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Abstract: Methanol, as a promising carbon-neutral fuel, has become a research hotspot worldwide.
In this study, pure gasoline and gasoline blended with five different volume ratios of methanol
(10%, 20%, 30%, 50%, and 75%) were selected as test fuels, which were referred to as M0, M10, M20,
M30, M50, and M75. The experiments on carbon and pollutant emissions and performance were
carried out on a passenger vehicle with gasoline direct injection (GDI) turbocharged engine using
the steady-state, new European driving cycle (NEDC), and acceleration approaches. The results
show that under steady-state conditions, as the methanol blending ratio increases, the volume of
fuel consumption increases. Compared with pure gasoline, the equivalent fuel consumption and the
CO2 emissions are reduced by 0.95 L/100 km (10.6%) and 18.95 g/km (9.6%) in maximum extent by
fueling M75, respectively. In the NEDC, the CO2 emissions of M30 are reduced by 5.46 g/km (3.7%)
compared with pure gasoline. After blending methanol in gasoline, CO emissions increase, and the
emissions of NOx, THC, and PM decrease. The acceleration time is shortened with the increase of
blending ratio of methanol. The application of methanol reduces the combustion CO2 emissions by
10% and improves the pollutant emissions.

Keywords: methanol; passenger vehicle; GDI engine; performance; emissions

1. Introduction

Having undergone development of more than 100 years, internal combustion (IC)
engines have become a remarkable part of the world manufacturing economy [1–3] and are
widely used in ship transportation, construction machinery, aerospace, private vehicles,
and other transport fields [4–8]. Although traditional fuel vehicles have been influenced
by new energy vehicles in recent years [9–12], most of the world driving force could still
be dominated by IC engines until 2040 [13]. Therefore, the IC engines still have sufficient
development potential [14–16]. To address the issue of global warming, global efforts are
underway to achieve net zero emissions by 2050 [17,18]. The promotion and application of
carbon-neutral fuels is a notable way to achieve net zero emissions for IC engines [19,20].
Hence, the research of relevant carbon-neutral fuels has become a hotspot in the field of IC
engines [21,22]. On the other hand, in the transportation sector, gasoline is a prominent
energy source, and the vehicles of 89% in China are fueled with gasoline [23]. Consequently,
researchers from various countries have made efforts to investigate the suitable alternative
fuels for gasoline (for instance, carbon-neutral alcohol fuels) while developing increasingly
advanced engine technologies in recent years [24–28].

Decades of research on alternative fuels showed that alcohol fuel is one of the most
appropriate fuels for gasoline [29–32]. Methanol, as carbon-neutral fuel, is a colorless,

Processes 2022, 10, 525. https://doi.org/10.3390/pr10030525 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr10030525
https://doi.org/10.3390/pr10030525
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-0861-4966
https://doi.org/10.3390/pr10030525
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10030525?type=check_update&version=1


Processes 2022, 10, 525 2 of 18

transparent, volatile, flammable, and renewable liquid [33–37], and has higher octane
number and oxygen content, faster flame propagation speed, and no C-C bond [38]. These
properties of methanol could reduce the local fuel-lean and fuel-rich zones in the cylinder
to decrease fuel consumption and emissions caused by frequent acceleration and decel-
eration. Since the composition of the combustion products and flame propagation speed
are significantly different for local fuel-lean and fuel-rich zones [39–41]. Moreover, the
industrial technology for preparing methanol is very mature, which has low production
cost [42], and technology equipment is relatively complete and easy to popularize [43].
Therefore, methanol, as one of the most promising carbon-neutral fuels, has become a
research hotspot for alternative fuels of IC engines in recent years [44–46].

Methanol can be synthesized from renewable biomass, and converted from fossil fuels
or produced by hydrogenation with carbon dioxide (CO2) [47,48], which is a potential
development method for industrial methanol production [49]. The conversion of CO2 to
methanol can also alleviate the global warming situation. Lian et al. [50] used Fe-Cu/γ-
Al2O3 as a catalyst to produce methanol from CO2 in a heat-insulated warm plasma-
catalytic reactor and found that the conversion rate of CO2 to methanol was as high as
94%. Bansode and Urakawa [51] used Cu/ZnO/Al2O3 as catalyst, and it was found
that the conversion rate of CO2 to methanol was greater than 95%. On the other hand,
worldwide researchers have studied the characteristics of combustion and emissions of
methanol-gasoline blends on engines. The effects of methanol-gasoline blends on port
fuel injection (PFI) engine were investigated by Liu et al. [52]. The results manifested
that after three-way catalytic converter, the conversion efficiency of nitrogen oxide (NOx),
carbon monoxide (CO), and hydrocarbon (HC) was very high, but unburned methanol
and formaldehyde increased as the volume ratio of methanol increased. Nuthan et al. [53]
investigated the combustion and emissions characteristics of an equal volume ratio of
methanol-gasoline blended fuel (M50) and pure gasoline in a gasoline engine. Results
suggested that the emissions of HC, CO, and NOx of M50 decreased between 30% and 40%
by comparison with pure gasoline. Meanwhile, compared with pure gasoline, the brake
thermal efficiency of M50 was increased by 25%. The effects of methanol-gasoline fuel on
modified homogeneous charge compression ignition (HCCI) engine were investigated by
Maurya and Agarwal [54]. The research results demonstrated that compared with pure
gasoline, methanol had lower ignition point, and the combustion efficiency of methanol
was higher (99%) under the conditions of higher intake air temperatures and fairly rich
mixture, while the combustion efficiency of gasoline was only 96%. Therefore, methanol
was a good substitute for gasoline in HCCI engines.

