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Abstract
The effects of using butanol–gasoline-blended fuels on performance, fuel consumption, and emission characteristics of a 
four-cylinder spark-ignition engine were experimentally investigated. The butanol-blending fraction was varied from 10 to 
50% by volume. The engine speeds were tested at 2250 and 4250 rpm, while the throttle positions were set at 30% and 70%. 
The engine performance, specific fuel consumption, and emission properties have been carried out and compared. The results 
show that, at high throttle position, the flame propagation speed of combustion process as using the butanol–gasoline blends 
decreases as increasing the butanol-blending fraction and this becomes more obvious with the increase of engine speed. The 
engine brake torque and power are improved, as the butanol-blending fraction is less than 30% at low open throttle position, 
while those are gradually decayed as increasing throttle opening level. A significant reduction is observed in specific fuel 
consumption, as the butanol-blending fraction is less than 30% for all the tests. The emissions of CO, HC, and CO2 in the 
case of using butanol–gasoline blends are much better than those in the case of using pure gasoline. However, NOx emission 
is worse than that of the pure gasoline for all the test blends.
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Abbreviations
AFR	� Air/fuel ratio
RAFR	� Relative air/fuel ratio
Bu	� Percentage of butanol in the fuel (in volume)
BSFC	� Brake-specific fuel consumption
CA	� Crank angle degree
CO	� Carbon monoxide
CO2	� Carbon dioxide
ECU	� Engine control unit
EFI	� Electronic fuel injection
DI	� Direct injection
Me	� Brake torque
Ne	� Engine power
NOx	� Nitrogen oxides
PFI	� Port fuel injection
PI	� Port injection
SI	� Spark ignition
n	� Engine speed

Introduction

The greenhouse effect is a big concern in our modern world 
for the last few decades, as it is significantly influenced by 
the pollutant emissions generated from the combustion of 
fossil fuels [1]. Consequently, the automotive industry inves-
tigators turn their attention to the alcohol as an alternative 
fuel in an internal combustion engine for the purposes of 
reducing the carbon-based fossil fuels and protecting the 
depletion of oil reserves [2–5].

To enhance the combustion efficiency and reduce the 
emissions, the alcohols (e.g., methanol, ethanol, and 
butanol) have been investigated and widely used as alter-
native green fuels in spark-ignition (SI) engines [4, 6–11]. 
Particularly, methanol can be produced based on many 
ways, such as coal, natural gas, coke-oven gas, hydrogen, 
and biomass, while ethanol can be extracted from biomass 
feedstocks, e.g., corn, sugarcane, barley, and so on [12–14]. 
It is well known that biomass processing is the most cost-
effective way to produce the methanol and ethanol [15, 16]. 
Using methanol in SI engines could induce lower reactivity 
of organic emissions when compared to that of pure gaso-
line and, therefore, reduces the emission products [17, 18]. 
However, the methanol combustion induces corrosion on the 
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components, which are made of copper, brass, or aluminum 
[19]. Since producing methanol is mostly required either 
coal- or petroleum-based fuels, ethanol has been widely used 
in biofuel and blending agents as a commercial fuel [20–23]. 
Ethanol can be used in different types of internal combustion 
engines, even without any modification made for the engine. 
Besides, ethanol– and methanol–gasoline blends burn in a 
cleaner manner and release fewer emissions compared to 
those of pure gasoline [21, 24, 25]. In addition, methanol 
and ethanol have a greater enthalpy of vaporization, larger 
octane number, faster flame speed, and less stoichiometric 
air/fuel ratio compared to those of pure gasoline [26–28].

