DMF and gasoline, calculating the homogeneous
mixture with an equivalent ratio of one under complete combustion conditions, it can be concluded
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that the combustion temperature of DMF is higher than that of gasoline. Studies have also shown that
the adiabatic flame temperature of DMF is higher than that of gasoline [46], which can explain the
increase in NOx emissions as the DMF blending ratio increases. In addition, the higher octane number
of DMF results in a slightly advanced combustion phase and high constant volume of combustion,

which increase the NOy emissions to some extent.

2000
1600
1200
800
400
0

THC (mg/km)

—B-E20
—@-B20
—A—D20

=¥ Gasoline

0 20 40 60 80 100 120
speed (km/h)
(a)

2000
1600
1200
800
400

THC (mg/km)

—|-E75
-@-B75
—A—-D75

=¥ Gasoline

0 20 40 60 80 100 120
speed (km/h)
(0)

THC (mg/km)

THC (mg/km)

2000 —m-E50
. —@—-B50
1600 —A—D50
i =¥ Gasoline
1200+
800
400+
0 T T T T T T T
0 20 40 60 80 100 120
speed (km/h)
(b)
20004 —-E100
. —@-B100
1600 - —A—-D100
i —¥— Gasoline
1200+
800
400+
0

0 20

40 60 80 100 120

speed (km/h)
(d)

Figure 8. Comparison of THC emissions of different fuels at different blending ratios: (a) 20% blending
ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.
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Figure 9. Comparison of NOx emissions of different fuels at different blending ratios: (a) 20% blending
ratio; (b) 50% blending ratio; (¢) 75% blending ratio; and (d) 100% blending ratio.

3.4. Particle Number Emissions

Figure 10 shows the PN (particle number) emissions of ethanol-gasoline, n-butanol-gasoline,
and DMF-gasoline with blending ratios of 20%, 50%, 75%, and 100%, respectively. At low and medium
vehicle speeds, the PN emissions of oxygenated blended fuels at various blending ratios are kept at a
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low level; however, PN emissions are higher at high speed (> 90 km/h). This is mainly because the fuel
mass is increased at high speed, and more fuel will impinge into the wall; the mixing timing is also
shortened, which results in poor fuel-air mixing, and the PN increases accordingly. At the four blending
ratios, the PN emissions of the oxygenated blended fuels are generally lower than those of gasoline.
This is because blending oxygenated fuels can provide a certain amount of oxygen for combustion,
improving the mixing between fuel and air and reducing the content of aromatic in the blending fuel,
which reduces the soot formation. When the blending ratios are 75% and 100%, the PN emissions of
the blended fuels are decreased remarkably, and both n-butanol-gasoline and DMF-gasoline exhibit
lower PN emissions than ethanol-gasoline. This may be mainly because the combustion temperatures
of n-butanol-gasoline and DMF-gasoline are higher than that of ethanol-gasoline, which enhances the
oxidation of soot.
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Figure 10. Comparison of particle number (PN) emissions of different fuels at different blending ratios:
(a) 20% blending ratio; (b) 50% blending ratio; (c) 75% blending ratio; and (d) 100% blending ratio.

3.5. Effect of Blending Small Fraction Oxygenated Fuel in Gasoline on Fuel Consumption and Emissions of
NEDC Cycle

In the sections above, the fuel consumptions and emissions of three kinds of oxygenated blended
fuels have been compared at different blending ratios under steady-state operating conditions. However,
considering that transient and cold-start operations are important in real driving cycles, the effects
of oxygenated fuels on fuel efficiency and emissions also need to be investigated. The NEDC cycle,
which is a standard test cycle of European Union emission regulation, include transient and cold-start
operations, and can be employed in the evaluation for different fuels concerning such operating
conditions. However, for oxygenated blended fuels with blending ratios over 30%, there are certain
technical obstacles related to running in the NEDC cycle because of the difficulties regarding cold
starts without the changes in the vehicle engine. Therefore, only the small blending ratio of 20% is
selected for the comparison of different fuels in the NEDC cycle.