Some studies focused on the unregulated emissions of the engines using methanol as
alternative fuel. Hua et al. [55] measured the content of polycyclic aromatic hydrocarbons
(PAHs) using the methanol-gasoline mixture at four methanol volume fractions, which
were 20%, 40%, 60%, and 80% (M20, M40, M60, and M80), on the burner. The results
demonstrated that the addition of methanol significantly inhibited the production of PAHs.
Wei et al. [56] used methanol-gasoline mixture with methanol volume fractions of 10%,
20% and 85% (M10, M20 and M85) on a spark ignition engine to explore the content of
unburned formaldehyde and methanol in the emissions. The experiment results declared
that compared with neat gasoline, the formaldehyde emissions were doubled in M10
but decreased significantly in M20 and M85. Zhang et al. [57] measured the content of
unburned methanol emissions in a PFI gasoline engine with pure gasoline and M10, M15,
M20, and M30. Results revealed that with the increase of methanol blending ratios, the
content of unburned methanol emissions increased almost linearly. Furthermore, there are
others studies focused on vehicles using methanol. The impacts of the amount of methanol
injection per cycle and ambient temperature on the vehicle cold start were studied by
Li et al. [58]. Results suggested that when the ambient temperature was below 16 ◦C,
injecting a large amount of methanol per cycle started the engine unsteadily. However,
the unburned HC emissions of methanol-gasoline blends reduced significantly during the
vehicle cold-start when the ambient temperature increased. Wang et al. [59] researched
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the effects of methanol-gasoline blend on gasoline direct injection (GDI) passenger vehicle
during the new European driving cycle (NEDC) and compared the results to conventional
gasoline. The experimental results implied that methanol-gasoline blends significantly
decreased pipe-out HC and CO emissions. The use of methanol-gasoline blends generated
about 0.8–4.1% less pipe-out CO2 emissions than baseline gasoline while saving fuel cost
by 5.7–15%.

Based on the above literature reviews, it can be concluded that many studies focused
on the combustion and emissions characteristics of methanol-gasoline blends at low and
medium blending ratios. Similar studies considering a relatively higher volume ratio of
methanol are limited, especially in the passenger vehicle. However, the blending ratio
of methanol in gasoline is higher, the requirement for fossil fuels will be reduced, and
CO2 emissions of fossil fuels will also be reduced. Therefore, researching the effects
of blending high ratio methanol in gasoline is conducive to filling in the research gap.
Furthermore, the technologies of gasoline engine have undergone tremendous changes
with the continuous development of technology, and it is necessary to conduct more in-
depth and comprehensive research on the application of methanol in modern gasoline
engines. In the current study, different ratios of methanol-gasoline blends, including
low, medium, and high blends were employed to test on a passenger vehicle with GDI
turbocharged engine. The aim of the study presented here was to investigate the effects of
different blending ratios of methanol in gasoline-methanol blends on the characteristics
of fuel consumption, emissions and acceleration of vehicle, providing a reference for the
application of methanol on passenger vehicles.

2. Experimental Setup and Methodology
2.1. Experimental Facilities

The experiments were conducted on the passenger vehicle with GDI engine produced
and sold in China, and the main parameters of the GDI engine are shown in Table 1. Figure 1
is a schematic diagram of the chassis dynamometer test bench, which can simulate the actual
road driving during experiments. The exhaust gas was introduced into the air through the
dilution channel. The dilution channel simulated the process of the exhaust gas entering
the atmospheric environment. At the same time, a segment of exhaust was introduced
and stored in the airbag. Throughout the test process, the emission analyzer continuously
measured the gaseous emissions of the diluted exhaust. At the end of the experiment,
the diluted exhaust components stored in the airbag were analyzed. The results of fuel
consumption and gaseous emissions came from the analysis of the airbag components and
the results of particulate matter (PM) emissions were derived from precision electronic
balance. Table 2 is the specifications of the main experiment equipment used in this research,
and Table 3 shows the measurement error range of experimental equipment.

Table 1. Main parameters of the GDI engine.

Project Parameters

Cylinder number 4
Displacement (L) 1.4

Cylinder bore (mm) 74.5
Compression ratio 10.5

Intake system Turbocharged
Maximum power 96 kW/5000–6000 rpm
Injection system GDI
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Figure 1. The schematic diagram of the chassis dynamometer. CFV = critical flow venturi; HEPA = 
high efficiency particulate air filter; OVN = oven type heated analyzer. 
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Filter paper EMFAB-TX40H120-WW American PALL 
Solid particle counting system MEXA-2000SPCS Japan Horiba 

Precision electronic balance MSE6.6S-000-DF German Sartorius 
Emission analyzer MEXA-7200H Japan Horiba 
Dilution channel DLS-7100E Japan Horiba 

Dilute sampling system CVS-7200T Japan Horiba 
On board diagnostics X431 China LAUNCH 
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erated firmly at 15, 65, and 120 km/h, respectively. The vehicle operated steadily in 20 s 

Figure 1. The schematic diagram of the chassis dynamometer. CFV = critical flow venturi;
HEPA = high efficiency particulate air filter; OVN = oven type heated analyzer.

