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Fuel additives are considered to be a cost-effective and simple approach to improve
combustion and reduce the harmful emissions of internal combustion engines. In addition
to the use of conventional fuel additives, some unconventional fuel additives also have
potential to improve fuel properties. Exploring the effects of different unconventional
additives can provide a valuable reference to improve vehicle performance by fuel
optimization. In this study, five unconventional gasoline additives (i.e., isopropyl ether,
aniline, diethylamine, dimethyl malonate and p-tert-butylphenol) were blended with the
baseline gasoline (G92). The five blended fuels are referred to as G92-1, G92-2, G92-3,
G92-4, and G92-5, respectively. Fuels with different additives were tested on a compact
passenger vehicle with a 1.4-L gasoline direct injection engine to assess the effects of
these additives on performance and emission characteristics, and G92 gasoline was
compared as a baseline. The new European drive cycle (NEDC), which is representative for
passenger car and light duty vehicles, was chosen in the tests. The experimental results
show little or slight improvement in fuel consumption for fuels blended with additives. With
respect to gaseous emissions, the vehicle obtains the lowest and highest NOx emissions
by fueling G92-5 (blended with p-tert-butylphenol) and G92-3 (blended with diethylamine),
respectively; the lowest and highest CO emission is acquired using G92-2 (blended with
aniline) and G92-4 (blended with dimethyl malonate), respectively; the vehicle reaches the
lowest and highest THC emissions when fueling G92-3 (blended with diethylamine) and
G92-4 (blended with dimethyl malonate), respectively; and the lowest and highest CO2

emission using G92-3 (blended with diethylamine) and G92-2 (blended with aniline),
respectively. Compared with the baseline gasoline fuel, all of the fuels with additives
show improved engine-out PM emissions. Furthermore, all five additives can improve the
acceleration performance slightly. In brief, diethylamine is potential gasoline additive to
reduce carbon emissions, improve fuel consumption, and enhance performance.
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INTRODUCTION

Internal combustion (IC) engines have been undergoing
continuous improvement and development in terms of
thermal efficiency, power density, and reliability for over one
hundred years, and they are widely used in power generation,
engineering machinery, transportation, and other fields.
Although the number of electric vehicles is increasing, most
vehicles are still equipped with IC engines as power devices.
There is also a consensus that IC engines will continue to
dominate in the foreseeable future. Meanwhile, it is reported
that 11 billion tons of fossil fuels are being consumed by annually
on a global scale, which accounts for 82.67% of the total energy
consumption (Nanthagopal et al., 2019). Due to the large holding
number and consequent massive consumption of fuel, vehicles
with IC engines have caused serious problems, among which
energy shortage and environmental pollution are the most
significant issues (Gauderman et al., 2007; Perera, 2017). The
main pollutant emissions from IC engine powered vehicles are
carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides
(NOx), and particulate matter (PM). These pollutants can
cause environmental issues that impact human health
(Mannina et al., 2016). Furthermore, carbon dioxide (CO2) is
the main product of fossil-fuel combustion and is considered to
be a major greenhouse gas that contributes to global warming.
Gasoline engines continue to be a major power source for light
duty vehicles and they occupy a large share of the market,
especially for passenger cars. Therefore, increasing the thermal
efficiency and reducing the emissions of gasoline engines are of
great significance.

The efficiency of IC engines can be increased by optimizing
engine design, and improving engine management systems and
fuel design (Pandey et al., 2018; Puškár and Kopas, 2018; Liu et al.,
2020; Liu H. et al., 2021). The application of fuel additives is
considered to be a cost-effective and simple approach to improve
fuel properties, which can achieve higher efficiency and reduce
harmful emissions of IC engines without adding devices or
changing the structure of IC engines.

