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denoted as M10, E5M10, EI0M10, and E15M10 in reference to each respective alcohol
constituents. Physicochemical properties testing revealed that density and kinematic
viscosity of GEM fuel blends increases with ethanol concentration. E15M10 has shown
the most increase in density and kinematic viscosity with 10.7% and 18.7% increase
respectively. In contrast, calorific value decreased as ethanol concentration decreases.
E15M10 displayed the lowest calorific value at 16.9% lower than gasoline. Meanwhile,
engine performance and emissions test showed that GEM fuels generally possess
increased average Brake Thermal Efficiency (BTE) than pure gasoline. However, average
Brake Specific Fuel Consumption (BSFC) for pure gasoline is lower. E15M10 displayed
highest increment of BSFC at 17.2% average increase. Meanwhile, EL0M10 displayed
the highest improvement in BTE with an average of 9.4% increase. Exhaust emissions
indicate that all GEM blends produced increased carbon dioxide (CO;) and oxides of
nitrogen (NOx) emissions while carbon monoxide (CO) emissions decreases. E15M10
showed the most reduction in CO emissions with 90.6% decrease while E10M10 has

Keywords: shown the most increased CO, and NOx emissions with 110% and 6.7 times increase
Alternative fuels; engine performance; respectively. In conclusion, up to 15% volume of ethanol blending with 10% volume
ethanol; exhaust emission; methanol; methanol-gasoline was able to improve engine performance and emissions in terms of
spark ignition BTE and CO emissions.

1. Introduction

Carbon-based emissions are one of the main products of fossil fuel combustion process in
automobile internal combustion engines. It is one of a group of environmentally hazardous gases
called greenhouse gases (GHG), and emission of these gases into the atmosphere contributes to
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climate change [1]. U.S. Environmental Protection Agency (EPA) has found that transportation sector
accounts for majority of GHG emissions [2] and particulate matter emissions, specifically diesel
engines [3]. Furthermore, fossil fuel sources are depleting [4] and several studies suggested that
current petroleum reservoirs are able to accommodate for global demands for the next 39 years [5]
as global petroleum demand surpassed petroleum production worldwide [6]. Therefore, amid
dwindling petroleum sources, alternative fuels need to be fully utilised in order to meet growing
energy demands.

Hence, numerous researches into alternative fuels have been carried out to examine the viability
of renewable alternatives for fossil fuels which possess better emission characteristics while not
compromising on performance. Several alternative fuels have garnered attention in recent years,
among them include biodiesel, dimethyl ether (DME), hydrogen, natural gas, and alcohols.

One of the most comprehensively studied alternatives is the usage of alcohols either as substitute
to fossil fuel or as an additive in fossil fuels to improve combustion performance and emissions.
Alcohols are any organic compounds in which a hydroxyl functional group (-OH) is attached to a
carbon atom [7] and the general chemical structure of alcohols are denoted by the formula
CnH2n+10H. Alcohols burn homogeneously and emits largely smaller pollutants and particulate
matters due to the presence of oxygen in the hydroxyl functional group [8, 9]. Gasoline on the other
hand, is a compound hydrocarbon which emits combustion by-products such as carbon monoxide
(CO), carbon dioxide (COz), unburned hydrocarbon (UHC), and oxides of nitrogen (NOx). Other key
contributing factors which influence lower emissions in lower molecular mass alcohols such as
methanol and ethanol, includes faster flame speed and absence of Phosphorus and Sulphur elements
in its constituents [10].

Methanol is the simplest alcohol, with chemical formula of CH3OH. It is synthesized using natural
gas and coal as feedstock, and from biomass sources mainly using wood feedstock [11]. In terms of
methanol production, natural gas is the main source of feedstock, accounting to approximately 65%
of total global methanol production and less than 1% of production using biomass feedstock [12].
Recent research on methanol production has shown that it is possible to synthesize methanol from
carbohydrates by means of gasification by partial oxidation [13] and therefore sources like rice and
sawdust can be viable candidates for methanol production by this method. Nonetheless, Methanol
is conventionally produced using synthesis gas produced from natural gas and coal [14].