Compared to methanol and ethanol, butanol has a lower 
vapor pressure, better blending ability, and greater energy 
density when used in IC engines [7, 27, 29–31]. There-
fore, these prominent characteristics of butanol would help 
improve the engine performance and pollutant emissions. 
Many investigators have examined the performance and 
emissions of IC engines using butanol. For instance, Feng 
et al. [32] studied the performance and pollutant emissions 
on an SI engine fueled with the butanol–gasoline blend. 
The experiment was carried out at full load (for an engine 
speed ranged from 3500 to 9000 rpm) and partial loads 
(at the engine speed of 6500 rpm and 8500 rpm) for 35% 
butanol-blending fraction. An additional of 1% H2O was 
added into the blends to recover the engine performance 
and control the NOx emission. The results showed that the 
engine torque, brake-specific energy consumption, CO, 
and HC emissions are better than those of pure gasoline. 
The effects of the butanol–gasoline blend on engine per-
formance, fuel economy, and emissions are similar to those 
occurred at the engine full load and partial loads. Singh 
et al. [33] performed a study on butanol–gasoline blends 
for a powering-duty transportation SI engine. The experi-
ments were conducted at four different engine speeds of 
1500, 2500, 3500, and 4500 rpm, while the engine torque 
was controlled less than 66 Nm. The engine performance, 
emissions, and combustion characteristics were revealed 
using different butanol-blending fraction in the blend, e.g., 
5, 10, 20, 50, and 75%. The authors concluded that the per-
formance, emissions, and combustion characteristics of the 
engine using butanol–gasoline blends are similar to those 
as using gasoline. The performance of an SI engine using 
gasoline and two butanol-blending fractions (i.e., 20% and 
40% butanol by mass) at low and medium engine speeds and 
loads were reported by Galloni et al. [34]. Results showed 
that the engine torque and thermal efficiency are slightly 
decreased as increasing the butanol-blending fraction. 
The burning rate of lean mixtures increases with increas-
ing butanol-blending fraction and there is no adjustment 
needed for spark advance as changing the pure gasoline-
to-butanol–gasoline blends. Compared to the use of pure 
gasoline, there is no significant change were made on NOx 

and CO emissions as using butanol–gasoline blends, while 
a slight difference was recorded on HC and CO2 emissions. 
Yang et al. [35] claimed that butanol is a promising alterna-
tive fuel by performing butanol–gasoline blends (e.g., 30% 
and 35% butanol by volume) without modifying a carburetor 
SI engine. Results indicated that the energy can be saved by 
reducing 14% in brake-specific energy consumption and the 
emissions are significantly reduced compared to pure gaso-
line. However, the NOx emission is gradually increased as 
increasing butanol-blending fraction.

Although there are many types of research concerning 
n-butanol–gasoline blends in SI engines, the relationship 
between the engine speed, throttle position, and butanol-
blending fraction, which affect the performance, fuel 
consumption, and emissions of the engine, has not been 
completely investigated at the same time. Besides, the infor-
mation of comparison between different butanol–gasoline 
blends and pure gasoline is still limited. Therefore, this study 
presents the experimental results conducted with different 
throttle positions and engine speeds as well as butanol-
blending fractions. The engine performance in terms of in-
cylinder pressure, brake torque, power, and brake-specific 
fuel consumption has been examined and compared for both 
butanol–gasoline blends and pure gasoline. The blending 
ratio applied of n-butanol–gasoline in fuel mixture is cov-
ered for the range of 10–50 vol. %. In addition, the emission 
characteristics of the engine in term of CO, HC, CO2, and 
NOx have been presented and discussed.

Experimental methods

Apparatus

The experiments were conducted at the Internal Combustion 
Engine Laboratory of The Danang University, University 
of Science and Technology. Figure 1 shows the schematic 
diagram of the experimental setup. A 4-cylinder, 16-valve, 
1.6-L spark-ignition Daewoo engine, model A16DMS with 
a compression ratio of 9.5 was used to perform experiments. 
To examine the effects of using butanol–gasoline blends on 
the engine performance and emission characteristics, there 
is no modification made for the test engine. The specifica-
tions of the test engine are given in Table 1. An eddy-current 
dynamometer (model APA 204/08) was used to measure 
torque and power of the engine. An inline mass flow meter 
(model DN-80; AVL) was used to measure the air-intake 
consumption. A leveling and measuring fuel consumption 
device (model 733 s; AVL) was used to control the fuel con-
sumption and fuel temperature. A throttle actuator (model 
THA-100; AVL) was used to control the open throttles at 
different engine speeds. A gas analyzer (model KEG-500) 
was used to estimate simultaneously the air–fuel equivalence 
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ratio based on the composition of the exhaust. A pressure 
transducer (model IndiSet 620; AVL) mounted on the cyl-
inder head near the spark plug was used to detect the in-
cylinder pressure. The AVL 553 and AVL 554 devices were 
used as cooling system and lubricant system for the test rig, 
respectively.