Gasoline additives can be roughly divided into three categories
according to their functions: gasoline detergent additives,
gasoline additives that increase the octane number, and
compound functional gasoline additives. Gasoline additives
that increase octane number are also considered as antiknock
additives because their major role is to increase the fuel’s
antiknock capability. Gasoline antiknock additives mainly
include ethers (methyl tert-butyl ether, tert-amyl methyl ether,
diisopropyl ether, and ethyl tert-butyl ether) (Arteconi et al.,
2011; Magnusson and Nilsson, 2011; Yee et al., 2013; Dalli et al.,
2014; Elfasakhany, 2015; Dhamodaran et al., 2016; Pereira et al.,
2018; Sassykova et al., 2018), alcohols (methanol and ethanol)
(Costa and Sodré, 2010; Çelik et al., 2011; Yang et al., 2012; Zhen
et al., 2013; Gong et al., 2016; Iodice et al., 2017; Wang et al.,
2019), esters (dimethyl carbonate and dimethyl malonate) (Wen
et al., 2010; Schifter et al., 2016; Abdalla and Liu, 2018),
organometallic compounds, and so on. Tetraethyl lead was a
common and effective means to improve the antiknock capability
of gasoline. However, the exhaust of leaded gasoline contains

lead, which is a toxic and harmful heavy metal that can enter the
human body through the respiratory tract when it diffuses into
the atmosphere. Leaded gasoline can affect the intellectual
development of children and can also cause poisoning of
catalytic converters. Therefore, tetraethyl lead was soon
forbidden internationally as a gasoline additive.

As a substitute to lead, methyl tert-butyl ether (MTBE) was
considered promising due to high octane number and
purification of the exhaust gasses (Awad et al., 2018; Yang
et al., 2020). However, MTBE is a type of ether that is very
soluble in water, and even very low concentrations can cause
water odor. Inhaling a small amount of MTBE can cause
inflammation of the nose and throat, and MTBE is difficult to
decompose. Therefore, various states in the United States also
prohibited the use of MTBE in gasoline in the early-twenty-first
century. As a renewable fuel, ethanol can be made from bagasse,
corn, some wild plants, and so on, which is conducive to
maintaining sustainable development and alleviating the
energy crisis. Brazil and the United States began research into
the use of ethanol gasoline in the 1970s (Wheals et al., 1999).
Ethanol gasoline has also been proposed in China and promoted
in many regions (Yang and Chen, 2013).

Researchers from many countries have studied the application
of fuel additives in engines. For example, Poulopoulos and
Philippopoulos (2000) investigated the effect of adding 0%–
11% MTBE in gasoline on the emissions of a spark ignition
(SI) engine. Their experimental results indicate that blending
MTBE in gasoline only reduced CO and HC emissions at high
loads. Meanwhile, during engine cold start, the emissions of CO
and HC increased with increasing MTBE blending ratio. Franklin
et al. (2001) found that gasoline blending MTBE reduced CO and
total hydrocarbon (THC) emissions to some extent, but the
MTBE content in unburned hydrocarbon (UHC) increased
significantly under engine cold start or fuel-rich conditions
(i.e., oxygen lacking). Dimethyl carbonate (DMC) is a colorless
liquid that is used as a green solvent or methylating additive. It
can also be used as a gasoline additive due to its high antiknock
properties (Liu X. et al., 2021). Wen et al. (2010) reported that
blending DMC in gasoline reduced both volatile organic
compounds and CO emissions, but had little effect on NOx