Ethanol or Ethyl Alcohol is the second simplest alcohol, with chemical formula of C;HsOH. There
are two major ways to produce ethanol, the first is by reacting ethane with steam [15], while the
second method is via fermentation of sugars or biomass containing lignocelluloses [16]. Feedstocks
used for ethanol production are agricultural crops which can be categorized into three categories: (i)
sugar feedstocks from sugar beet and sugar cane, (ii) starch feedstocks from wheat, corn, and barley,
and (iii) cellulosic feedstocks from wood, sawdust, and grass [17]. In terms of ethanol production
worldwide, the two largest ethanol-producing countries are the U.S. and Brazil, and the main crops
used for feedstock are maize and sugar cane respectively for both countries [15]. In 2018, the U.S.
has produced 16,061 million gallons of ethanol or 56% of global ethanol production while Brazil has
produced 7,920 million gallons which contributes to 28% of total production worldwide [18].

Both methanol and ethanol are considered as lower mass alcohols and its physicochemical
properties varies quite substantially as compared to pure gasoline. Table 1 describes the
physicochemical properties of methanol, ethanol, and pure gasoline.
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Table 1

Physicochemical properties of methanol, ethanol, and pure gasoline [19]

Properties Gasoline Methanol Ethanol
Chemical Formula Cs-10H12-22 CH3OH C2HsOH
Molecular weight mass (%) 106.22 32.04 46.7
Carbon mass (%) 87.5 37.5 52.2
Hydrogen mass (%) 12.5 - 34.7
Oxygen mass (%) 0 49.93 34.7
Density (g/cm3) 0.737 0.792 0.785
Boiling temperature (°C) 27-225 78 78.25
Reid Vapor Pressure (kPa) 53-60 32.4 17
Research Octane Number, RON 90-100 108.7 108.6-110
Motor Octane Number, MON 82-92 86.6 92
Latent Heat of Vaporisation (kJ/kg) 349 920 923
Lower Heating Value (MJ/kg) 44.0 20.1 26.9
Freezing point (°C) -40 -97.5 -114
Viscosity (mm2/s) 0.5-0.6 0.596 1.2-1.5
Flash point (°C) -45 to -13 11 12-20
Autoignition temperature (°C) 257 423 425

Both methanol and ethanol have higher oxygen content at 49.93% and 34.7% respectively
compared to pure gasoline and therefore promotes a more complete fuel combustion and reduces
harmful exhaust emissions [20]. Furthermore, higher Research octane number (RON) of methanol
and ethanol prevents engine knocking resulting from premature ignition. In addition, lower heating
value (LHV) of methanol and ethanol are less than pure gasoline, therefore higher fuel consumption
is expected for both alcohols. Moreover, higher densities observed for both alcohol fuels increases
volumetric fuel economy [20]. Higher viscosities of methanol and ethanol might affect automobile
fuel injection system owing to increased flow resistance under low temperatures [21]. While
generally associated as fuel in spark ignition engines, ethanol has received interest as a low reactive
fuel in combination with diesel in Reactivity Controlled Compression Ignition (RCCI) engines [22].

To date, most literature have focused on single alcohol-gasoline blends. Previous research on
methanol-gasoline blends revealed increased engine torque and power [23], reduced CO and NOy
emissions [24] as well as decreased particulate emissions [25]. In contrast, volatile organic
compounds (VOC) and carbonyl emissions increased with introduction of methanol to gasoline [26].
On the other hand, ethanol-gasoline blends reported decreased UHC, CO, CO,, and NOx emissions
[27-30] while BSFC and engine torque increased [31]. Butanol-gasoline also displayed similar
reductions in UHC, CO, CO,, and NOx emissions [32, 33]. However, some research reported reductions
in engine torque, power and volumetric efficiency [34] while others reported higher efficiency was
achieved at lower throttle position [35].

Few literatures have documented the effects of dual-alcohol blends or more, specifically ethanol-
methanol-gasoline blends (GEM) blends. Turner et. al., [36] have investigated the potential of GEM
blends as a substitute for E85/gasoline fuels in flex fuel vehicles (FFV). It is found that such blends
have stable octane numbers, enthalpies of vaporization, and volumetric energy content while being
stoichiometrically equivalent to E85 blends. Furthermore, the GEM blends have shown 5% increase
in vehicle energetic efficiency and reduction in CO; emissions. Sileghem et. al., [37] also investigated
on GEM blends which are stoichiometrically equivalent to E85 and found out that BTE increased as
compared to gasoline, however it is less than pure methanol and higher than pure ethanol.
Elfasakhany [38] has experimented with different GEM blend ratios while maintaining the same vol%
of both ethanol and methanol for each respective blend. Results indicate that CO and UHC emission
for GEM blends is reduced as compared to pure gasoline, but higher than methanol blends and lower
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than ethanol blends. The same trend is observed for volumetric efficiency and torque. Similarly,
Nazzal [39] has investigated the effects of various alcohol blends on a typical SI engine using
methanol-gasoline, ethanol-gasoline, and GEM blends. As with the case with Elfasakhany [38], vol%
of ethanol and methanol remained constant in the GEM blends tested. Experimental results shown
that BTE and Brake Power for GEM blends are higher than gasoline and ethanol-gasoline, but lower
than methanol-gasoline blend.