Table 2. Main test equipment.

Parameter Model Specifications Manufacturer

Chassis dynamometer Roadsim48”compact Austria AVL
Filter paper EMFAB-TX40H120-WW American PALL

Solid particle counting system MEXA-2000SPCS Japan Horiba
Precision electronic balance MSE6.6S-000-DF German Sartorius

Emission analyzer MEXA-7200H Japan Horiba
Dilution channel DLS-7100E Japan Horiba

Dilute sampling system CVS-7200T Japan Horiba
On board diagnostics X431 China LAUNCH

Table 3. Uncertainties of measured parameters [60].

Equipment Test Project Measurement Errors

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

Time measurement tolerance 0.00005%

Emission analyzer

CO2 ≤1% of full scale or 2% of
measured value,

whichever is the smallest

NOx
CO

THC
Precision electronic balance Filter paper quality ±1 µg

2.2. Experimental Methodology

The steady-state experiment was set at different stable speeds (15, 65, and 120 km/h) to
study the effects of different methanol blending ratios on performance and emissions of GDI
vehicles. The tests were carried out under hot engine conditions, since once the methanol
blending ratios were more than 30%, the vehicle cannot be cold started. To guarantee
the reliability of experimental data, before the measurement, the vehicle accelerated from
0 km/h, vehicle speed during gear shifting and acceleration refer to NEDC, and operated
firmly at 15, 65, and 120 km/h, respectively. The vehicle operated steadily in 20 s during
the experiment. The tested fuel and additives are limited, and the test data were recorded
only once.
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The NEDC was employed to test fuel consumption and emissions of the vehicle. The
whole cycle of NEDC was divided into extra urban driving cycle (EUDC) and urban driving
cycle (UDC). Compared with EUDC, the UDC operating speed is lower, which has cold
start process with lower engine temperature. Figure 2 shows the specific speed of UDC,
EUDC, and NEDC. The NEDC tests were conducted by experienced drivers. It ensures that
the error between the actual speed and the theoretical speed is within 1 km/h, which was
basically consistent with the theoretical speed of NEDC.

Processes 2022, 10, x FOR PEER REVIEW 5 of 19 
 

 

during the experiment. The tested fuel and additives are limited, and the test data were 

recorded only once. 

The NEDC was employed to test fuel consumption and emissions of the vehicle. The 

whole cycle of NEDC was divided into extra urban driving cycle (EUDC) and urban driv-

ing cycle (UDC). Compared with EUDC, the UDC operating speed is lower, which has 

cold start process with lower engine temperature. Figure 2 shows the specific speed of 

UDC, EUDC, and NEDC. The NEDC tests were conducted by experienced drivers. It en-

sures that the error between the actual speed and the theoretical speed is within 1 km/h, 

which was basically consistent with the theoretical speed of NEDC. 

 

Figure 2. The theoretical speed speeds of NEDC [60]. 

The acceleration experiment was conducted to compare the effects of methanol-gas-

oline blends on acceleration performance of the vehicle. Since the passenger vehicle has a 

manual transmission, to eliminate the error caused by the gear shift process, each gear 

was measured separately, referring to the minimum and maximum speeds of the stable 

operation of vehicle. Finally, the third, fourth, and fifth gear speeds were 30~65, 40~80, 

and 60~110 km/h, respectively. The time required from the lowest speed to the highest 

speed was used to estimate the acceleration performance. 

To reduce the influence of other factors, the tires were checked before the experiment, 

and the pressure was always maintained at 0.22~0.23 MPa. The electronic control unit 

(ECU) was not calibrated, and the engine used the original MAP. If the engine did not 

knock, spark timing was automatically advanced in the ECU. Similar trends have been 

found in previous studies of other alternative fuels [60,61]. When changing the test fuel, 

the vehicle ran at idle speed to completely empty the previous fuel in the fuel tank, the 

fuel pipe and the fuel filter were replaced. After changing the test fuel, to eliminate the 

interference of previous test fuels, the vehicle ran at a speed of about 60 km/h for more 

than 15 min. It is worth noting that in order to focus on the effects of fuel properties on 

the combustion and raw emissions characteristics, the three-way catalyst converter was 

disabled before the test. Since during the test, the properties of fuels are quite different, 

and the three-way catalyst converter may be aged and invalid, which makes the test re-

sults inaccurate. Certainly, in addition to removing the three-way catalyst converter, the 

rest of the whole vehicle is the test object, and the knock sensors are installed and always 

work. 

  

Figure 2. The theoretical speed speeds of NEDC [60].

