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The aim of this study, which is the first of its kind, is to compare experimentally the effects of different
ternary blended fuels, e.g., ethanol–methanol–gasoline (EM), n-butanol–iso-butanol–gasoline (niB) and
iso-butanol–ethanol–gasoline (iBE), on engine performance, combustion and pollutant emission charac-
teristics to demonstrate the best potential one from these ternary fuel blends as alternative to fossil fuel.
The experiments were performed at similar operating conditions and low content rates of fuel blends (3–
10 vol% in gasoline) with varying engine speeds between 2600 and 3400 r/min at half throttle opening
position of spark ignition engine. The results showed that the engine performance (volumetric efficiency,
torque and brake power) increased, while pollutant emissions (carbon monoxide (CO) and unburnt
hydrocarbons (UHC)) decreased at using EM fuel blends, compared to other blended fuels. It was also
found that the highest emissions and the lowest performance among the blended fuels are introduced
by niB, while iBE presented a moderate level of performance and emissions between niB and EM. On
the other hand, the performance of niB and iBE is lower than the base fuel (neat gasoline) but EM showed
a higher performance than the base fuel. The emissions of EM, niB and iBE are all lower than the base fuel.
� 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There is a growing realization worldwide that something
constructive has to be done soon to reduce the environmental
degradation due to gasoline fuel. Gasoline showed serious environ-
mental problems such as acid rain, ozone depletion, greenhouse
effect etc. [1–3]. Accordingly, researchers have focused their atten-
tion to replace gasoline by alternatives. Ethanol and methanol are
the primary researched alternatives to gasoline in spark-ignition
engines. Afterwards, other alcohols such as bio-butanol, e.g., n-
butanol and iso-butanol, are researched. Many studies in literature
investigated such single alcohol–gasoline blends, see e.g. [4–12].
Commonly, the studies have shown a significant reduction in pol-
lutants emissions of such fuel blends, compared to neat gasoline.
Besides, alcohol–gasoline blended fuels showed a superior engine
performance, compared to neat gasoline, because of their oxygen
content and higher octane numbers.

Recently, the effects of dual alcohols–gasoline blended fuels on
engine performance and pollutant emissions are examined. In lit-
eratures, few publications are found as follows. Turner et al. [13]
studied the effects of ethanol–methanol–gasoline blends on SI
(spark-ignition) engine emissions using five different rates from
30–42 vol% gasoline and from 70–58 vol% ethanol–methanol;
results showed that the dual fuel blends have reduced carbon diox-
ide (CO2) and nitric oxides (NOx) emissions, compared to the neat
gasoline. Sileghem et al. [14] examined ethanol–methanol–gaso
line blends on carbon monoxide (CO) and NOx emissions using
two different rates (71% ethanol–methanol blends and 63% etha-
nol–methanol blends) in gasoline; results declared that both fuel
blends produced lower CO and NOx emissions than the neat gaso-
line. Elfasakhany [15] studied the effects of ethanol–methanol–ga
soline blends using low rates (3–10 vol% ethanol and methanol)
on performance and emissions of spark-ignition engine. Results
have recommended the using of dual fuel blends than the neat
gasoline. Nazzal [16] investigated the performance of gasoline
engine using ethanol–methanol–gasoline blends at rate of 6, 6
and 88 vol% for ethanol, methanol and gasoline, respectively; the
results showed significant improvements of engine performance
(brake power, brake thermal efficiency and brake specific fuel con-
sumption) at using dual fuel blends. Siwale et al. [17] studied me
thanol–n-butanol–gasoline blended fuels at rates of 53% methanol,
17% n-butanol and 30% gasoline on performance and emissions of
spark-ignition engine. Results showed higher performance and
ol–iso-
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Table 1
Gas analyser specifications.