Therefore, based on the results from Elfasakhany [38], Sileghem et al., [37] and Nazzal [39], GEM

blends in general have better performance and emissions characteristics than ethanol blends and
gasoline, but less than methanol. It is important to note that Turner et. al., [36] and Sileghem et. al.,
[37] used GEM blends which are stoichiometric air fuel ratio (AFR) equivalent to E85 and did not
emphasize on how the different alcohol concentrations affect the engine performance and
emissions. Elfasakhany [38] and Nazzal [39] on the other hand, studied on the effects of different
methanol and ethanol blends, however for each GEM blend, the ratio of methanol and ethanol to
gasoline remains constant. For instance [38], a ternary-alcohol blend named EM10 used in his
experiment has the ratio of ethanol-methanol-gasoline given by 5:5:90. Thus, there has been no
conclusive study to date which have addressed how different % v/v of ethanol blending would affect
engine performance and emissions at constant methanol % v/v.
Present study seeks to examine the effects of variable ethanol % v/v blending with constant methanol
% v/v towards overall fuel blend physicochemical properties, as well as their effects on spark ignition
(SI) engine performance and emissions. In this study, various ethanol blend ratio between 5% to 15%
v/v were blended with constant 10 % v/v of methanol, while commercial R100 gasoline was used as
base fuel. Physicochemical properties such as kinematic viscosity, density, and calorific value (CV) of
the blended fuels were measured in accordance to ASTM standards. Furthermore, engine
performance tests were carried out on a single cylinder SI generator engine to investigate Brake
Specific Fuel Consumption (BSFC), Brake Thermal Efficiency (BTE) and exhaust gas emissions such as
CO, CO2, and NOx for each blends in comparison to pure R100 gasoline.

2. Methodology
2.1 Selection of Alcohol Fuels

Types of alcohols selected for this research consists of methanol and ethanol. Methanol is
obtained from SYSTERM Chemicals with minimum 99.8 % purity while ethanol is obtained from R&M
Chemicals with minimum 95% purity. These alcohols are of analytical reagent grade and conforms to
American Chemical Society (ACS) standard. Meanwhile, base fuel selected for alcohol blending is
Petron Blaze 100 Euro 4M procured from Petron Malaysia.

Four GEM blends with varying ethanol additive concentrations were specified and blended in
accordance to blend ratios specified in Table 2. The test blends used in the experiments were named
as M10, E5M10, E10M10, E15M10 in accordance to volume % of each alcohol additive. Each fuel
component was measured and blended together in a container using a mechanical mixer at speed of
400 rpm for 30 minutes before it was stored separately in a closed High-Density Polyethylene (HDPE)
jerry container. This was done to prevent fuel evaporation since gasoline and alcohols may evaporate
at ambient temperature. Furthermore, each test fuels were once again mechanically mixed at 400
rpm for 15 minutes and left for another 15 minutes each time before feeding the fuels to the engine.
This was done in order to allow the mixture to reach equilibrium before testing as well as to prevent
any possibility of phase separation between methanol-ethanol-gasoline when the mixture is kept for
a long time. The aforementioned procedures were done in reference to preparation methods of
previous researches on alcohol-gasoline fuels [11, 20, 40].
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2.2 Measurement of Physicochemical Properties

In this research, three physicochemical properties were considered for analysis which consisted
of density, CV, and kinematic viscosity. The properties were measured using specified equipment in
accordance to established ASTM standards as indicated in Table 3.