Testing strategy

In this study, an original fuel injection strategy controlled 
by the ECU was set to control the fuel injection timing and 
ignition system based on the use of pure gasoline. The stoi-
chiometric air/fuel ratio (AFR) of butanol and gasoline is 
11.12 and 14.7, respectively. Therefore, the butanol–gasoline 
blends are always run at a higher AFR. This configuration 

could help archive a lean burning for the engine due to limi-
tation of AFR control [36]. The engine torque, power, fuel 
consumption, and pollutant emissions of an engine using 
butanol–gasoline-blended fuels were investigated and 
compared to those of using pure gasoline under the opera-
tions without any modification to the engine. The engine 
was fueled with different butanol–gasoline blends of Bu0, 
Bu10, Bu15, Bu20, Bu25, Bu30, Bu40, and Bu50, indicating 
the content of butanol in different volume ratios (e.g., Bu10 
contains 10% butanol and 90% gasoline in volume). Two dif-
ferent wide open throttles (WOT) positions of 30% and 70% 
were set for the experiments, while the engine speed was 
tested at 2250 rpm and 4250 rpm. The properties of gasoline 
and butanol are given in Table 2. The operating parameter 
(e.g., relative air/fuel ratio and in-cylinder pressure), engine 
performance factors (e.g., brake toque, power, and fuel con-
sumption) and pollutant emissions (e.g., HC, CO, NOx, and 
CO2) were measured and compared for the test fuels.

Results and discussion

In‑cylinder pressure

The relative air/fuel ratio (RAFR) during the tests for dif-
ferent butanol–gasoline blends at opening throttle levels 

Fig. 1   Experimental setup. 1. Computer center 2. Puma data-process-
ing center 3. Throttle valve-opening controller THA-100 4. Air flow 
meter 5. Catch gas at caster 6. Leveling and measuring fuel consump-
tion AVL733s 7. Data acquisition 8. Sensors mounted on the engine 

9. Engine’s water coolant-conditioning controller 10. Engine’s lubri-
cant supplying system AVL554 11. 204/8 APA dynamometer 12. 
Engine 13. Test base 14. Damper system 15. Gas analyzer KEG-500

Table 1   Specifications of the test engine

Engine type DOHC

Number of cylinders/arrangement 4 cylinders/inline
Bore (mm) × Stroke (mm) 79.0 × 81.5
Compression ratio 9.5:1
Maximum output 80 kW at 6000 rpm
Maximum torque 145 Nm at 3400 rpm
Fuel system Electronic fuel injection
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of 30% and 70% is shown in Fig. 2. As shown in Fig. 2, 
the RAFR increases as increasing the butanol–gasoline 
blends compared to that of pure gasoline for both cases 
of low and high throttle opens. For low throttle position 
(i.e., 30% of WOT), at any fixed butanol-blending frac-
tion, the RAFR decreases as increasing the engine speed. 
For instance, the RAFR at n = 2250 rpm is reduced about 
16, 10, and 14% as the butanol blend ratio of 10, 30, and 
50%, respectively, compared to that at n = 4250 rpm. In 
contrast, at high throttle position (i.e., 70% of WOT), for 
any fixed butanol-blending fraction, the RAFR increases 
with increasing the engine speed. For instance, the incre-
ment of RAFR at n = 4250 rpm is about 16, 19, and 9% 
for Bu10, Bu30, and Bu50, respectively, compared to that 
at n = 2250 rpm. In other words, the RAFR in the case of 
using butanol–gasoline blends at either low or high throt-
tle position exhibit a higher value than that in the case of 
using pure gasoline; therefore, the fuel mixture is leaner.