3.5.1. Comparison of Energy Consumption

Figure 11 shows the energy consumption of E20, B20, and D20 in the NEDC cycle. It can be
seen that the CO, emission of B20 is lower than that of gasoline in the NEDC cycle. Meanwhile,
the CO; emissions of B20 are reduced both in the UDC and EUDC stages, which may be due to the
dehydrogenation of n-butanol in the early stage of combustion generating a large amount of active
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free radicals. In turn, the hydroxyl group promotes the low-temperature oxidation process of gasoline
and improves the combustion chemical reaction rate [49,50]. The CO, emissions of E20 and D20 both
increase in the NEDC cycle compared to gasoline, and the increase mainly comes from the UDC stage,
while the CO, emissions in the EUDC stage is basically equivalent to gasoline. The latter is mainly due
to the low combustion temperature and incomplete combustion in the UDC stage resulting in high
equivalent fuel consumption. The dominant factor affecting volumetric fuel consumption is the lower
heating value. Equivalent fuel consumption is the fuel consumption after removing the effect of the
lower heating value. The equivalent fuel consumption and volume fuel consumption of B20 in the
whole NEDC cycle are lower than that of gasoline, which may be because the oxygen in n-butanol
promotes combustion and improves the fuel efficiency. In addition, the faster laminar flame speed
of n-butanol results in a shorter combustion duration and high constant volume of combustion [51].
The energy consumption of E20 is higher than that of gasoline at all stages in the NEDC cycle, and D20
shows a slightly lower equivalent fuel consumption than gasoline in the whole cycle. The main reason
is same as the steady state for energy consumption.
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Figure 11. Comparison of CO,, volumetric fuel consumption (FC), and equivalent fuel consumption of
E20, B20, D20, and gasoline: (a) CO, emissions; (b) Volumetric FC; and (c) Equivalent FC.
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3.5.2. Comparison of Harmful Emissions

Figure 12 shows the harmful emissions emitted during the NEDC cycles of E20, B20, and D20.
The CO and THC emissions in the UDC stage are higher than those of the EUDC stage, which is mainly
because during the start-up of the SI engine, fuel-rich injection is required to ensure ignition in the first
30 s, and excessive fuel supply due to low temperature and poor mixing in the cylinder produces large
amounts of THC and CO emissions during cold starts [21]. The CO, THC, and NOx emissions of B20
in the whole NEDC cycle are lower than those of gasoline. The oxygenated effect and fast combustion
of n-butanol reasonably reduced CO and THC formation, especially in the UDC stage, which features
low speed and frequent cold starts. The harmful emissions of DMF in all stages of the NEDC cycle
are generally slightly higher than those of gasoline, which may be because the low H/C and O/C of
DMEF are not conducive to oxidizing THC and CO. The small increase in combustion temperature
resulting from the oxygenated property of DMF causes slightly high NOx emissions. The CO and
THC emissions of E20 are higher than those of gasoline, but NOx emissions are lower than those of
gasoline. The latter is mainly attributed to the higher latent heat of vaporization of ethanol resulting in
a lower combustion temperature in the cylinder, which decrease the combustion efficiency and NOx
formation simultaneously. The high latent heat of vaporization of ethanol increases the combustion
loss, resulting in higher CO emissions.
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Figure 12. Comparison of CO, THC, and NOx emissions of E20, B20, D20, and gasoline: (a) CO emissions;
(b) THC emissions; and (c¢) NOx emissions.
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3.5.3. Comparison of Particle Emissions

Figure 13 shows particulate emissions of E20, B20, and D20 in the NEDC cycle. In all the stages of
the NEDC cycle, the PM and PN of the oxygenated blended fuels decrease significantly compared with
gasoline, and the largest reduction is obtained with D20. It is generally believed that the oxygenated
fuel contains oxygen atoms in its molecule, which decrease the formation of the soot precursor and
is favorable for the later oxidation of soot, and consequently reduces soot emissions compared with
gasoline. For D20, the combustion temperature is somewhat higher than gasoline, which can further
promote the oxidation of soot. Therefore, a significant reduction in particulate emissions can be
achieved when D20 is fueled to the vehicle engine. The oxygen content of E20 is higher than that of B20,
which is beneficial to suppress the formation of soot, resulting in lower emissions of particles compared
with B20. Particle emissions of B20 are the highest among the three oxygenated blended fuels because
of the high viscosity (poor mixing) and fairly higher latent heat of vaporization (low combustion
temperature) compared to D20.
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Figure 13. Comparison of particulate matter (PM) and particle number (PN) emissions of E20, B20,
D20, and gasoline: (a) PM emissions; (b) PN emissions.