Table 2
Volume concentrations of methanol, ethanol, and gasoline for all test blends
Test Blend Volume of methanol (vol%) Volume of ethanol (vol%)  Volume of gasoline (vol%)
M10 10 - 90
E5M10 10 5 85
E10M10 10 10 80
E15M10 10 15 75
Pure Gasoline - - 100
Table 3
Equipment and procedures used for physicochemical properties measurement
Physicochemical Measuring Equipment Manufacturer Standard procedure
Property
Density at ambient AUW 320 Analytical Shimadzu -
temperature (~27°C) Balance Corporation
Calorific Value C5000 Automated IKA Works ASTM D240
Calorimeter
Kinematic Viscosity HVM 472 Multirange PACL.P ASTM D445
Viscometer

Densities of all test fuels were measured using AUW 320 Analytical Balance. In order to measure
density, a small beaker was placed onto weighing pan of the analytical balance and was set to zero.
Following that, 1 cm3 of sample fuel was drawn using disposable syringe before being injected into
the small beaker. Glass doors surrounding the weighing chamber were closed to prevent disturbance
from surrounding air. Mass reading from the display panel was recorded once the reading has
stabilized and this procedure was repeated three times to ensure consistent results.

CV for each test fuels was determined by adiabatic jacket method using C5000 Automated
Calorimeter in compliance with ASTM D240 standard [41]. 1 g of fuel sample was drawn and weighed
using an analytical balance before it is transferred to a crucible for temporary storage. Afterwards, a
cotton thread was secured on the ignition wire located on the bomb cover, and the crucible was
placed on the crucible holder. The open end of the cotton thread was then suspended into the
crucible where it touches the sample to ensure ignition during testing. Subsequently, 1 cm?3 of water
was added into the decomposition vessel, and the bomb cover was screwed tightly onto the
decomposition vessel before being inserted into the calorimeter setup for testing. The bomb was
then charged with oxygen at 30 atm gage pressure before sample ignition. Temperature rise in the
adiabatic jacket calorimeter was measured and the resultant CV was calculated using proprietary
software.

Kinematic viscosity was determined by using an HVM 472 Multirange Viscometer in accordance
to ASTM D445 standard [42]. Desired bath temperature was set at 30°C and was left to stabilized.
Once bath temperature stabilized, 10 cm? of sample fuel was drawn and placed in a sample beaker.
The sample beaker was then inserted into the sample feeder and testing was initiated. Fuel sample
was fully pumped through the capillary tube and allowed to flow under gravity. Flow time was
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X 4

recorded, and kinematic viscosity was automatically calculated as a function of flow time and
viscometer calibration constant.

2.3 Engine Experimental Setup

Engine used in this research was a single cylinder, 4-stroke Sl generator engine (Yamaha MZ175)
without any modifications. Engine setup schematics is illustrated in Figure 1 while engine
specifications are as detailed in Table 4.

The engine shaft was connected directly to a brushless alternator generator unit without any
difference ratio of speed, which provides alternate current (AC) output for electrical applications.
Specifications for the generator are explained in Table 5. Using this feature, various electrical loads
were applied to the engine to simulate mechanical load in the form of applied torque. Engine speed
is verified at the generator rotor, and it is assumed that no connecting losses occur between the
engine and generator rotor.
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1 — Test Engine 4 — Measuring Cylinder 7 — Electrical Load
8 — Flue Gas Analyzer

2 — Exhaust Pipe 5 — Digital Tachometer

3 — Generator unit 6 — Plug-in Power meter

Fig. 1. Schematic diagram of experimental setup

Table 4

Engine setup specifications

Engine Parameters

Model Yamaha MZ175

Bore X Stroke 66 X 50 mm
Displacement 171 cm3
Compression Ratio 8.5:1

Intake system Naturally aspirated
Fuel system Carburetor

Maximum Power
Rated Power
Maximum Torque
Ignition System
Lubrication System

3.5 kW at 3600 rpm

3.0 kW at 3600 rpm

10.5 Nm at 2400 rpm
Transistor Controlled Ignition
Mechanical Splashing
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Table 5
Generator specifications
Generator Specifications

Model EFL2600V699
Alternator Brushless < 5% T.H.D
Rated AC output 2.1 kVA at 3000 rpm
Maximum AC output 2.3 kVA at 3000 rpm
Voltage 230V /50 Hz

Prior to conducting the experiments, the test engine was started and warmed up for 15 minutes
using pure gasoline. Afterwards, engine was shut down and pure gasoline was drained from the
measuring cylinder and replaced with the test fuel. The engine was then restarted and allowed to
run until 5 cm3 of the test fuel was consumed. This was done to account for residual pure gasoline
left in the fuel line upon draining. Once engine oil and intake air temperature stabilized within the
range of 50 + 3°C and 33 % 3 °C respectively, engine speed was adjusted to 3000 rpm and various
electrical load was applied to the engine set at 25%, 50%, and 75% from rated AC power of the engine
generator. Mass flow rate of fuel was recorded in order to calculate for BSFC and BTE, while exhaust
emissions of CO, COz, and NOx were measured using gas analyser. The test was performed three
times for each fuel blend to obtain an average value.