The temporal variation of in-cylinder pressure for vari-
ous butanol–gasoline blends at the opening throttle levels 
of 30% and 70% and engine speed of 2250 and 4250 rpm is 
shown in Fig. 3. For clarity presentation, four butanol–gaso-
line blends are selected to compare as Bu0, Bu10, Bu30, and 
Bu50. To compare the combustion characteristics of blended 
fuels to pure gasoline (i.e., Bu0), the in-cylinder pressure is 
considered to be one of the most important parameters. In 
the case of using pure gasoline, it is observed that the in-
cylinder pressure increases as increasing the open throttle 
level. As illustrated in Figs. 3a–d, at a fixed open throttle, 
the maximum in-cylinder pressure increases with increas-
ing the engine speed. As shown in Fig. 3a (30% of WOT, 
n = 2250 rpm), the maximum in-cylinder pressure exhibits 
a slight increment of 5%, as the butanol-blending fraction is 
low (e.g., Bu10) compared to the pure gasoline (i.e., Bu0). 
However, as the butanol blend ratio increases, the maximum 
in-cylinder pressure is decreased gradually. For instance, the 
peak value of in-cylinder pressure is reduced by 12% and 
19% as using Bu30 and Bu50, respectively, compared to 
that of using pure gasoline (i.e., Bu0). As the engine speed 
increases, in Fig. 3b (n = 4250 rpm), the increasing rate of 
in-cylinder pressure when using Bu10 and Bu30 is about 
8% and 6%, respectively, compared to pure gasoline. It is 
also shown that when the addition of butanol goes beyond 
30% in the blend (e.g., Bu50), the peak value of in-cylinder 
pressure starts to decrease consequently. For instance, the 
reduction of maximum in-cylinder pressure for the case of 
Bu50 is about 6% compared to that of Bu0 case.

At a high throttle position (i.e., 70% of WOT) and an 
engine speed of n = 2250 rpm (Fig. 3c), the peak value of 
in-cylinder pressure in the case of Bu0 exhibits a larger value 
compared to that of the other butanol–gasoline blends. The 
peak value of in-cylinder pressure is decreased gradually, as 
increasing the butanol-blending fraction. For instance, the 
reduction of maximum in-cylinder pressure for the case of 
Bu10, Bu30, and Bu50 is about 11.5, 13, and 17%, respec-
tively, compared to that of Bu0 case. This is because the 
butanol–gasoline blends have a lower heating value com-
pared to that of pure gasoline (Table 2).

Similar to that occurred in Fig. 3c, at the engine speed 
of n = 4250 rpm (as shown in Fig. 3d), the peak value of in-
cylinder pressure drops as increasing the butanol-blending 
fraction due to the low heating value of the blends and non-
homogeneous of the fuel mixture. This is because lean air/
fuel mixtures (Fig. 2) burn more slowly than stoichiometric 
mixtures leading to lower peak pressures appearance. In this 
study, the formation of in-cylinder pressure can be used to 
explain the behavior of laminar flame speed (or flame propa-
gation speed) when using different blends, since the spark-
ignition timing is fixed. As shown in Fig. 3c, d, the flame 
propagation speed of the blend fuels decreases as increasing 
the butanol-blending fraction. This happens more obvious 

Table 2   Properties for Butanol and gasoline fuel [35, 40–43]

Fuel property Butanol Gasoline

Formula C4H9OH C8H15

Octane number 96 90–99
Composition (C, H, O) (% mass) 65, 13.5, 21.5 86, 14, 0
Density (kg/m3) at 20 °C 810 745
Boiling point (°C) 117.7 25-215
Latent heat of vaporization (kJ/kg) at 25 °C 582 223.2
Saturation pressure (kPa) at 38 °C 2.27 31.01
Low heating value (MJ/kg) 33.3 43
Auto ignition temperature (°C) 385 420
Stoichiometric air/fuel ratio 11.12 14.7

Fig. 2   Relative air–fuel ratio during the test with different butanol–
gasoline-blended fuels
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Fig. 3   In-cylinder pressure of 
engine using different butanol–
gasoline-blended fuels
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as increasing the engine speed due to the greater latent heat 
of vaporization in the blends.