Warm-up 10 min
Dimensions 294 mm � 430 mm � 260 mm
Weight 9 kg
Exhaust gas temperature 5–45 �C
Measurement Ranges CO 0–10 vol%

CO2 0–20 vol%
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lower emissions of fuel blends than those of neat gasoline. Balaji
et al. [18] examined ethanol–iso-butanol–gasoline blends using
three different rates (10% ethanol–2.5% iso-butanol, 10% ethanol–
5% iso-butanol and 10% ethanol–7.5% iso-butanol in gasoline) on
engine performance and exhaust emissions of SI engine. Result
showed that dual fuel blends increased the engine performance
(brake power, volumetric efficiency and thermal efficiency) and
decreased emissions (carbon monoxide and hydrocarbons) com-
pared to pure gasoline. Elfasakhany [19] investigated bio-etha
nol–iso-butanol–gasoline blends (3, 7 and 10 vol% bio-ethanol–
iso-butanol in gasoline) in spark ignition engine and compared
results with iso-butanol–gasoline blends as well as neat gasoline
fuel. Results of dual fuel blends showed 15% and 20% lower UHC
(unburnt hydrocarbons) and CO emissions, respectively, than those
of neat gasoline; in addition, dual fuel blends introduced 9% and
14% lower UHC and CO emissions, respectively, than those of iso-
butanol–gasoline blends. Engine performance of dual fuel blends
demonstrated higher brake power, torque, volumetric efficiency
and exhaust gas temperature than those of iso-butanol–gasoline;
however, dual fuel blends showed a little drop in engine perfor-
mance, compared to neat gasoline. Elfasakhany [20] examined in
another study the effects on engine performance and pollutant
emissions at using n-butanol–iso-butanol–gasoline blends; the
author claimed that such blended fuel is the first of its kind in
the internal combustion engines. The dual alcohols–gasoline
blends, in addition, were compared with those of single alcohol–
gasoline blends, e.g., iso-butanol–gasoline and n-butanol–
gasoline blends, and pure gasoline. Results demonstrated a higher
engine performance and lower emissions when engine was oper-
ated with dual alcohols–gasoline blends, compared to single
blended ones. Besides, dual alcohols blended in gasoline showed
lower emissions but with a minute drop in engine performance,
compared to neat gasoline. Elfasakhany [21] in one more study
examined the effects of n-butanol–methanol–gasoline fuel blends
on the performance and pollutant emissions of spark-ignition
engine. Four test fuels were investigated (namely: 0, 1.5, 3.5 and
5% for n-butanol and methanol in gasoline). The results showed
that the addition of low content rates of n-butanol–methanol into
gasoline adversely affects the engine performance and exhaust
emissions, as compared to neat gasoline; however, higher rates
of blended fuels in gasoline were observed to improve the SI engine
performance and emissions. The performance and emissions of
acetone-butanol-ethanol (ABE) blended in gasoline are examined
in a number of studies, see e.g. [22,23], and results showed promis-
ing fuel blends.

In addition to single alcohol and dual alcohols blended in
gasoline, as discussed above, researchers studied a comparisons
between single alcohol with each others, see e.g. [4,5,13,
14,24,25]; as well, single alcohol blends were compared with the
dual alcohols blends, as shown early, see e.g. [15,19,20]. However,
dual alcohols blended fuels were not compared with each others,
according to the best of author knowledge. In the current study,
this gap is filled by comparing performance and emissions of dif-
ferent dual alcohols blended fuels, e.g., ethanol–methanol, iso-
butanol–n-butanol and iso-butanol–ethanol, in gasoline at similar
rates (3–10 vol%) and similar engine working conditions. Given the
increasing concern for acute pollution problems in the world, the
study, in addition, aims at recommending the lowest fuel emis-
sions among different dual alcohols blended fuels used in spark
ignition engines.
UHC 0–2000 ppm
Voltage 230 V
Frequency 50 Hz
Power 45 VA
Range of apparatus heating 0–130 �C
Accuracy OIML class 1 and 0