2.4 Engine Experimental Calculations
2.4.1 Brake specific fuel consumption

BSFC is calculated using the following formula given in Eq. (1) [43]

mfuel

BSFC =
Py

(D

where msel is the mass flow rate of fuel measured in (g/h) and Py is the brake power of the engine
measured in (kW)

2.4.2 Brake thermal efficiency

Furthermore, BTE is calculated by using Eq. (2) and Eq. (3) [43]

Pb
BTE, Nthermar = m x 100 or (2)
3600
BTE, Nthermar = m X 100 (3)

where, BSFC is obtained from Eq. (1) measured in (g/kWh), and CV is obtained from experimental
results measured in (MJ/kg).
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2.5 Uncertainty Evaluation

Experimental results are prone to errors resulting from various external and internal factors such
as human error, calibration error, measurement error as well as inconsistent test conditions.
Therefore, it is important to validate data collected from experiments for accuracy and consistency.
In this research, data validation method utilised is via Relative Standard Error (RSE) % as outlined by
Zaharin et al., [44]. Calculations for RSE are as highlighted in Eq. (4)

SE
RSE = = X 100 % (4)

where, RSE is Relative Standard Error in percentage (%), SE is Standard Error and X is mean of data.
Meanwhile, Standard Error (SE) is given by the following Eq. (5)

o

Vn

SE = (5)

where 2 is standard deviation of the data group and n is the number of data in the group. For each
measurement parameter, a total of three readings are recorded and the RSE for each parameter are
calculated.

Table 6 to Table 11 details the result of RSE values obtained for all measurement parameters. It
is found that all measurement data has error of less than 15%.

Table 6
RSE percentage for physicochemical properties of all test blends
RSE % of physicochemical property

Test Blend Density Calorific Value Kinematic
Viscosity

Pure Gasoline  3.33 0.66 0.44

M10 1.22 0.95 5.06
E5M10 1.37 0.68 6.55
E10M10 4.21 0.42 2.84
E15M10 3.03 0.98 4.49
Table 7

RSE percentage for BSFC
RSE % at Engine Load

Test Blend

25% 50% 75%
Pure Gasoline  3.57 0.42 1.68
M10 2.63 2.95 1.68
E5M10 1.93 0.49 0.64
E10M10 0.43 1.10 0.83
E15M10 1.77 1.65 1.53
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Table 8
RSE percentage for BTE
RSE % at Engine Load

Test Blend

25% 50% 75%
Pure Gasoline  3.69 0.42 1.69
M10 2.70 2.96 1.69
E5M10 1.96 0.50 0.65
E10M10 0.43 1.10 0.83
E15M10 1.75 1.63 1.52
Table 9

RSE percentage for CO emissions
RSE % at Engine Load

Test Blend 25% S0% 7%
Pure Gasoline  0.16 0.24 0.40
M10 0.46 0.10 0.13
E5M10 0.36 0.26 0.18
E10M10 0.79 0.50 0.16
E15M10 0.96 2.73 2.51
Table 10

RSE percentage for CO, emissions
RSE % at Engine Load

Test Blend 5% 0% 5%
Pure Gasoline  2.88 2.70 2.29
M10 3.49 0.48 1.25
E5M10 1.23 1.34 2.18
E1I0M10 2.56 0.98 0.92
E15M10 1.98 1.34 0.71
Table 11

RSE percentage for NOx emissions
RSE % at Engine Load

Test Blend 5% S0% 75%
Pure Gasoline  5.00 7.22 6.11
M10 14.29 1.37 2.31
E5M10 7.14 0.00 0.61
E10M10 1.00 0.29 0.47
E15M10 3.78 0.36 0.27