Brake torque and power

The output brake toque (Me) of the engine using different 
butanol–gasoline blends at the opening throttle levels of 30% 
and 70% and engine speeds of n = 2250 and 4250 rpm is 
shown in Fig. 4.

As shown in Fig. 4, the brake torque values increase rap-
idly as increasing the throttle valve opening for all the test 
cases. For instance, at the butanol-blending fraction of 20%, 
the brake torque is about 89 and 103 Nm as 30% and 70% 
of WOT, respectively, at the engine speed of n = 2250 rpm, 
while it is about 78 and 113 Nm as an open throttle of 30% 
and 70%, respectively, at the engine speed of n = 4250 rpm. 
In general, at low throttle position (i.e., 30% of WOT), the 
brake torque is slightly increased with increasing the per-
centage of butanol in butanol–gasoline blended and reaches 
a peak at Bu25. For instance, the increment of brake torque 
at Bu25 is about 5% and 6% compared to pure gasoline at 
n = 2250 and 4250 rpm, respectively. When the butanol-
blending fraction goes beyond 30%, the brake torque starts 
to decrease slightly, as the RAFR increases rapidly (Fig. 2). 
At high throttle position (i.e., 70% of WOT), the brake 
torque decreases gradually as increasing the butanol–gaso-
line blend ratio. This is because the pure gasoline exhibits a 
low value of the latent heat and a high value of the saturation 
vapor pressure as compared to those of butanol [37–41]. 
For instance, as shown in Table 2, the low heating value 
and saturation vapor pressure of the pure gasoline are 43 
and 31.01, respectively, while those of butanol are 33.3 and 
2.27, respectively. Therefore, the evaporation time of pure 
gasoline after injecting is shorter when compared to that of 

butanol–gasoline blends. A higher percentage of butanol in 
blends causes a non-homogeneous mixture and might lead 
to an incomplete combustion; therefore, the brake torque is 
reduced appropriately.

Figure 5 presents the power of engine for the different 
blends studied. As illustrated in Fig. 5, the power of engine 
exhibits a scenario similar to that presented in brake torque 
for all the tests (Fig. 4). The power of engine increases 
significantly as increasing the throttle opening due to the 
increment of air-intake efficiency for all the test cases of 
butanol–gasoline blends. For example, at 30% of WOT, for 
the case of Bu25, the power of the engine is about 21 and 
35 kW for the engine speed of n = 2250 rpm and 4250 rpm, 
respectively. Similarity, at 70% of WOT, the engine power 
is approximately 24 and 49 kW for the engine speed of 
n = 2250 and 4250 rpm, respectively, at the butanol-blending 
fraction of 25%. It is also observed that, at a low throttle 
position (i.e., 30% of WOT), a slight increment of engine 
power occurred; since the butanol-blending fraction is less 
than 30%, then it is decreased slightly as butanol–gasoline 
ratio goes beyond 30%. This is because of the distribution 
of fuel vapor in the combustion chamber that the moment of 
ignition at low opening throttle-level condition might be bet-
ter than that of the higher one. Therefore, the performance 
is improved appropriately. Besides that, at a high throttle 
position (e.g., 70% of WOT), the power of the engine is 
decreased as increasing the butanol-blending fraction due 
to the higher heat of evaporation of butanol–gasoline blends 
compared to that of pure gasoline (Table 2).

Specific fuel consumption

The brake-specific fuel consumption (BSFC) of the engine 
using different butanol–gasoline blends at various opening 