±1 �C, ±0.05 vol%, ±10 ppm
2. Experiments overview

The experiments were carried out using a spark-ignition engine
with four-stroke and air cooled type. The research engine contains
Please cite this article in press as: A. Elfasakhany, Performance and emissions
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a single cylinder with 17 kg weight, 65.1 mm bore, and 44.4 mm
stroke. The output power is about 1.5 kW with operating compres-
sion ratio of 7. The single cylinder research engine is desirable here
to avoid the complication of fuel/air mal-distribution ratio, where
the variation in the fuel/air equivalence ratio from a cylinder-to-
cylinder, in a multi-cylinder engine, could be of the order 210%.
A pulley is mounted on the output shaft of the engine to couple
the engine with a dynamometer. The engine is also mounted with
vibration attenuators for dampening the vibrations that occur dur-
ing the engine operation. For monitoring engine exhaust emissions,
gas analyser of model Infralyt CL is applied. The gas analyser is cap-
able of measuring the concentrations of CO, CO2 and UHC using an
infrared measurement technique, e.g., non-dispersive infrared. The
CO and CO2 emissions were measured in volume percentage bases;
however, the UHC was measured in part per million (ppm).
Detailed specifications of the exhaust gas analyzer and its measur-
ing range are given in Table 1. Before starting up the gas analyzer
and the engine, different fuels blends were first prepared. Three
different dual alcohols blended in gasoline were arranged as: etha
nol–methanol–gasoline, iso-butanol–n-butanol–gasoline and iso-
butanol–ethanol–gasoline. The blended fuels were prepared in
three different rates each. In particular, ethanol–methanol–gaso
line blends were prepared as: 5:5:90 vol% in the first rate,
3.5:3.5:93 vol% in the second rate, and 1.5:1.5:97 vol% in the third
rate for methanol, ethanol and gasoline, respectively. Other kinds
of dual alcohols blended fuels, e.g., iso-butanol–n-butanol–
gasoline and iso-butanol–ethanol–gasoline blends, were prepared
in the same rates, e.g., 5:5:90 vol%, 3.5:3.5:93 vol% and
1.5:1.5:97 vol% for iso-butanol, n-butanol and gasoline, respec-
tively, and/or for iso-butanol, ethanol, gasoline, respectively. The
low rates of alcohols blended in gasoline were applied in the cur-
rent study for some reasons; firstly, such low rate (up to 10 vol%)
could be used in the current automobile engines without any mod-
ifications; secondly, alcohols are still more expensive than gaso-
line; thirdly, some of alcohols can cause corrosion in engine
material and that increases in case of their high content rate in
the fuel blends [15,26]; fourthly, the smaller the rate of alcohols
in fuel blends, the easier typical blending problems (phase separa-
tion, etc.) can be solved; and fifthly, many countries (such as USA,
Brazil, etc.) are currently using low blend rates (10 vol%.) of alco-
hols at their service stations. The properties of the fuels are sum-
marized in Table 2 [27–32,10]. After preparing the fuel blends, it
is introduced into the engine subsequently one by one. The exper-
iments were performed at variable engine speeds from 2600 to
3400 r/min with 100 r/min interval. Engine speeds were controlled
by engine dynamometer. During experiments, different parame-
ters of engine performance and pollutant emissions were carried
out. Engine performance measurements include volumetric effi-
ciency, brake power and torque; however, pollutant emissions
measurements include CO, CO2 and UHC. The parameters of engine
of spark-ignition engine using ethanol–methanol–gasoline, n-butanol–iso-
e study, Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.
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Table 2
Fuel properties [27–32,10].

Property Gasoline Ethanol Methanol iso-Butanol n-Butanol

Chemical formula C8H15 C2H5OH CH3OH C4H9OH C4H9OH
Composition (C,H,O) (mass%) 86,14,0 52,13,35 37.5,12.5,50 65, 13.5, 21.5 65, 13.5, 21.5
Lower heating value (MJ/kg) 43.5 27.0 20.1 33.3 33.1
Heat of evaporation (kJ/kg) 223.2 725.4 920.7 474.3 582
Stoichiometric A/F ratio 14.6 9.0 6.4 11.1 11.2
Oxygen content, mass% 0.0 34.7 49.9 21.6 21.6
Density (kg/m3) 760 790 796 802 810
Saturation pressure at 38 �C (kPa) 31 13.8 31.69 2.3 2.27
Flash point (�C) �45 to �38 21.1 11.1 28 35
Auto-ignition temperature (�C) 420 434 470 415 385
Boiling point (�C) 25–215 78.4 64.5 108 117.7
Solubility in water (ml/100 ml H2O) <0.1 Fully miscible Fully miscible 10.6 7.7
Vapor toxicity Moderate Toxic even Toxic in only Moderate Moderate