The acceleration experiment was conducted to compare the effects of methanol-
gasoline blends on acceleration performance of the vehicle. Since the passenger vehicle has
a manual transmission, to eliminate the error caused by the gear shift process, each gear
was measured separately, referring to the minimum and maximum speeds of the stable
operation of vehicle. Finally, the third, fourth, and fifth gear speeds were 30~65, 40~80, and
60~110 km/h, respectively. The time required from the lowest speed to the highest speed
was used to estimate the acceleration performance.

To reduce the influence of other factors, the tires were checked before the experiment,
and the pressure was always maintained at 0.22~0.23 MPa. The electronic control unit
(ECU) was not calibrated, and the engine used the original MAP. If the engine did not
knock, spark timing was automatically advanced in the ECU. Similar trends have been
found in previous studies of other alternative fuels [60,61]. When changing the test fuel,
the vehicle ran at idle speed to completely empty the previous fuel in the fuel tank, the
fuel pipe and the fuel filter were replaced. After changing the test fuel, to eliminate the
interference of previous test fuels, the vehicle ran at a speed of about 60 km/h for more
than 15 min. It is worth noting that in order to focus on the effects of fuel properties on
the combustion and raw emissions characteristics, the three-way catalyst converter was
disabled before the test. Since during the test, the properties of fuels are quite different,
and the three-way catalyst converter may be aged and invalid, which makes the test results
inaccurate. Certainly, in addition to removing the three-way catalyst converter, the rest of
the whole vehicle is the test object, and the knock sensors are installed and always work.

2.3. Experimental Fuels

The gasoline and methanol used in this study were provided by China Petroleum and
Chemical Corporation, and the specific properties, as seen from Table 4, were measured by
the experiment. Methanol has higher oxygen content, which can achieve approximately
50%, and higher octane number in contrast with neat gasoline. The latent heat of vapor-
ization for methanol is also relatively higher, but the low heating value is lower than that
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of gasoline. In this study, five different volume proportions of methanol (10%, 20%, 30%,
50%, and 75%) were added to gasoline, which were referred to as M10, M20, M30, M50,
and M75, and the pure gasoline was the baseline fuel (M0).

Table 4. Main properties of methanol and gasoline.

Parameters
Fuels

Methanol Gasoline

Molecular formula CH3OH C4–C12
Octane number 111 92

Density (kg/L) @ 30 ◦C [62] 0.796 0.745
Latent heat of vaporization (kJ/kg) 1170 180–373

Boiling point (◦C) 65 35–215
Lower heating value (MJ/L) 19.93 43.40

3. Results and Discussion
3.1. Effects of Blending Ratios of Methanol on Fuel Consumption and Emissions of Vehicle at
Different Steady Speeds

Figure 3a,b show the effects of different methanol blending ratios on the fuel consump-
tion and equivalent fuel consumption at different steady speeds, respectively, with the
relative values of fuel consumption and equivalent fuel consumption labeled above the
bars. As shown in Figure 3a, the volumetric fuel consumption gradually increases with the
increase of methanol blending ratio. The maximum relative difference is obtained by fuel-
ing M0 and M75 at medium speed, with a value of 54.4% (2.34 L/100 km). The root cause
behind these results is that the lower heating value of methanol is much lower than that of
pure gasoline, approximately half that of gasoline. Briefly, the volumetric fuel consumption
has a strong negative correlation with lower heating value. Hence, the volumetric fuel
consumption of the vehicle fueled with the methanol-gasoline blends increase at the same
heat release of the pure gasoline vehicle. Furthermore, the overall fuel consumption is the
lowest at the speed of 65 km/h, followed by 120 km/h, which may be related to the better
fuel economy of the vehicle at medium and high speeds. It can also be seen from Figure 3a
that the discrepancies of M50 and M75 are minor at the speed of 15 km/h, which may be
attributed to the unstable combustion at lower engine speeds and higher blending ratio of
methanol. Figure 3b is the equivalent fuel consumption obtained after converting the lower
heating value of various test fuels into that of pure gasoline (M0), which can reflect thermal
efficiency to a certain extent. It highlights that the equivalent fuel consumption reduces
when the engine is fueled with methanol-gasoline blends at medium and high speeds. But
the irregular influence of methanol-gasoline blends on the equivalent fuel consumption
at low speed. At medium and high speeds, this could be attributed to the higher-octane
number of methanol, the spark timing advances automatically in the ECU when the en-
gine is fueled with methanol-gasoline mixtures. The advanced spark timing increases the
combustion constant volume degree, improving the thermal efficiency and reducing the
equivalent fuel consumption. On the other hand, the flame propagation speed of methanol
is faster, which shortens combustion duration, improving the combustion constant volume
degree and the thermal efficiency of the engine. However, at low speed, the higher latent
heat of vaporization for methanol causes a decrease of in-cylinder temperature. In order to
ensure higher exhaust temperature and aftertreatment efficiency, the original ECU delays
the ignition timing, resulting in the reduction of combustion constant volume degree [60].
However, the retarded ignition timing that can be realized is limited, and the equivalent
fuel consumption of M75 is basically the same as that of M50. Meanwhile, both M75 and
M50 are close to the limit of spark ignition timing, but M75 has higher oxygen content
and faster combustion flame propagation speed, which improves the combustion duration
and reduces the equivalent fuel consumption. The equivalent fuel consumption of M75 is
reduced by 0.95 L/100 km (10.6%) at the speed of 15 km/h compared with M0.
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Figure 3. Effects of different methanol blending ratios on fuel consumption at different vehicle speeds.