emissions. Meanwhile, Abdullah et al. (2015) conducted an
experiment on single-cylinder SI engine fueling ethanol-
gasoline blends with 10%–30% of ethanol addition, which
were referred to as E10, E20, and E30, respectively, at speeds
of 2000, 2,500, and 3,000 rpm. The results demonstrate that the
lowest brake specific fuel consumption is acquired by fueling E20,
by which an improvement of about 41% can be achieved
compared to baseline gasoline. These results were attributed to
the better thermal efficiency of ethanol-gasoline blends compared
with baseline gasoline (Al-Hasan, 2003; Najafi et al., 2009; Liu
et al., 2015). Su et al. (2022) explored the effects of ethanol-
gasoline mixtures on PM emissions in a direct injection SI engine.
The results highlighted that the ethanol-gasoline blends reduced
the total and accumulation mode PM compared to the neat
gasoline. Yücesu et al. (2006) explored that the effects of
ethanol-gasoline mixtures (10%, 20%, 40%, and 60% of
ethanol blending ratio) on the combustion and emission
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characteristics of a SI engine. The HC emissions of ethanol-
gasoline blends were lower than those of baseline fuel, and the
maximum reductions of E40 (40% ethanol concentration) and
E60 (60% ethanol concentration) were 9.9% and 16.45%,
respectively, at 5,000 rpm engine speed. Several reasons
contributed to these results, for instance ethanol has a higher
latent heat of vaporization compared with the baseline fuel and
the higher oxygen content was instrumental in the improvement
of the combustion process (Feng et al., 2013; Sarathy et al., 2014).

In summary, these focused on the effects of conventional
gasoline additives (e.g., ethanol, MTEB, DMC, etc.) on the
combustion and emission characteristics of SI engines.
However, there are relatively fewer studies concerning the
effects of gasoline unconventional additives on vehicle
performance. Although some of their chemical components
are not clearly specified in the relevant national standards at
present, some unconventional additives also have potential to
improve the quality of gasoline to meet the standards of a relevant
vehicle fuel. However, they may also have a negative influence on
the vehicle’s performance. Therefore, it is particularly significant

to systematically evaluate the impact of these unconventional
gasoline additives in vehicles.

Based on this discussion, to enrich the types of gasoline
additives for a reference of the diversification of gasoline
additives, five unconventional additives, i.e., isopropyl ether,
aniline, diethylamine, dimethyl malonate and p-tert-
butylphenol were selected. The effects of different additives on
fuel economy, power performance, and emission characteristics
were investigated on a product passenger vehicle equipped with
gasoline direct injection (GDI) engine via rotating drum
experiment which simulates real road driving condition.

EXPERIMENTAL SETUP AND
METHODOLOGY

Experimental Setup and Test Fuel
A commercial vehicle equipped with GDI engine was employed
in the experiments, which was produced in China and has
relatively higher market share on a global scale. The main
engine and vehicle specifications are illustrated in Table 1.
Before the experiments, the accumulated mileage of the GDI
vehicle was approximately 500 km. Figure 1 demonstrates the
schematic of the drum test bench that was used to simulate the
actual driving conditions. During the experiments, air was
introduced through the dilution channel to dilute the exhaust
gasses of the vehicle to mimic the process of the exhaust entering
the atmospheric environment. The diluted exhaust was
discharged into the atmosphere at a constant flow rate and
part of the diluted exhaust was gathered in an air bag. The
pollutant concentrations of diluted exhaust were consecutively
measured by means of an emission analyzer throughout the test
process. The pollutant concentrations in the airbag were also

TABLE 1 | Engine specifications.

Specification Vehicle

Injection system GDI
Displacement (L) 1.4
Intake system turbocharged
Piston stroke (mm) 80
Cylinder number 4
Cylinder bore (mm) 74.5
Maximum power 96 kW/5,000–6,000 rpm
Compress ratio 10.5
Maximum total design mass (kg) 1765

FIGURE 1 | Schematic of the rotating drum test bench (Liu et al., 2019). OVN: oven type heated analyzer; HEPA: high efficiency particulate air filter; CFV: critical flow
venturi.
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analyzed after the experiment cycle. The results of the gaseous
emissions and fuel consumption were based on the analysis of the
airbag’s components. The types and manufacturers of the major
instruments that are used in this study are shown in Table 2 and
Table 3 shows the measurement errors.