3. Results and Discussion
3.1 Density

Figure 2 illustrates visually the variation of density for methanol-gasoline, GEM blends and pure
gasoline. It is evident that methanol-gasoline and GEM blends possess higher densities compared to
pure gasoline. Pure gasoline is the least dense fuel at 0.772 g/cm? while E15M10 is the densest fuel
at 0.854 g/cm3. Moreover, densities of M10, E5M10, E10M10 and E15M10 increases at 1.7%, 3.2%,
7.8%, and 10.7% respectively as compared to pure gasoline. Furthermore, it is noted that as
concentration of methanol and ethanol in fuel blend increases, density of the fuel blends increases.
This is due to methanol and ethanol having greater densities as compared to pure gasoline [24, 37,
38, 45-50] and hence as the content percentage of alcohol in a fuel blend increases, the density of
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the blend would also increase. Consequently, higher mass fuels will cause higher fuel consumption
due to higher fuel mass injected to the engine [51].
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Fig. 2. Density variation for methanol-gasoline,
GEM blends and pure gasoline

3.2 Kinematic Viscosity

Figure 3 presents the results of variation of kinematic viscosity for methanol-gasoline and GEM
blends as compared to pure gasoline. Results have shown that methanol-gasoline and GEM blends
possess higher kinematic viscosity as compared to pure gasoline. Pure gasoline is the least viscous of
all test fuels at 0.558 mm?2/s while E15M10 is the most viscous at 0.681 mm?2/s. Furthermore,
kinematic viscosities of M10, E5SM10, E10M10 and E15M10 increases at 8.1%, 11.5%, 16.2%, and
18.7% respectively in comparison with pure gasoline. Hence, general trend across all test fuels shows
that as concentration of ethanol and methanol in fuel blends increases, kinematic viscosity increases
as well, similar as variation of density as discussed previously. Hence, with increasing fuel viscosity,
higher energy will be required to pump the fuel affecting fuel economy [51]. Nonetheless, fuel pumps
in gasoline engines operate at lower pressures as compared to diesel counterparts therefore fuel
viscosity is rarely a major issue [20].
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Fig. 3. Kinematic viscosity variation for methanol-
gasoline, GEM blends and pure gasoline

3.3 Calorific Value

Figure 4 displays comparison of CV for methanol-gasoline and GEM blends as compared to pure
gasoline. It is found that pure gasoline possesses highest calorific value at 42.881 MJ/kg while
E15M10 possess lowest calorific value at 35.616 MJ/kg. CV of M10, E5M10, E10M10 and E15M10
decreases at 8.4%, 10.0%, 15.6%, and 16.9% respectively in comparison with pure gasoline. Overall
trend displays decrease of CV as ethanol values increases. Similar trends have been reported by Taib
et al., [52] with increasing ethanol concentrations in ethanol-diesel blends. This is due to methanol
and ethanol having less calorific value as compared to pure gasoline [24, 37, 38, 45-50] and thus
reducing the overall blend calorific value with increasing proportion. This reduction in CV will cause
fuel consumption to increase [20, 51].
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Fig. 4. CV variation for Methanol-Gasoline, GEM
Blends and pure gasoline
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3.4 Brake Specific Fuel Consumption

Figure 5 indicates how BSFC varies for pure gasoline, M10, E5M10, EI0M10 and E15M10 under
variable loads between 25% to 75% rated power. In general, BSFC is found to decrease with
increasing loads. It is also noticed that BSFC for pure gasoline and M10 is comparable across all
applied load with slight variations. On average, pure gasoline has shown the lowest BSFC across all
test conditions while M10 has shown an average increase of 1.6% as compared to pure gasoline. This
slight increase is due to methanol having lower calorific value as compared to pure gasoline both per
mass and volume. Consequently, the engine requires more methanol fuel to produce the same brake
power as gasoline fuel. Other than that, fuel density is also a defining factor in higher BSFC for
methanol-gasoline fuel since methanol possess higher density hence more mass is injected into the
engine per volume at constant injection pressure [11]. Several researches have displayed similar
relationship between gasoline and alcohols in general specifically methanol [11, 37, 45, 50]. Addition
of ethanol at constant methanol concentration of M10 has resulted in remarkable BSFC increase as
compared to pure gasoline with ESM10, E10M10 and E15M10 fuels displaying an average increase
of 6.8%, 11.6%, and 17.2% respectively. It is evident for each load condition, as ethanol concentration
in a test fuel increases, BSFC also increases. It is explained that in relation to the case of M10 as
discussed previously, although ethanol possesses much higher calorific value than methanal, it
possesses significantly lower calorific value as compared to pure gasoline and hence as ethanol
content is added into the blend, content of pure gasoline decreases thereby reducing overall calorific
value of the blend as presented in the previous section.
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Fig. 5. Variation of BSFC for M10, GEM blends and
pure gasoline under variable applied loads