Figure 4 denotes that it is beneficial for blending methanol in gasoline to reduce CO2
emissions at medium and high vehicle speeds. But the blends are detrimental at low speed,
except for a larger proportion of methanol. It should be noted that the trends of CO2
emissions are similar to those of the equivalent fuel consumption, and the main reason is
that the CO2 emissions are attributed to the equivalent fuel consumption and H-C ratio of
fuels. The H-C ratio of methanol is relatively higher, and the CO2 emissions decrease as
the methanol increases. Further, the equivalent fuel consumption is reduced as methanol
is added into the gasoline at medium and high vehicle speeds. Therefore, CO2 emissions
are lower as using the blending fuel of methanol and gasoline. But the equivalent fuel
consumption is higher as using methanol-gasoline at low speed due to the discussions
mentioned above. Meanwhile, the lower H-C ratio can not offset the loss of equivalent
fuel consumption, so CO2 emissions increase at low speed. The CO2 emissions of M75 are
reduced by 18.95 g/km (9.6%) at the speed of 15 km/h compared with M0.
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Figure 4. Effects of different methanol blending ratios on CO2 emissions at different vehicle speeds.

Figure 5 demonstrates the effects of different methanol blending ratios on NOx emis-
sions. An interruption form is employed to consider the NOx emissions are relatively
higher at the speed of 120 km/h. Overall, gasoline blended with methanol reduces NOx
emissions, and the reduction degree is highest at the speed of 15 km/h. The oxygen content
of methanol is higher, reaching 50%. Therefore, as the blending ratio increases, the oxygen
content of methanol-gasoline blend increases, which is beneficial to promote the NOx
generation. However, the latent heat of vaporization for methanol is relatively higher, as
seen from Table 4, causing the in-cylinder temperature of engine to decrease, which inhibits
the NOx formation. The preceding two conditions influence the NOx emissions of vehicles
at the same time, the reduced in-cylinder temperature is the dominant factor, causing NOx
emissions to decrease after gasoline mixed with methanol. Meanwhile, it is also observed
that the overall NOx emissions are relatively higher at the speed of 120 km/h, which is
attributed to the higher in-cylinder temperature. The maximum relative difference of NOx
emissions is obtained by fueling M0 and M75 at 15 km/h, respectively, which differs by
79.1% (345.54 mg/km).
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Figure 6 shows the effects of different methanol blending ratios on CO emissions at
different vehicle speeds, which demonstrates that CO emissions decrease after gasoline
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blended with methanol in most cases. Compared with M0, the CO emissions of M75 are
reduced by 4491.4 mg/km (70.2%) at the speed of 15 km/h. CO is a product of incomplete
combustion. On one hand, the higher oxygen content of methanol promotes combustion
completely, which profits the oxidation of CO. On the other hand, the higher latent heat
of vaporization for methanol causes a decrease of in-cylinder temperature, which may
wreck the oxidation path of CO to CO2, increasing CO generation. The simultaneous effects
of these two aspects lead to that the overall trend of CO emissions decrease as methanol
blending ratios increase. The retarded spark timing for M50 and M75 results in lower
in-cylinder temperature at low speed, which increases CO emissions of M50 and M75. But
M75 has higher oxygen content, which improves CO emissions. CO emissions of M20 are
inflection points at low and high speeds, and their values decrease less, which are basically
similar to those of gasoline. At low speed, the reason may also be the lower in-cylinder
temperature and insufficient oxygen, resulting in the least reduction of CO emissions.
At high speed, the less mixing and combustion time makes the above problems more
prominent, so the CO emissions of M20 are slightly higher than those of gasoline. It should
be noted that CO emissions are relatively higher at the low speed, while the results are the
opposite at the medium and high speed, which may be related to the higher in-cylinder
temperature at higher speeds. A higher in-cylinder temperature facilitates the conversion of
CO to CO2, reducing CO emissions. But the combustion duration is shortened significantly
at high speed. CO has not enough time to completely oxidize, which leads to the increased
CO emissions at 120 km/h compared with those of 65 km/h.
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Figure 6. Effects of different methanol blending ratios on CO emissions at different vehicle speeds.

The effects of different methanol blending ratios on total hydrocarbon (THC) emissions
at different vehicle speeds are shown in Figure 7, which manifests the THC emissions
decrease asymptotically with the increase of methanol blending ratios except for the vehicle
speed of 15 km/h. It should be noted that the maximum relative difference of THC
emissions is obtained by fueling M0 and M30 at 15 km/h, respectively, which differs by
59.9% (1225.48 mg/km). The higher-octane number of methanol prolongs ignition delay,
which is conducive to forming uniform fuel-air mixture, reducing in-cylinder fuel-rich
zones and the HC generation. On the other hand, the higher oxygen content of methanol
promotes complete combustion, which in turn reduces THC emissions. The overall THC
emissions at low speed are higher than those at medium and high speeds, and the reasons
are similar to the discussions of CO emissions. It is also due to the fac that the lower
in-cylinder temperature at low speed inhibits the conversion of HC to CO2, increasing THC
emissions. Moreover, lower in-cylinder temperature results in higher THC emissions of
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M50 and M75 due to retarded ignition timing. However, M75 has a higher oxygen content,
which improves THC emissions at low speeds.
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3.2. Effects of Small Proportions of Methanol on Fuel Consumption and Emissions under NEDC