The five unconventional additives that were selected in this
study were isopropyl ether, aniline, diethylamine, dimethyl
malonate, and p-tert-butylphenol. The experiment fuels in the
current study were baseline gasoline (G92), gasoline blended with
15% (volume fraction, the same for other fuels) isopropyl ether
additive (named as G92-1), gasoline blended with 1.5% aniline
additive (G92-2), gasoline blended with 1.5% diethylamine
additive (G92-3), gasoline blended with 3% dimethyl malonate
additive (G92-4), and gasoline blended with 3% p-tert-
butylphenol additive (G92-5). In general, all of the additives
have an excellent ability to improve gasoline’s antiknock
performance due to higher octane number, which further
affects the combustion and emission performance of the

vehicle. Therefore, it is necessary to investigate the effect of
the selected additives on the vehicle’s combustion and
emission characteristics. The fractions of different additives
blending in gasoline are not the same because the effect of
these additives on vehicle performance varies, and this study
focuses on a comparison between gasoline blended with different
additives and baseline gasoline. Hence, the fraction of additive
with smaller effects is larger. The measured fuel properties are
listed in Table 4. As the base fuel, G92 has the highest content of
olefins, aromatics and C9

+ aromatics. G92-2 has the highest
research octane number (RON), G92-4 has the highest density
and T50, and G92-5 has the highest T90 and heating value.

Experimental Approach
In the current study, the test cycle adopted new European driving
cycle (NEDC) is divided further into two segments: extra urban
driving cycle (EUDC) and urban driving cycle (UDC). The
specific vehicle speed was shown in our previous study (Liu
et al., 2019). The vehicle speed of the EUDC condition is higher
than that of the UDC condition. In the current study, at least one
complete NEDC cycle should be taken before the test to warm up
the engine and enable the subsequent test to be started in a hot
state, which is relevant to the widely adopted start-stop
technology. For each fuel, at least two NEDC cycle tests were
conducted repeatedly to ensure the accuracy of the test data.

The impacts of different additives on the vehicle power
performance were estimated by means of an acceleration
experiment. A method that took measurement separately for

TABLE 2 | Manufacturers and types of instruments (Liu, et al., 2019).

Equipment Type Manufacturer

Emission analyzer MEXA~7200H Horiba
Chassis dynamometer Roadsim48″compact AVL
Dilution channel DLS~7100E Horiba
Dilution sampling system CVS~7200T Horiba
Precision electronic balance MSE6.6S~000~DF Sartorius

TABLE 3 | Measurement errors of the instruments (Liu, et al., 2019).

Equipment Test project Measurement errors

Emission analyzer NOx ≤1% of full scale or 2% of measured value, whichever is the smallest
CO
THC
CO2

Chassis dynamometer Time measurement tolerance 0.00005%
Constant speed difference <0.05% full scale
Constant traction tolerance <0.2% full scale

Precision electronic balance Filter paper quality ±1ug

TABLE 4 | The fuel properties of the test fuels.

Fuel G92 G92-1 G92-2 G92-3 G92-4 G92-5

Additive molecular formula \ C6H14O C6H7N C4H11N C5H8O4 C10H14O
Additive ratio (vol%) \ 15 1.5 1.5 3 3
Research octane number (RON) 93.6 95.7 97 93.8 96.4 94.6
Density at 20°C (kg/m³) 741.5 738.9 746.3 742.1 753 748.3
T50 (°C) 90.3 80.3 90.3 86.4 94.3 92.6
T90 (°C) 169.6 166.6 169.1 169.4 167.8 174.1
Lower heating value (kJ/L) 33409 32731 33720 33586 33224 33747
Olefin content (vol%) 9.37 8 9.2 9.2 9.1 9.1
Aromatic content (vol%) 33.16 28.2 32.7 32.7 32.2 32.2
C9+ aromatics content (vol%) 21.76 18.496 21.434 21.434 21.107 21.107
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each gear was applied because the vehicle was equipped with a
manual transmission. Specifically, the acceleration experiment
velocity scale was 30–60, 40 to 80, and 60–110 km/h for the third,
fourth, and fifth gear, respectively, which was determined by the
minimum speed required for stable engine operation and the
maximum speed limitation for each gear.