Irritant In small doses Large doses Irritant Irritant
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performance were measured using appropriate actuators and sen-
sors equipped with engine. The engine also is equipped with an
electronic indicating system (EIS) to transfer the measured data
into PC (personal computer). Tests were carried out initially using
neat gasoline fuel (base fuel) to generate the reference line data.
Then different fuel blends were tested under same operating con-
ditions, e.g., the engine was not modified/tuned at using any fuel.
In the beginning, the engine was allowed to run until reaching
the steady-state operating conditions, and afterwards, the data
were collected subsequently. The tests were repeated about three
times and average values were considered as final results. Detailed
information about the experimental setup and procedure can be
found with complete description in the early publications [5–
8,15,19–21,33] since we intended to provide here experiments
overview.
3. Results and discussion

Since iso-butanol–ethanol–gasoline, n-butanol–iso-butanol–ga
soline and ethanol–methanol–gasoline blends are already pre-
sented and discussed in our early publications [15,19,20], the pre-
sent discussion is dedicated for a comparison between such fuel
blends. In the figures, iBE, niB and EM represent iso-butanol–etha
nol–gasoline, n-butanol–iso-butanol–gasoline and ethanol–metha
nol–gasoline blends, respectively; the number next to each fuel
blend in the figures represents the rate value, e.g., iBE3 represents
3 vol% iso-butanol– ethanol in gasoline and so one. Figs. 1 and 2
show, respectively, a comparison of CO and UHC emissions for
the blended fuels and neat gasoline (base line) at two different
speeds (2600 and 3400 r/min); these speeds were applied since
they are the extremes of our test engine. As seen, the lowest CO
and UHC emissions at both speeds are introduced by the EM; iBE
showed a moderate emissions and niB showed the highest CO
and UHC emissions among all the blended fuels; besides, niB pre-
sented higher CO emissions than the base fuel. A comparison of
CO2 emissions for the blended fuels is presented in Fig. 3. Since
CO2 emissions are more-or-less a mirror of CO and UHC emissions,
e.g., at low level of CO and UHC emissions we have high CO2 emis-
sions and vice versa, the EM provide higher CO2 than those of other
fuel blends and the neat gasoline. The niB and iBE fuel blends intro-
duced reasonable lower CO2 emissions than the neat gasoline. The
reasons of such trends will be clarified later.

A general comparison between pollutant emissions (CO, CO2

and UHC) of blended fuels and neat gasoline (base line) is summa-
rized in Fig. 4. Such comparison is introduced in average basis
within all our engine speed range (2600–3400 r/min) and all the
blend rates (3–10 vol%). The comparison is useful in the sense of
general evaluating of vehicle emissions in different speeds, as a
Please cite this article in press as: A. Elfasakhany, Performance and emissions
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real vehicle working condition. As shown in the figure, the lowest
CO and UHC emissions are introduced by EM fuel blends and the
lowest CO2 emissions are introduced by niB blends, compared to
other blended fuels; however, the highest UHC and CO emissions
among all the blended fuels are provided by niB; a moderate level
of all blended fuels emissions is introduced by iBE. Compared to
neat gasoline fuel, all fuel blends provide lower CO, UHC and CO2

emissions than those of the neat gasoline, except for CO2 emissions
for the EM fuel blends.

The reasons of such emissions trends make clear as follows.
Blended fuels are considered as partially oxidized hydrocarbons
due to their oxygen atoms in their basic content forms, as shown
in Table 2. The oxygen content enhances the combustion process
and that leads to decrease the CO and UHC emissions and increase
the CO2 emissions. Since EM fuel blends contain greater oxygen
contains than other test fuels (oxygen contain for gasoline, ethanol,
methanol, iso-butanol and n-butanol are, respectively, 0, 34.7, 49.9,
21.6 and 21.6 mass%), the CO and UHC emissions of EM are lower
than the other fuels, as shown early. In addition, the leaning effect
of EM is much greater than the other test fuels. The stoichiometric
A/F ratio is respectively 6.4 and 9 for methanol and ethanol; how-
ever, it is 14.6, 11.1 and 11.2 for gasoline, iso-butanol and n-
butanol, respectively, as shown in Table 2. When the combustion
is leaner, more complete combustion and, in turn, lower CO and
UHC emissions and higher CO2 emissions are emitted. Conse-
quently, EM showed the lowest CO and UHC emissions and the
highest CO2 emissions among all tested fuels, followed by iBE
and then niB fuel blends.