Since the requirement of cold start under NEDC, a large proportion of methanol
blending results in lower in-cylinder temperature, extremely unstable combustion, and
even misfire. Therefore, only the impacts of lower blending ratio of methanol on vehicle
performance and emissions are presented in this section. Figure 8a,b show the effects of
different methanol blending ratios on volume fuel consumption and equivalent fuel con-
sumption under NEDC, respectively, and the values of fuel consumption are labeled above
the bars. The results highlight that the volume fuel consumption asymptotically increases
as the methanol blending ratio increases, as shown in Figure 8a. The reasons correspond
with the discussions of steady-state conditions. As mentioned earlier, the root cause behind
the results is that the volume fuel consumption has a strong negative correlation with
lower heating value. Therefore, the volume fuel consumption of the vehicle fueled with the
methanol-gasoline blends increase at the same heat release as that of pure gasoline vehicle.
It is interesting to note that the overall volume fuel consumption under UDC is higher than
that under EUDC. The main reason is that the vehicle frequently accelerates and decelerates
during UDC, resulting in fuel-lean and fuel-rich zones in the cylinder of engine, which in
turn leads to incomplete combustion and increases fuel consumption. It is worth noting
that the difference between the minimum and maximum fuel consumption is obtained by
fueling M30 and M0 in the NEDC, respectively, which differs by 1.06 L/100 km (16.2%). It
depicts that the equivalent fuel consumption reduces during the NEDC when the engine is
fueled with methanol-gasoline blends, seen from Figure 8b. The reasons correspond with
the discussions of steady-state conditions. As mentioned earlier, the higher-octane number
and the faster flame propagation speed of methanol improve the thermal efficiency of the
engine. Higher equivalent fuel consumption of methanol-gasoline blends comes from the
UDC with more low speed. The reason also is that retarded ignition timing causes the
reduction of combustion constant volume degree. The difference between the minimum
and maximum equivalent fuel consumption is obtained by fueling M30 and M0 in the
NEDC, respectively, which differs by 0.11 L/100 km (1.67%).
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The effects of different methanol blending ratios on gaseous emissions are shown in
Figure 9. Figure 9a reveals that blending methanol in gasoline generally favors reducing
CO2 emissions in the NEDC. The mechanism of decreased CO2 emissions is mentioned
in the above section of stable speed. The CO2 emissions are attributed to the equivalent
fuel consumption and H-C ratio of fuels. Although the equivalent fuel consumption of
methanol-gasoline blends is higher than that of gasoline under UDC, but the H-C ratio of
M20 and M30 with higher methanol blending ratio is improved more obviously. Therefore,
the CO2 emissions of M20 and M30 are lower than those of gasoline under UDC. Since
the equivalent fuel consumption of M10 is slightly higher than that of gasoline in UDC
and is slightly lower than that of gasoline in EUDC, and the improvement of H-C ratio
is limited, which can not offset the increase of CO2 emissions. CO2 emissions of M10
are higher in UDC and lower in EUDC than that of gasoline. Finally, the CO2 emissions
of M10 are basically the same as those of gasoline in NEDC. The difference between the
maximum and minimum CO2 emissions is obtained by fueling M0 and M30 in the NEDC,
respectively, which differs by 5.46 g/km (3.7%). As the methanol blending ratio increases,
NOx emissions gradually decrease, as shown in Figure 9b. As mentioned earlier, the
higher latent heat of vaporization of methanol promotes the reduction of the in-cylinder
temperature, which affects the NOx formation adversely. However, the higher oxygen
content of methanol supports the NOx formation. The interaction between preceding two
factors causes the decrease of NOx emissions with the increase of methanol blending ratio.
It is worth noting that the NOx emissions under UDC are lower than those under EUDC,
which is related to the higher in-cylinder temperature in the EUDC. The difference between
the minimum and maximum NOx emissions is obtained by fueling M30 and M0 in the
NEDC, respectively, which differs by 194.66 mg/km (19.3%). Figure 9c demonstrates that
CO emissions decrease first and then increase with the increase of methanol in the NEDC.
Compared with M0, the CO emissions of M30 are increased by 1052.54 mg/km (24.1%)
in the NEDC. CO emissions mainly come from the UDC with more low speed. Since CO
emissions are strongly related to combustion temperature [63]. M10 with lower methanol
blending ratios has less effects on combustion temperature, and its proper oxygen content
improves the CO oxidation. However, M20 and M30 of higher latent heat of vaporization
and retarded combustion phasing significantly reduce the combustion temperature, which
dominates the increase of CO emissions. THC emissions increase first and then decrease
with the increase of methanol in the NEDC, as shown in Figure 9d. Compared with M0, the
THC emissions of M30 are decreased by 111.31 mg/km (10.9%) in the NEDC. Compared
with CO, HC can be oxidized at lower combustion temperature, so the THC emissions are
significantly lower than CO emissions. Although higher methanol blending ratio leads
to lower combustion temperature, there is no strong correlation between THC emissions
and combustion temperature [63]. So, the methanol-gasoline blends of higher methanol
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blending ratio and oxygen content can also promote HC oxidation at lower temperature. It
should be noted that the emissions of CO and THC under UDC exceed those under EUDC.
First of all, the vehicle frequently accelerates and decelerates under UDC, which leads to the
formation of fuel-lean and fuel-rich zones in the cylinder, increasing the emissions of CO
and THC. Secondly, the higher vehicle speed under EUDC results in the higher in-cylinder
temperature, which is conducive to complete combustion and decreasing the emissions of
THC and CO. Finally, during cold engine starting, fuel-rich injection is required to ensure
ignition in the first 30 s, and excessive fuel supply due to poor mixing in the cylinder and
low temperature produces large amounts of CO and THC emissions during cold starts.
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The effects of different test fuels on PM emissions are shown in Figure 10, which
suggests that the PM emissions of M10, M20, and M30 are lower than those of M0. On the
one hand, the higher oxygen content of methanol is conducive to reducing the production
of PM consequently. On the other hand, the higher latent heat of vaporization of methanol
decreases the in-cylinder temperature and suppresses the oxidation of PM emissions. At
lower methanol blending ratio, the main reason for the increased PM emissions is the
lower oxygen content of the fuel. At higher methanol blending ratio, the main reason for
the increased PM emissions is the higher latent heat of vaporization of the fuel. The PM
emissions under EUDC exceed those under UDC. Since more fuel mass is injected at high
speed, the mixing time is shortened, and the PM emissions increase accordingly. M30 under
EUDC has longer injection duration, more spray impingement and more PM generation
near the wall. The above factors interact with each other, resulting in the results of Figure 10.
It should be noted that the improvement degree of PM emissions is greater during the
UDC when the vehicle is fueled with methanol-gasoline blends. The possible reason is that
the higher oxygen content of methanol reduces the local fuel-lean and fuel-rich zones in
the cylinder caused by frequent acceleration and deceleration. It is worth noting that the
difference between the minimum and maximum PM emissions is obtained by fueling M20
and M0 in the NEDC, respectively, which differs by 8.32 mg/km (47.9%).
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3.3. Effects of Blending Ratio of Methanol on Vehicle Acceleration