Fig. 4   Brake torque of engine using different butanol–gasoline-
blended fuels

Fig. 5   Power of engine using different butanol–gasoline-blended 
fuels
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throttle levels and engine speeds is shown in Fig. 6. The 
BSFC (g/kWh) is defined as the ratio of the rate of fuel 
consumption (g/h) and the brake power (kW). As shown 
in Fig. 6, the BSFC in the cases of using butanol–gasoline 
blend exhibits a significant reduction compared to that in 
the case of using pure gasoline, since the blends ratio is less 
than 30%, which results from the decrease of brake torque 
and power (as shown in Figs. 4 and 5). For instance, at 30% 
of WOT and Bu20, the reduction on BSFC is about 3.6% 
and 8.4% for the engine speeds of n = 2250 and 4250 rpm, 
respectively. At 70% of WOT and Bu20, the BSFC is 
reduced by 1.5% and 4.3% for the engine speeds of n = 2250 
and 4250 rpm, respectively. However, as the butanol concen-
tration in the blend is greater than 30%, the BSFC starts to 
increase rapidly. It means that for the same operating condi-
tions, the engine needs to burn more butanol–gasoline blend 
than pure gasoline. This is because of the disadvantages of 
butanol, which are the lower air-to-fuel ratio for stoichio-
metric mixtures and lower heating value when compared to 
those of pure gasoline (Table 2).

Emission characteristics

The carbon monoxide (CO) is one of the toxic gas need 
to be reduced and controlled for the SI engine. The CO 
could induce incomplete combustion and poor air–fuel 
management [36]. The existence of oxygen in fuel exhibits 
a major effect on CO emission in the SI engine [42]. Fig-
ure 7 presents CO emissions of butanol–gasoline blends 
and pure gasoline at different throttle positions of 30% 
and 70% and engine speeds of n = 2250 and 4250 rpm. 
It is observed that CO emissions of using butanol–gaso-
line blends at various opening throttle levels are much 
lower than that of using pure gasoline. In addition, the CO 

emission decreases gradually with increasing butanol con-
centration in blends. This is because the butanol–gasoline 
blend fuel burns more thoroughly than pure gasoline due 
to its higher RAFR (Fig. 2) and lower carbon content. At 
higher RAFR, i.e., higher oxygen in the air, the CO emis-
sions are lower than that at lower RAFR. In addition, a 
higher percentage of butanol in blends leads lower carbon 
content compared to that in pure gasoline, so that the CO 
emissions (as using butanol–gasoline blends) are lower 
than those exhibited in pure gasoline case. This observa-
tion is well agreed with several studies before [36, 37, 43]. 
In other words, the CO emission is significantly influenced 
by the properties of fuel (i.e., butanol–gasoline blends).

Figure 8 shows the hydrocarbon (HC) emissions of 
butanol–gasoline blends and pure gasoline at different 
throttle positions and engine speeds. It is well known that 
the HC emissions mainly result from engine misfiring and 
poor/incomplete combustion. Besides that, the amount of 
unburned HC depends on the engine operating conditions 
and fuel properties [36, 42]. As illustrated in Fig. 8, at 
30% of WOT, the higher butanol blend ratio, the lower 
the HC emission for a butanol concentration in blend less 
than 30%. However, when the butanol concentration goes 
beyond 30%, due to the burning of small fuel quantity, a 
lower temperature occurs during combustion; therefore, 
it induces poor vaporization and mixing of fuel and air. 
Consequently, incomplete combustion of inhomogeneous 
charge leads to increment of HC emissions. At 70% of 
WOT and engine speed of n = 2250 rpm, the trend of HC 
emission displays the same as that of CO emission, since 
the butanol–gasoline blend fuel contents lower carbon and 
better combustion process than pure gasoline. It is also 
shown that, at an engine speed of n = 4250 rpm, the HC 

Fig. 6   Specific fuel consumptions for different butanol–gasoline-
blended fuels Fig. 7   Carbon-monoxide emissions for different butanol–gasoline-

blended fuels
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emission at high throttle position exhibits a similar sce-
nario like that at a lower one.

Figure 9 presents the carbon dioxide (CO2) emissions 
for all the test fuels at different opening throttle levels and 
engine speeds. The observation on results shows that low 
engine speed (i.e., n = 2250  rpm) provides higher CO2 
emissions compared to that of high engine speed (i.e., 
n = 4250 rpm) due to the increase of oxygen content and 
extra lean mixture. As shown in Fig. 9, it is worth noting 
that the CO2 emission exhibits a reduction with increas-
ing the butanol–gasoline blend ratio due to the lean mix-
ture condition (Fig. 2). For instance, at the engine speed of 
n = 4250 rpm, the CO2 emissions with the use of Bu40 at 
30% and 70% of WOT are decreased by 9% and 8%, respec-
tively, compared with that of pure gasoline. This reduction 

links unlike carbon contents in the butanol and gasoline 
fuels (Table 2). It is also found that CO2 emission in the 
case of high throttle position (i.e., 70% of WOT) and engine 
speed of n = 4250 rpm is lower than that in the case of low 
throttle position (30% of WOT) for any butanol–gasoline 
blend ratio. This can be explained that the engine operated 
at low opening throttle level using butanol–gasoline blends 
can provide higher efficiency of combustion process than 
that at high throttle position.