The emissions are also significantly related to fuel boiling point.
A high boiling point may comprise fractions or components that
are not completely vaporized and/or burnt [15]. A low boiling
point, on the other hand, can enhance the fuel combustion and
thereby can decrease the CO and UHC emissions. The boiling points
of methanol, ethanol, n-butanol, iso-butanol and gasoline are,
respectively, 64, 78, 117, 108 and 25–215 �C, as shown in Table 2.
As seen, the lowest boiling point is provided by EM, compared to
the other fuel blends (niB and iBE), and that is one additional rea-
son for gaining the lowest CO and UHC emissions by EM, followed
by iBE and then niB. The latent heat of vaporization can also influ-
ence significantly on the pollutant emissions. The high latent heat
of vaporization of EM (heat of vaporization for gasoline, ethanol,
methanol, iso-butanol and n-butanol is, respectively, 223.2,
725.4, 920.7, 474.3 and 582 kJ/kg) can increase the intake air pro-
cess and, in turn, more complete combustion and lower CO and
UHC emissions of EM, compared to other test fuels.

One important observation on the emission results is that by
using 10 vol% blended fuels, the emissions are lower than those
of 7 vol% and 3 vol% of same fuel type. This refers to that the higher
of spark-ignition engine using ethanol–methanol–gasoline, n-butanol–iso-
e study, Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.
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Fig. 1. Comparison of CO emissions from different blended fuels (EM3, EM7 and EM10: 3,7 and 10 vol% ethanol and methanol in gasoline; iBE3, iBE7 and iBE10: 3,7 and 10 vol
% iso-butanol and ethanol in gasoline; niB3, niB7 and niB10: 3,7 and 10 vol% n-butanol and iso-butanol in gasoline) and neat gasoline (base line).
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Fig. 2. Comparison of UHC emissions from different blended fuels and neat gasoline (base line), captions are similar to those in Fig. 1.
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blend rates can lead to a higher oxygen content and latent heat of
vaporization of the fuel. Consequently, a more complete combus-
tion and lower CO and UHC emissions (higher CO2 emissions) are
gained. In addition, the higher blend rate, the further leaning effect
is and, in turn, fuel can burn in a shorter duration of time, i.e., less
CO and UHC emissions with higher CO2 emissions.

A comparison of engine performance of different test fuels is
presented in Figs. 5 and 6. In particular, Fig. 5 shows a comparison
of volumetric efficiency (VE), torque (Tq) and brake power (BP) for
the blended fuels (EM, niB and iBE) and neat gasoline (base line) in
the two extremes of the engine speeds (2600 and 3400 r/min).
Please cite this article in press as: A. Elfasakhany, Performance and emissions
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Fig. 6 shows a general change in engine performance (VE, Tq and
BP) for the blended fuels in average basis within all engine speeds
(2600–3400 r/min) and all blend rates (3–10 vol%). As seen in the
figures, the highest BP, VE and Tq within all speeds were presented
by EM followed by iBE and niB. This refers to that the higher oxy-
gen content of EM compared to other test fuels, as shown early,
leads to a higher heat released, which that in turn increases Tq
and BP. The higher latent heat of evaporation of the EM fuel blends,
compared to others, also boosts its VE. On the other hand, the
higher heat of evaporation of EM fuel blends, compared to iBE,
niB and neat gasoline, as shown in Table 2, causes a lower temper-
of spark-ignition engine using ethanol–methanol–gasoline, n-butanol–iso-
e study, Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.
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Fig. 3. Comparison of CO2 emissions from different blended fuels and neat gasoline (base line), captions are similar to those in Fig. 1.
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ature in the combustion chamber, hence decreases BP and Tq; but
the higher VE of EM causes to improve fuel combustion and, in
turn, increase BP and Tq. As a result of these conflicting factors, dif-
ferent fuel blends, e.g., EM, iBE and niB, have detractive effects on
the BP and Tq, as shown in Figs. 5 and 6. It is also observed that
both niB and iBE fuel blends slightly decreased the Tq and BP than
those of neat gasoline due to the lower energy content of such fuel
blends (43.5, 33.3 and 33.1 MJ/kg for gasoline, iso-butanol and n-
butanol, respectively). It is also observed that VE of niB and iBE
is lower than the gasoline fuel. This may attribute to their low sat-
uration pressure (31, 2.3 and 2.27 kPa for gasoline, iso-butanol and
Please cite this article in press as: A. Elfasakhany, Performance and emissions
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n-butanol, respectively). The low saturation pressure leads to
evaporate a great amount of fuel and, in turn, that lowers the VE.
Since saturation pressure of niB is somewhat lower than iBE, the
VE of niB is lower than that of iBE.