Figure 11 shows the effects of methanol blending ratio on vehicle acceleration. As
the methanol blending ratio increases from 0 to 75%, the acceleration time of the vehicle
shortens and the power performance enhances except for M50 and M75 at third gear,
as seen from Figure 11. The variations of acceleration time of 3rd gear are not obvious,
which may be related to the low speed of vehicle. The M50 and M75 with higher methanol
blending ratio leads to lower in-cylinder temperature and insufficient combustion, resulting
in slightly longer acceleration time of M50 and M75 than that of gasoline. At 4th gear,
the acceleration time of M75 fuel is reduced by 0.9 s (11.7%) by comparison with that of
M0. At 5th gear, the acceleration time of M75 fuel is reduced by 1.6 s (12.8%), relative
to M0. This is mainly caused by the following three reasons. First of all, as mentioned
above, methanol contains higher oxygen content than gasoline, which is beneficial to
complete combustion and the improvement of power performance of the vehicle. Secondly,
the relatively higher-octane number of methanol enhances the anti-knock performance,
advances the spark timing automatically in the ECU, and increases the combustion constant
volume degree; meanwhile, the relatively faster flame propagation speed of methanol
shortens the combustion duration, which improves the power performance and shortens
the acceleration time [64]. Finally, the higher volatility of methanol favors the acceleration
response of the engine and improves the power performance of the vehicle.
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4. Conclusions

In the present study, a commercial GDI vehicle was applied to investigate the effects
of five different volume blending ratios (10%, 20%, 30%, 50% and 75%) of methanol in
methanol-gasoline blends on the fuel consumption and emissions characteristics in contrast
with pure gasoline. The experiments were conducted on a chassis dynamometer, which can
simulate the real driving conditions using the steady and NEDC approach. Furthermore,
the power performance of the vehicle was analyzed in the acceleration test. The main
conclusions are as follow:

(1) Under steady-state conditions, as the methanol blending ratio increases, the volume
fuel consumption increases. Compared with M0, the equivalent fuel consumption of
M75 is reduced by 0.95 L/100 km (10.6%) at 15 km/h. In terms of gaseous emissions,
CO2 emissions almost decrease in proportion with the blend ratio. The CO2 emissions
of M75 are reduced by 152.72 g/km (77.4%) at the speed of 15 km/h compared with
M0. After blending methanol in gasoline, the reduction degree of NOx emissions is
highest at the speed of 15 km/h. The maximum relative difference of NOx emissions is
obtained by fueling M0 and M75, respectively, which differs by 79.1% (345.54 mg/km).
CO emissions decrease after gasoline blended with methanol in most cases. Com-
pared with M0, the CO emissions of M75 are reduced by 4491.4 mg/km (70.2%) at
the speed of 15 km/h. With the increase in the methanol blending ratio, the THC
emissions decrease asymptotically at medium and high vehicle speeds. The maximum
relative difference of THC emissions is obtained by fueling M0 and M30 at 15 km/h,
respectively, which differs by 59.9% (1225.48 mg/km).