During the experiments, the filters of the intake and oil
system were replaced regularly and the vehicle’s tire pressure
was kept at 2.2–2.3 bar. The fuel filter was also displaced, and
the previous fuel in the external gasoline pipeline and fuel tank
was completely drained when changing the test fuel. To
eliminate the interference of the previous test fuel on the
new test fuel, the vehicle needed to operate with the new
test fuel at a speed of 60–90 km/h for more than 30 min before
experiment. It should be noted that to stress the impact of
different fuels on the engine-out emission characteristics and
to eliminate the effects of after-treatment system, especially
considering that partial or complete failures in the after-
treatment may occur during use, the three-way catalyst
(TWC) was disabled before the experiment.

RESULTS AND DISCUSSIONS

Effects of Different Additives on Fuel
Consumption and Acceleration
Performance
The vehicle volume fuel consumption for each 100 km fueled
with different test fuels is shown in Figure 2. The fuel
consumption values of the different fuels are labeled above the
bar and error bars have been added. As illustrated in Figure 2, the
minimum and maximum volume fuel consumption values are
acquired by fueling G92-3 and G92-2 for the entire NEDC,
respectively, which suggests that the addition of diethylamine

decreases fuel consumption (0.17%), while blending aniline in
gasoline increases fuel consumption (2.4%) compared to
G92 fuel. This may be related to several factors. The volume
fuel consumption has a strong negative correlation with volume
heating value. Generally speaking, the higher the volume heating
value, the lower the volume fuel consumption given that the heat
released is the same. However, the details in the fuel composition
also play a significant role in the fuel consumption. For instance, a
fuel with higher aromatics content usually indicates poorer fuel
quality, leading to higher volume fuel consumption (Jin et al.,
2017). Furthermore, C9

+ aromatics are a kind of polycyclic
aromatic hydrocarbons with greater than nine carbon atoms,
which are hard to react and decompose completely because of the
benzene ring structure. This causes a relatively low vaporization
rate, which results in a decrease of efficiency (Wen et al., 2020).
Therefore, the engine fueled with a fuel with higher C9

+ aromatics
content may exhibit increased fuel consumption. The G92-2 fuel
reveals a higher volume heating value, which may lead to a
decrease in fuel consumption. However, G92-2 also shows a
relatively high content of aromatic and C9

+ aromatics. More
importantly, it demonstrates the highest RON brings about a
longer ignition delay and the main combustion process is
extended to the expansion stroke stage, which causes a
decrease in the maximum pressure and the engine’s output
power. Hence, fuel consumption per output power increases,
which plays a more dominant role and in turn leads to the highest
volume fuel consumption. The G92-3 fuel displays a higher
aromatics content, which tends to increase fuel consumption.
However, the volume heating value is higher and the lowest
volume fuel consumption was achieved as a result of combined
effects. When compared with the baseline gasoline, the blended
fuels generously increase fuel consumption, except for the G92-3
fuel. This result demonstrates that diethylamine can reduce
carbon emission compared with baseline gasoline, although
the reduction is not obvious, which is related to the lower
blending ratio (only 1.5% volume fraction in the current study).

FIGURE 2 | Effects of different additives on fuel consumption of the
vehicle.

FIGURE 3 | Effects of different additives on acceleration time of the
vehicle.
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Figure 3 shows the acceleration time of the vehicle fueled with
various test fuels at each gear. The acceleration speed scale was
marked above all of the bars. All of the additives improve the
acceleration performance slightly, by which the shortest
acceleration time is achieved by fueling G92-5, except for third
gear. However, the influence of the five unconventional fuel
additives selected on the acceleration performance of this
vehicle was only marginal—the change of acceleration time for
the different fuels is less than 3%.

Effects of Different Additives on Gaseous
and Particulate Matter Emissions
To emphasize the effects of different additives on engine-out
pollutant emissions in the test, the TWC of vehicle was removed
while maintaining the exhaust back pressure invariant.
Consequently, the results that are discussed in this section are
engine-out emissions and error bars have been added.