3.6. Comparison of Acceleration Performance

Figure 14 shows the acceleration time of each gear of ethanol-gasoline, n-butanol-gasoline,
and DMF-gasoline with blend ratios of 20%, 50%, 75%, and 100%, respectively. Here, the acceleration
time is employed to represent the dynamic performance of the vehicle. It can be seen that the blending
of the oxygenated fuels reduces the acceleration time at each gear. The high octane number of the
oxygenated fuel and the consequently strong anti-knock properties contribute to improving the engine
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thermal efficiency by advancing the ignition and combustion phasing, especially in the accelerated
operating condition. At each gear, as the blending ratio of DMF increases, the acceleration time
decreases. This indicates that the engine exhibits a higher power during the acceleration process.
The reason is that although the lower heating value of DMF is relatively low, the theoretical air—fuel
ratio of DMF is small. This results in the fuel energy of D20 that is injected into the cylinder being
higher than that of gasoline at the stoichiometric ratio condition under the same intake air amount;
therefore, the power output of D20 is increased. When the blending ratios of n-butanol are 75% and
100%, the acceleration time in each gear position is smaller than that of gasoline. It can be seen from the
above analysis that n-butanol has a significant improvement in combustion. Overall, the acceleration
performance of blended ethanol is better than the other two blended oxygenated fuels except E100 in
three and four gears. The reason is the high latent heat of vaporization of ethanol, which promotes the
charge cooling for an increased power density. Meanwhile, at the same amount of intake air, ethanol
allows 11.5% more energy to be injected than gasoline due to the lowest stoichiometric air-fuel (A/F)
ratio of ethanol, which leads to a shorter acceleration time.

—_ 5.0 L’7] gasoline
G ) ] ethanol
[ 4.8 n-butanol
E . E—]DvF
T 4.6
c .
: o4 5
3 40 SE
g +2] $=
(] e T T
75% 100%
(a)
P 8.2 . " gasoline
) 8.0 RN\ ethanol
o A B N-butanol
£ 781 =] owr
_5 7.6—_
® 7.4
o .
E 7.2
8 7.0-H4N e .
20% 75% 100%
(b)
— _ gasoline
2 13.21 B3 ar
_E 12.8] DMF
= .
S 12.4-_ =
S 12.0- o=
5 1 K4
3 1.6+ oS-
s ] o=

1 T
75% 100%

(0)

Figure 14. Acceleration time of three, four, and five gears: (a) Acceleration time of three gears;

(b) Acceleration time of four gears; (c) Acceleration time of five gears.
4. Conclusions

In this paper, the effects of n-butanol-gasoline, DMF-gasoline, and ethanol-gasoline on the energy
consumption, harmful emissions, and acceleration performance of a GDI vehicle with a chassis
dynamometer were investigated. The experimental study was carried out at a steady-state cycle and an
NEDC cycle with the oxygenated blending ratios of 20%, 50%, 75%, and 100% by volume. The results
were compared with pure gasoline. The main conclusions are summarized as follows:
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At steady state, CO, emissions and equivalent fuel consumption were reduced when n-butanol
was blended into gasoline. The emissions of CO, THC, NOyx, and PN also decreased as a
large proportion of n-butanol was used. Blending DMF into gasoline has little effect on CO,
emissions. A large proportion of DMF resulted in the decreased THC and PN emissions and
increased NOyx emissions. When a large proportion of ethanol was blended into gasoline, THC,
NOy, and PN emissions simultaneously decreased. Among the three oxygenated blended fuels,
n-butanol-gasoline is the best for improving harmful emissions and CO, emissions.

According to the results of the NEDC cycle, when blending 20% n-butanol into gasoline,
the CO, emissions, volumetric fuel consumption, and equivalent fuel consumption are reduced
by 5.7%, 1.94%, and 5.434%, respectively, compared with gasoline. Meanwhile, CO, THC,
and NOx emissions decreased. However, when blending 20% DMEF into gasoline, the CO,
emissions and volumetric fuel consumption were higher than those of gasoline in the NEDC
cycle, and CO, THC, and NOx emissions increased, while the equivalent fuel consumption
was lower than that of gasoline. When blending 20% ethanol into gasoline, the CO, emissions,
volumetric fuel consumption, and equivalent fuel consumption were higher than that of gasoline.
Ethanol-gasoline blends increased CO and THC emissions in all stages in the cycle, but NOx
emissions decreased. Blending 20% of the three oxygenated fuels significantly reduced PN and
PM emissions in the NEDC cycle.

The acceleration performance of three, four, and five gears is improved by blending oxygenated
fuel into gasoline. As the DMF blending ratio increases, the acceleration time decreases gradually.
Blending a large proportion of n-butanol also improved the acceleration performance. Overall,
the acceleration performance of ethanol-gasoline was the best among the three kinds of blended
fuels at five gears, although its acceleration time at three and four gears under 100% blending
was slightly longer than that of the other two oxygenated fuels.

The impacts of the addition of ethanol, n-butanol, and DMF on the steady-state performance
of the vehicle were positive. However, when the blending ratio was over 30%, the cold start
performance of the vehicle will be challenging without changing the engine. So, the coupling of
fuel and the engine needs to be further studied.
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