The formation of nitrogen oxides (NOx) as using 
butanol–gasoline blends and pure gasoline is revealed 
in Fig. 10. It is well known that the NOx is depended 
on many factors, such as engine load, temperature, com-
bustion chamber content, and mixture density [36, 42]. 
As shown in Fig. 10, NOx emission in the case of using 
butanol–gasoline blends is significantly higher than that 
in the pure gasoline case at all the test blends and engine 
speeds. It is also shown that the NOx emission in the case 
of WOT 70% is greater than that in the case of WOT 30%. 
Particularly, at a fixed opening throttle level, the increment 
of NOx emission at low engine speed is significantly lower 
than that at a high engine speed as the butanol-blending 
fraction less than 30%. For instance, for WOT 30% and 
Bu25, the increment of NOx emission is about 22% and 
47% compared to that of pure gasoline (i.e., Bu0) at the 
engine speeds of n = 2250 and 4250 rpm, respectively. 
While, for WOT 70% and Bu25, this value is about 33% 
and 52% at the engine speeds of n = 2250 and 4250 rpm, 
respectively. The observation on NOx emission is induced 
by (1) the effects of advancing the spark timing, this 
might bring the combustion gas temperature in the case 
of butanol–gasoline blends is higher than that in the case 
of pure gasoline [35] and (2) the butanol–gasoline blend 
contains oxygen and a low stoichiometric AFR (Table 2). 

Fig. 8   Unburned hydrocarbon emissions for different butanol–gaso-
line-blended fuels

Fig. 9   Carbon dioxide emissions for different butanol–gasoline-
blended fuels

Fig. 10   Nitrogen oxide emissions for different butanol–gasoline-
blended fuels
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The testing strategy for the engine was set for pure gaso-
line and it is not possible to adjust the AFR, as mentioned 
in Sect. 2.2. In other words, the AFR was kept at the same 
value for a given condition; therefore, the combustion was 
relatively leaner and more oxygen to produce NOx. Con-
sequently, the NOx emission is increased appropriately 
as increasing the concentration of butanol in the blends. 
Further research is, therefore, required to reduce the NOx 
emissions.

Conclusions

The effects of using different butanol–gasoline blends on 
performance, fuel consumption, and emissions of a four-
cylinder SI engine operated at low and high throttle posi-
tions as well as low and high engine speeds have been 
experimentally studied. The main findings are highlighted 
as follows:

1.	 Without any modification made for the engine, at high 
throttle position, the flame speed of the butanol–gaso-
line blends decreases as increasing the butanol-blending 
fraction. This becomes more obvious with the increase 
of the engine speed.

2.	 The engine brake torque and engine power are increased, 
and the specific fuel consumption is decreased when 
compared to those of pure gasoline under the condition 
of low throttle position since the butanol fraction less 
than 30%. At 30% of WOT, when the butanol-blending 
fraction goes beyond 30%, the brake torque decreases 
slightly as the RAFR increases rapidly. At 70% of WOT, 
the brake torque decreases gradually as increasing the 
butanol–gasoline blend ratio.

3.	 As the concentration of butanol in blend increases, for 
both cases of 30% and 70% of WOT, using butanol–gas-
oline blends produce significant reductions on CO, HC, 
and CO2 emissions compared to those of pure gasoline.

4.	 NOx emission is increased as increase the butanol-
blending fraction and it is significantly higher than that 
of the pure gasoline. For the same condition of engine 
speed, the higher the throttle position, the greater the 
NOx emissions.
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