The impacts of the different additives on NOx emissions are
illustrated in Figure 4. The results indicate that the engine
shows the lowest and the highest NOx emissions when fueling
G92-5 (blending with p-tert-butylphenol) and G92-3
(blending with diethylamine) for the entire NEDC cycle,
respectively, which demonstrates that the addition of p-tert-
butylphenol decreases NOx emissions (13%), while the
addition of diethylamine increases NOx emissions (16%) to
the maximum extent, respectively. This may because the
molecular formula of diethylamine is C4H11N, which
contains a nitrogen atom. During the engine combustion
process, nitrogen atoms can be converted into NOx through
a series of chemical reactions, which in turn leads to the
increase in NOx generation of G92-3 fuel. The molecular
formula of aniline is C6H7N and the molecule also contains
N, but the content of nitrogen is lower than that of
diethylamine. Therefore, when compared with the baseline
gasoline, the G92-2 fuel has a slight increase in NOx emissions

but the total NOx emissions are lower than those of the G92-3
fuel. Therefore, the fuel containing nitrogen is not conducive
to reducing NOx emissions. Meanwhile, T90, which is an
important fuel property parameter, reflects the proportion
of the heavy components of fuel. Higher T90 usually
indicates more heavy components and worse volatility.
Therefore, the higher T90 of fuel, the more difficult for the
fuel to form a homogeneous mixture with air. This is likely to
cause a fuel-rich region in the cylinder to deviate from the
conditions conducive to NOx formation and reduce NOx

generation. T50 reflects the proportion of intermediate
components in the fuel. A higher T50 suggests worse the
fuel volatility. Engine fueling with the fuel of higher
T50 tends to cause a fuel-rich region and leads to difficulty
in NOx generation. Therefore, the lowest NOx emission was
obtained when the engine was fueled with the G92-5 with the
higher T50 and highest T90. It can also be seen from Figure 4
that NOx emissions are reduced by fueling gasoline blended
with isopropyl ether and dimethyl malonate. Although the
volume percentage of isopropyl ether is the highest, the degree
of decreasing NOx emissions is the lowest compared with
dimethyl malonate (G92-4) and p-tert-butylphenol (G92-5),
which suggests that isopropyl ether has a smaller role in
reducing NOx.

The effects of different fuels on CO emission of vehicle are
illustrated in Figure 5. The results highlight that the minimum
and maximum CO emission values are obtained using G92-2
(blending with aniline) and G92-4 (blending with dimethyl
malonate) as fuel in the entire NEDC, respectively. This
indicates that gasoline mixing with aniline decreases CO
emission (3.1%); while gasoline mixing with dimethyl
malonate increases CO emission (5%) to the maximum
extent, respectively. Generally speaking, a higher
T50 suggests worse fuel volatility. When the engine is
fueled with a poor volatile fuel, it is difficult to form
homogeneous mixture and more fuel-rich region appears in

FIGURE 4 | The NOx emissions of the vehicle fueled with different test
fuels.

FIGURE 5 | The CO emission of the vehicle fueled with different test
fuels.
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the cylinder. This will increase CO generation. The olefins are
active in chemical properties and the flame propagation speed
of olefins is higher than that of alkanes (Shen et al., 2008).
Under the high load conditions of EUDC, the engine fueled
with the lower olefin content fuel may cause poor CO
oxidation and long combustion duration. Meanwhile, the
aromatics are unsaturated hydrocarbons with lower H/C
ratio. Higher carbon content usually brings about
incomplete combustion due to insufficient air, which results
in the formation of CO. These factors comprehensively affect
CO emissions, while T50 may have a greater impact.
Therefore, CO emission is highest when the engine is fueled
with the G92-4 fuel with the highest T50. The lowest CO
emission of the G92-2 fuel may be attributed to its highest
RON, which leads to advanced ignition timing, increased
combustion constant volume degree and combustion
efficiency, and consequently results in the lowest CO emission.