Finally, it is important to highlight that, EM showed the best
performance and pollutant emissions, among all the blended fuels,
followed by iBE and then niB. In addition, EM presented higher per-
formance than the neat gasoline; however, iBE and niB showed
lower performance (BP, Tq and VE) than those of neat gasoline.
On the other hand, from other studies, ethanol and methanol
showed to cause some engine performance problems in case of
of spark-ignition engine using ethanol–methanol–gasoline, n-butanol–iso-
e study, Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.
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high blend rates conditions, which are not shown in our study
since we apply low blend rates. In hot environmental working con-
ditions, ethanol and methanol may cause vapor lock. In addition,
they can cause engine starting up problem in cold environmental
conditions due to their poor evaporation as a result of very high
latent heat of ethanol’s and methanol’s [34,35]. They are also fully
miscible in water and incompatible with some engine materials
and systems. Compared with ethanol and methanol, iso-butanol
and n-butanol showed advantages in case of their high content rate
Please cite this article in press as: A. Elfasakhany, Performance and emissions
butanol–gasoline and iso-butanol–ethanol–gasoline blends: A comparativ
jestch.2016.09.009
in gasoline. iso-butanol’s and n-butanol’s low vapor pressures
improve cold engine starting condition; iso-butanol and n-
butanol have the ability to be blended with gasoline in any concen-
trations without (or probably with minor) needs for system modi-
fications [36]; they create less corrosions for engine material [37–
42]; their solubility in water are significantly much lower than
ethanol and methanol; also their higher boiling point and flash
point make them safer to use than ethanol and methanol [43].
Finally, the higher heating values and energy densities of n-
of spark-ignition engine using ethanol–methanol–gasoline, n-butanol–iso-
e study, Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.
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butanol and iso-butanol than those of methanol and ethanol, as
shown in Table 2, lead to superior fuel economy of niB and iBE than
the EM fuel blends. In conclusion, EM could be used in low blend
rate conditions to avoid/limit drawbacks of cold starting, corrosion,
vapor lock, etc., as shown from this study, where no drawbacks
were observed. However, in case of applying high blend rates,
iBE is preferable, followed by niB.

4. Conclusions

In this study, the effects of different ternary blended fuels at
same rates and engine working conditions are compared for the
first time. Engine performance (brake power, torque and volumet-
ric efficiency) and pollutant emissions (CO, CO2 and UHC) are mea-
sured for all tested fuels, e.g., ethanol–methanol–gasoline (EM), n-
butanol–iso-butanol–gasoline (niB), iso-butanol–ethanol–gasoline
(iBE) and neat gasoline. The results showed that the EM fuel blends
can introduce the best performance and the lowest engine emis-
sions (carbon monoxide and unburnt hydrocarbons) among all
blended fuels, while niB fuel blends showed the worst performance
and pollutant emissions (CO and UHC) among all blended fuels; iBE
showed a moderate level of engine performance and pollutant
emissions (CO and UHC) between the other two blended fuels.
Besides, EM presented higher performance and lower CO and
UHC exhaust emissions than the neat gasoline (base fuel), while
niB and iBE presented lower engine performance than the base
fuel. A comparison of carbon dioxide (CO2) emissions showed that
the EM introduced higher CO2 than those of other fuel blends and
the neat gasoline. The niB and iBE fuel blends introduced reason-
able lower CO2 emissions than the neat gasoline. One final observa-
tion is that the pollutant emissions are significantly improved at
using higher rates of dual alcohols blended in gasoline.
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