Ultimately, ESEM10, EI10M10 and E15M10 possess reduced calorific value than pure gasoline and
M10 thus requiring more fuel to produce the same brake power. Sileghem et al., [37] has reported
similar trend for GEM blends compared to methanol and gasoline fuel. It is noted that at 50% load,
E10M10 displays most reduced BSFC at 748.728 g/kWh. This trend is contrasting trends presented at
25% and 75% loads. This could be attributed to the fact that this study utilises commercial gasoline
for blending with methanol and ethanol rather than iso-octane as utilised in several previous
documented studies [53, 54]. It is known that commercial gasoline contains additives in the form of
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metal deactivators and corrosion inhibitors, and although employed in a small concentration, it
affects air-fuel mixing and burning process which in turn affects combustion characteristics, fuel
economy, and engine-out emissions. Similar concerns are shared with Wang et al., [25].

3.5 Brake Thermal Efficiency

Figure 6 indicates how BTE varies for methanol-gasoline, GEM blends and pure gasoline under
variable load condition. Under constant engine speed, BTE increases for all fuel blends as applied
load increases. It is also found that on average, methanol-gasoline and GEM blends indicate higher
BTE as compared to pure gasoline. E10M10 has shown the most improvement with an average of
9.4% increase as compared to pure gasoline. Meanwhile, M10, E5M10, and E15M10 displays an
average of 8.4 %, 3.8%, and 2.4% increase respectively with reference to pure gasoline. Methanol-
gasoline and GEM blends possess higher BTE than pure gasoline due to methanol and ethanol fuels
possess higher heat of vaporisation thereby producing sufficient cooling effect to overcome vapour
effect in the working charge during fuel vaporisation at compression stroke [55]. On top of that,
methanol and ethanol possess higher oxygen content which promotes a more complete combustion
[11, 47]. Moreover, addition of ethanol in fuel blends promotes faster combustion and a lower flame
temperature as compared to pure gasoline; thus, heat loss at the combustion chamber is minimal
therefore increasing thermal efficiency [27]. This trend has been highlighted in previous studies on
methanol-gasoline blends [23, 24] as well as GEM blends [37, 39].
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Fig. 6. Variation of BTE for M10, GEM blends and
pure gasoline under variable applied loads

3.6 CO Emissions

Figure 7 presents variations of CO emissions for methanol-gasoline, GEM blends and pure
gasoline across all tested engine loads measured in parts per million (ppm).

It is obvious that pure gasoline emits highest amount of CO with an average of 3990 ppm across
all tested loads. At 50% load, pure gasoline emitted maximum amount of CO at 4409 ppm. In contrast,
E15M10 has produced the least CO with an average of 375 ppm across all tested engine load. At 75%
load, E15M10 emitted minimum amount of CO at 161 ppm. In general, methanol-gasoline and GEM
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blends displayed reduced average CO emissions as compared to pure gasoline. M10, ESM10, E10M10
and E15M10 has shown an average of 39.4%, 58.4%, 56.7%, and 90.6% decrease in CO emissions as
compared to pure gasoline. Thus, there is a clear correlation between ethanol content and CO
emissions whereby as ethanol concentration increases, CO emission decreases dramatically. This
trend is expected due to the presence of oxygen in ethanol which assists in a more complete fuel
combustion due to leaning effect [24, 29, 38, 56]. Furthermore, ethanol and methanol possess
increased laminar flame speed which also assists in more complete combustion [11, 57].
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Fig. 7. Variation of CO emissions for M10, GEM
blends and pure gasoline under variable loads

3.7 CO; Emissions

Figure 8 shows the variation of CO2 emissions profile for methanol-gasoline, GEM blends and
pure gasoline across variable loads measured in volume %.