The THC emissions of the vehicle fueled with different test
fuels are illustrated in Figure 6. This suggests that the engine
achieved the lowest and highest THC emissions when fueling
G92-3 (blending with diethylamine) and G92-4 (blending with
dimethyl malonate) for the entire NEDC cycle, respectively.
This shows that the addition of diethylamine decreases THC
emissions (8.1%), but the addition of dimethyl malonate
increases THC emissions (2.5%) to the maximum extent,
respectively. As discussed earlier, C9

+ aromatics are difficult
to react completely, and the higher C9

+ aromatic content is
prone to higher THC emissions. In addition, the higher
T50 leads to lower volatility, which leads to a slow fuel-air
mixing process and leaves some fuel-rich pockets that
contribute to THC formation. The lower T90 indicates the
decrease of fuel heavy components, leading to the decrease of
fuel adsorbed by lubricant oil film on liner, which is desorbed
during the exhaust process and forms unburned HC.
Furthermore, an increase of oxygen content can promote
the oxidation process of HC, which improves THC

emissions. These four factors play a combined role on the
THC emissions, which brings about the highest THC
emissions of the G92-4 fuel.

The CO2 emissions of the vehicle fueled with different test
fuels are illustrated in Figure 7. The lowest and the highest
CO2 emissions were obtained when fueling G92-3 (blending
with diethylamine) and G92-2 (blending with aniline) for the
entire NEDC, respectively. This implies that gasoline mixing
with diethylamine decreases CO2 emission (0.12%), while
gasoline mixing with aniline increases CO2 emission (2.8%)
to the maximum extent, respectively. It should be noted that
the effects of adding different additives on CO2 emissions are
basically the same as that of fuel consumption, which is the
main factor affecting CO2 emissions. In terms of fuel
properties, the chemical property of olefins is active,
meanwhile the flame propagation speed of olefins is higher
than that of alkanes (Shen, et al., 2008). The flame surface
temperature of alkanes is lower than that of aromatics
(Wedekind et al., 1995; Diana et al., 1998). Furthermore,
the C/H ratios of aromatics and olefins are higher than
those of alkanes. These elements are instrumental in the
increase of the CO2 emission.

What interests us in this study is that the gas emissions vary
in the UDC and EUDC stages. The vehicle speed of UDC is
lower than that of EUDC, and there will be frequent
acceleration and deceleration. This easily causes a fuel-rich
region in the cylinder to increase the emissions of THC and
CO. Hence, the emissions of CO and THC of UDC are higher
than those of EUDC. The in-cylinder average temperature of
EUDC is relatively higher due to the higher vehicle speed,
which is conducive to the generation of NOx. Therefore, the
NOx emissions of EUDC are higher than those of UDC. The
CO2 emission is mainly related to fuel consumption.
Furthermore, due to the lower in-cylinder temperature of
UDC, the emissions are influenced by the test fuel
properties and the discrepancies are relatively higher.

FIGURE 6 | The THC emissions of the vehicle fueled with different test
fuels.

FIGURE 7 | The CO2 emission of the vehicle fueled with different test
fuels.
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Compared with baseline gasoline, the maximum differences of
the emissions of NOx, CO, THC, and CO2 in the UDC are 30%,
3.5%, 9.6%, and 4.4%, respectively; while the maximum
discrepancy of emissions of NOx, THC, CO, and CO2 in the
EUDC are 12%, 6.0%, 7.4%, and 1.6%, respectively.
Furthermore, the UDC is more intricate when compared to
the EUDC. Therefore, the UDC condition should generally be
of more concern. In detail, referring to the effects of different
additives on gaseous emissions, it can be seen that although the
blending volume ratio of isopropyl ether is the highest, the
impacts on gaseous emissions are not obvious. It is also
observed that the effects of different additives vary in
different operation conditions, as seen from the comparison
results between EUDC and UDC.