(2) In the NEDC, as the blending ratio of methanol increases, the equivalent fuel con-
sumption decreases. Compared with M0, the equivalent fuel consumption of M30 is
reduced by 0.11 L/100 km (1.67%). Regarding gaseous emissions, the difference value
between the minimum and maximum CO2 emissions is 47.57 g/km (32.6%) by fueling
M30 and M0 in the NEDC. NOx emissions decrease with the increase of the blending
ratio of methanol. The difference value between the minimum and maximum NOx
emissions is 194.66 mg/km (19.3%) by fueling M30 and M0, respectively. After blend-
ing methanol, CO emissions increase, and THC emissions decrease. Compared with
M0, the emissions of CO and THC of M30 are increased by 1052.54 mg/km (24.1%)
and decreased by 111.31 mg/km (10.9%), respectively. Concerning PM emissions, the
difference between the minimum and maximum PM emissions is obtained by fueling
M20 and M0, respectively, which differs by 8.32 mg/km (47.9%).

(3) With the blending ratio of methanol from 0% to 75%, the acceleration time of the
vehicle shortens and the power performance enhances except for M75 at third gear.
Compared to M0, the acceleration time of M75 is reduced by 0.9 s (11.7%) and 1.6 s
(12.8%) at 4th and 5th gear, respectively.

The results demonstrated that as the blending ratio of methanol increases, the CO2,
NOx, THC, and PM emissions, equivalent fuel consumption and acceleration time are
reduced. However, since the requirement of cold start under NEDC, a higher methanol
blend ratio to NEDC was not completed. Further investigations are required to increase
the intake temperature by electric heater, increase the energy of spark ignition and using
higher compression ratio, etc.

If the MAP in ECU is not calibrated again, the fuels are alternated directly. The vehicle
cannot be cold start at the methanol blending ratios with more than 30%. In the NEDC, CO
emissions increase, and the emissions of CO2, NOx, THC, and PM decrease fueled with
methanol-gasoline blends with less than 30% methanol blending ratios. The acceleration
time is shortened with the increase of blending ratio of methanol.
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46. Shamun, S.; Haşimoğlu, C.; Murcak, A.; Andersson, Ö.; Tunér, M.; Tunestål, P. Experimental investigation of methanol compres-
sion ignition in a high compression ratio HD engine using a Box-Behnken design. Fuel 2017, 209, 624–633. [CrossRef]

http://doi.org/10.1016/j.rser.2021.111702
http://doi.org/10.1016/B978-0-12-823955-1.00012-7
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000722
http://doi.org/10.1016/j.fuel.2019.116745
http://doi.org/10.1016/j.fuel.2020.118352
http://doi.org/10.1016/j.fuel.2018.08.139
http://doi.org/10.1016/j.fuel.2018.09.032
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000308
http://doi.org/10.1016/j.enconman.2017.09.037
http://doi.org/10.1016/j.enconman.2015.09.051
http://doi.org/10.1016/j.fuel.2010.06.038
http://doi.org/10.1016/j.enconman.2019.01.011
http://doi.org/10.1115/1.1615254
http://doi.org/10.1016/j.pecs.2018.10.001
http://doi.org/10.1016/j.enpol.2011.11.037
http://doi.org/10.1016/j.fuel.2013.05.038
http://doi.org/10.1016/j.fuel.2019.01.187
http://doi.org/10.1016/j.fuel.2019.116378
http://doi.org/10.1177/1468087418784845
http://doi.org/10.1177/0954407018817626
http://doi.org/10.1016/j.fuel.2021.121913
http://doi.org/10.1016/j.esr.2014.07.002
http://doi.org/10.1016/j.combustflame.2016.12.002
http://doi.org/10.1016/j.fuel.2019.115660
http://doi.org/10.1016/j.fuel.2019.116098
http://doi.org/10.1016/j.fuel.2017.08.039


Processes 2022, 10, 525 18 of 18

47. Lvarez, A.; Bansode, A.; Urakawa, A.; Bavykina, A.V.; Wezendonk, T.A.; Makkee, M.; Gascon, J.; Kapteijn, F. Challenges in
the Greener Production of Formates/Formic Acid, Methanol, and DME by Heterogeneously Catalyzed CO2 Hydrogenation
Processes. Chem. Rev. 2017, 117, 9804–9838. [CrossRef]

48. Chen, W.-H.; Lin, B.-J.; Lee, H.-M.; Huang, M.-H. One-step synthesis of dimethyl ether from the gas mixture containing CO2 with
high space velocity. Appl. Energy 2012, 98, 92–101. [CrossRef]

49. Halder, A.; Kilianová, M.; Yang, B.; Tyo, E.C.; Seifert, S.; Prucek, R.; Panáček, A.; Suchomel, P.; Tomanec, O.; Gosztola, D.J.; et al.
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