It is apparent from the results that by average, pure gasoline emits the least CO; at 0.88% by
volume. EI0M10 has shown the highest increase of average CO, emissions as compared to pure
gasoline at 110% increase. Meanwhile, M10, E5M10 and E15M10 has shown average increase of
66%, 31.3%, and 39.6% respectively. At 50% load, ELIOM10 has emitted the peak maximum of 3.04%
of CO2. It can be deduced that at that instant, EI0M10 fuel undergoes the most complete combustion
in relation to other test fuels. This indicates that presence of oxygen in methanol and ethanol assist
in producing leaning effect as discussed in the previous section, and enhances CO; production [38].
Therefore, combustion is efficient since more hydrocarbon is oxidised and useful energy is released
as evident from BTE results where E1I0M10 achieves highest overall BTE at 50% load. However, it is
noted that CO, emissions profile does not fully correlate to CO emissions profile where a clear
correlation is present between alcohol content and CO emissions. For instance, it is apparent at 75%
load, pure gasoline emits comparable amount of CO, as ESM10 and E15M10 with emissions of 1.1%,
1.0% and 0.91% respectively. It can be argued that while CO; emissions should be opposite of CO
emissions due to leaning effect, methanol-gasoline and GEM blends contain less carbon atoms as
compared to pure gasoline hence reducing CO; emissions. As the result, these two competing factors
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conflict each other leading to unclear correlation between CO and CO; emissions. Similar findings
have been reported by Costagliola et al., [29] in their research on bioethanol-gasoline blends.
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3.8 NOx Emissions

Figure 9 depicts variation of NOx emissions profile for methanol-gasoline, GEM blends and pure
gasoline across variable loads in ppm. Pure gasoline is found to emit the least NOy across all test
conditions at an average of 11.67 ppm. In general, methanol-gasoline and GEM blends emit higher
NOy than pure gasoline by an average of 1.7, 4.2, 6.7, and 5.8 times increment for M10, E5M10,
E10M10 and E15M10 fuels respectively. It is explained that presence of oxygen atom in ethanol and
methanol increases peak combustion temperature during combustion process [11] resulting in high
in-cylinder temperature which is the main reason for NOx formation in gasoline engines [40]. The
results concur with several past research on NOx emissions in alcohol-gasoline fuel blends [11, 40,
44, 50]. Nonetheless, the remarkable increase in NOx emissions among GEM blends as seen in this
research requires considerable attention in order to meet stringent European emissions standards.
Previous investigations by Liu et al., [23] has found that utilisation of a three way catalytic converter
(TWC) has shown some success in reducing NOyx emissions of methanol-gasoline fuel by
approximately 63% under low torque conditions and 90% under higher torque conditions. It is
important to note that the engine setup used in this study does not encompass any exhaust gas
treatment, and the authors believe that by undergoing exhaust gas treatment via TWC, NOx emissions
could potentially decrease and therefore is an area of interest in further research on GEM blends.
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4. Conclusion
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In this research, ethanol additives were added at various ethanol blend ratio of 5 vol%, 10 vol%
and 15 vol%. to constant methanol-gasoline blend concentration of 10 vol%. The resultant GEM
blends of M10, E5M10, E10M10 and E15M10 were measured in terms of their physicochemical
properties and compared with pure gasoline. These blends are then tested on a single cylinder SI
engine in terms of engine performance and exhaust emissions at constant engine speed of 3000 rpm
and variable electrical loads of 25%, 50%, and 75%. The results are compared to that of pure gasoline.

In short, the results of this research are summed up as per following
i.  Methanol-gasoline and GEM blends have shown a remarkable increase in density and

kinematic viscosity with reference to pure gasoline. E15M10 shows the highest increase

of 10.7% and 18.7% in terms of density and kinematic viscosity respectively. However,
methanol-gasoline and GEM blends possess lower calorific values compared to pure
gasoline. E15M10 displays most reduction in calorific value at 16.9%.

ii.  Methanol-gasoline and GEM blends exhibit an increase in BTE with respect to pure
gasoline. E10M10 presents highest average BTE improvement of 9.4%. However,
methanol-gasoline and GEM blends have resulted in increased BSFC compared to pure
gasoline with E15M10 indicating highest BSFC increase at 17.2% on average. Emissions
wise, methanol-gasoline and GEM blends displayed reduced CO emissions, increased
CO2 emissions and higher NOx emissions as compared to pure gasoline. E15M10

improves CO emissions at 90.6% reduction, while E10M10 indicates highest increase of

C0O2 and NOx emissions at 110% and 6.7 times increment respectively.
iii.  E10M10 has shown the most pronounced increase in terms of BTE while displaying the
highest emission of CO2 and NOx. On the other hand, EI5M10 has shown lowest CO

emissions, despite having the highest average BSFC.

In a nutshell, GEM blends considered in this research have improved engine performance and
reduced CO emissions. In particular, E10M10 blend improves engine performance as supported by
increased CO2 emissions at the expense of heightened NOx emissions, while EIL5M10 improves CO
emissions at the expense of fuel economy.
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