The impacts of different additives on PM emissions of the
vehicle are illustrated in Figure 8. Compared with baseline
gasoline, the engine can obtain lower PM emissions when
fueling the five fuels with the selected additives. The reason for
this may be that the chemical properties of olefins are more
active than those of alkanes. The increased olefins content
promotes combustion and reduces the PM formation. This
aromatic is a kind of hydrocarbon with poor volatility and
large molecular weight. It is likely to cause poor fuel-air mixing
process when the engine is fueled with a relatively higher
aromatics content fuel. Meanwhile, it should be noted that
aromatics are precursors for the formation of soot particles
(Wen, et al., 2020). This point has been discussed in previous
research (Jain et al., 2007; Kim et al., 2013). Furthermore, the
higher T50 implies incomplete combustion and slower fuel
vaporization, which leads to increase PM formation. The lower
T90 indicates less-heavy components in the fuels, which
promotes the fuel-air mixing process and leads to decreased
PM emissions. Finally, the oxygen content in fuel molecules is
also beneficial for reducing PM formation. The combination
effects of these five factors affect PM emissions. The difference

between the maximum and minimum PM emissions values is
54.6% for the entire NEDC, which is acquired by the contrast
of G92 and G92-3. It should be noted that although the
blending ratio of diethylamine is the lowest (1.5% vol), the
effects of the decreasing PM emissions are remarkable.

CONCLUSION

In this study, the impacts of different unconventional additives
on the consumption, emission characteristics, and acceleration
performance were investigated in a vehicle equipped with the
GDI engine. Baseline gasoline (G92), gasoline blended with
15% (the percentage here is volume fraction, the same for other
fuels) isopropyl ether (G92-1), gasoline blended with 1.5%
aniline (G92-2), gasoline blended with 1.5% diethylamine
(G92-3), gasoline blended with 3% dimethyl malonate
(G92-4), and gasoline blended with 3% p-tert-butylphenol
(G92-5) were selected as the test fuels. The experiments
were conducted on a drum test bench that simulates real
driving conditions and the NEDC was adopted. Moreover,
the vehicle acceleration performance was analyzed. The
detailed conclusions are as follows.

For the volume fuel consumption in each 100 km, the
minimum fuel consumption value is acquired by fueling
with G92-3, which shows that blending diethylamine in
gasoline decreases fuel consumption (0.17%). The maximum
fuel consumption value is acquired by fueling G92-2, which
demonstrates that gasoline blended with aniline increases fuel
consumption (2.4%). In terms of acceleration performance, all
of the additives can shorten the acceleration time. However,
the impacts of the five unconventional fuel additives on the
acceleration performance are minor—the difference is less
than 3%.

With respect to gaseous emissions, the engine obtains the
lowest NOx and CO emissions when fueling G92-5 and G92-2,
respectively. This demonstrates that the addition of p-tert-
butylphenol and aniline decreases NOx (13%) and CO (3.1%),
respectively. The engine obtains the lowest THC and CO2

emissions when fueling G92-3, which demonstrates that the
addition of diethylamine decreases THC (8.1%) and CO2

(0.12%) emissions. The engine shows the highest NOx and
CO2 emissions by fueling G92-3 and G92-2 respectively, which
suggests that the addition of diethylamine and aniline
increases NOx (13%) and CO2 (0.12%) emissions,
respectively. The engine shows the highest CO and THC
emissions by fueling G92-4, which indicates that the
addition of dimethyl malonate increases CO (5%) and THC
(2.5%) emissions. With regard to PM emissions, all of the fuels
with additives improve PM emissions when compared with the
baseline gasoline fuel. The difference between the maximum
and minimum PM emissions values is 54.6%, which is obtained
by comparing G92 (baseline gasoline) and G92-3 (the addition
of diethylamine), respectively.

In conclusion, the lowest fuel consumption and emissions
of THC, CO2, and PM are achieved by fueling with G92-3.

FIGURE 8 | Effects of different additives on PM emissions of the vehicle.
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Although NOx emissions are higher than those of other test
fuels due to the nitrogen content of diethylamine, gaseous
emissions can be addressed by TWC. Therefore, among all
selected additives, diethylamine is a promising unconventional
gasoline additive.
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