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Abstract: Among the alternative fuels existing for spark-ignition engines, ethanol is considered
worldwide as an important renewable fuel when mixed with pure gasoline because of its favorable
physicochemical properties. An in-depth and updated investigation on the issue of CO and HC
engine out emissions related to use of ethanol/gasoline fuels in spark-ignition engines is therefore
necessary. Starting from our experimental studies on engine out emissions of a last generation
spark-ignition engine fueled with ethanol/gasoline fuels, the aim of this new investigation is to
offer a complete literature review on the present state of ethanol combustion in last generation
spark-ignition engines under real working conditions to clarify the possible change in CO and HC
emissions. In the first section of this paper, a comparison between physicochemical properties of
ethanol and gasoline is examined to assess the practicability of using ethanol as an alternative fuel
for spark-ignition engines and to investigate the effect on engine out emissions and combustion
efficiency. In the next section, this article focuses on the impact of ethanol/gasoline fuels on CO
and HC formation. Many studies related to combustion characteristics and exhaust emissions in
spark-ignition engines fueled with ethanol/gasoline fuels are thus discussed in detail. Most of these
experimental investigations conclude that the addition of ethanol with gasoline fuel mixtures can
really decrease the CO and HC exhaust emissions of last generation spark-ignition engines in several
operating conditions.

Keywords: renewable energy; carbon monoxide; unburned hydrocarbons; ethanol/gasoline blends;
SI engines

1. Introduction

Nowadays nations worldwide are strongly supporting research activity towards alter-
native renewable fuels both to supplant fossil fuels and to decrease harmful air pollutants.
Currently, internal combustion engines give a crucial effect on air pollution; thus, alter-
native fuel research is accelerating to reduce the environmental problems due to fossil
fuels. Really, fossil fuels still are the main source of worldwide energy and global energy
consumption is estimated to rise by about 33% by 2050 [1,2]. Besides, the current amount
of fossil fuel will decline quickly in the next five decades [3]. In this regard, dangerous air
pollutants caused by the road transport sector, such as carbon monoxide (CO), particulate
matter and unburned hydrocarbons (HC) sharply alter the air quality, also involving signif-
icant negative effects on human health [4]. Besides, nowadays, nearly 20% of worldwide
greenhouse gas (GHG) emissions are the result of the growing number of circulating diesel
and petrol cars [5,6].

Consequently, owing to large emissions from transportation sector, the growing need
of energy and increased fuel prices [7], many countries are actively supporting research
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activity towards substitute fuels from renewable sources for their potential for reducing
exhaust emissions and to supplant fossil fuels [8-10]. As an alternative compared to
fossil fuels, alternative fuels from renewable sources can be produced from wastes and
agricultural yields utilized as the feedstock [11-15].

Actually, among the renewable fuels existing for spark-ignition (SI) engines, ethanol
is considered worldwide as an important renewable fuel when mixed with pure gasoline
because of its good physicochemical properties [16-19]. Besides, in the last years, ethanol
has attained growing attention as an alternative fuel for petrol cars owing not only to reduce
toxic air pollutants in metropolitan areas, but also to decreased production prices [20].
Ethanol is typically utilized in spark-ignition engines by blending it with pure gasoline in
specific percentages and then injecting it within the inlet manifold by direct injection.

Presently, EU legislation states that, as an automotive fuel, 10 vol% is the highest
concentration of ethanol in ethanol/gasoline mixtures (E10), which can be really commer-
cialized [21]. In fact, at this low percentage of ethanol in ethanol/gasoline mixtures, the
engine design should not require substantial modification to perform well, while SI engines
operating on 15 and 20 vol% of ethanol in ethanol/gasoline blends could lead to failure,
reducing engine durability. In effect, the presence of ethanol fuel affects corrosion and wear
mechanisms that involve poor sealing and high leakage, leading to loss of compression
and cylinder misfires. In addition, since ethanol is basically corrosive, it may degrade
the plastic, rubber and metal parts of the fuel system [22-24]. The use of ethanol fuel
blends also affects tribological difficulties as the ethanol becomes contaminated with the
lubricating oil, contributing to engine failure [25,26]. For all these reasons, at an ethanol
fraction higher than 10 vol%, conventional SI engines necessitate broad modifications [27].
Really, 85 vol% ethanol in gasoline (E85), which is sold in Brazil, cannot be utilized on
traditional petrol cars, and can be utilized in flex fuel vehicles (FFVs) only. In fact, presently,
about 90% of new petrol cars sold in Brazil are FFVs [28-31].

However, many advantages are related to ethanol use in spark-ignition engines as
compared to gasoline. First, the research octane number of ethanol fuel is higher than
that of gasoline; as a result, to get more power from the engine, and ethanol/gasoline
mixtures can tolerate higher pressures before detonating. The utilization of ethanol can
also improve the thermal efficiency of spark-ignition engines because it depends on the
compression ratio and, at the same time, ethanol accepts the utilization of high compression
ratios without knocking [5]. Besides, in comparison with net gasoline, the higher oxygen
fraction of ethanol entails a more complete combustion process. In fact, the use of ethanol
in gasoline/ethanol-blended fuels deliver more oxygen than gasoline; thus, in these lean
conditions, higher combustion efficiency can ensue [27,32,33].

Another benefit is the decrease of the GHG emissions when ethanol fuel is used in
gasoline/ethanol mixtures. In effect, the lower carbon fraction of ethanol in comparison
with net gasoline and the sort of renewable sources used during ethanol production process
involve, as a net result, lower CO, exhaust emissions [34,35]. On the other hand, the main
disadvantage of using ethanol as an alternative fuel in SI engines is related to the lower
Reid vapor pressure of ethanol than that of gasoline, which makes a cold-start very tricky.

Previously, several researchers have worked with ethanol/gasoline mixtures as fuel
substitutes for new generation spark-ignition engines [36—41]. Really, gasoline/ethanol-
blended fuels should decrease exhaust emissions in SI engines compared to pure gasoline,
but in scientific literature there are some incongruities in the explanations of CO and HC
exhaust emissions, which make basic knowledge inadequate. Actually, there are several
studies on exhaust emissions and engine performance of SI engines when ethanol/gasoline
blends are used as a gasoline substitute; however, to the best of the authors” knowledge,
there is only a restricted amount of research that focus on the effect of the compression
ratio, the cold-transient phase and engine load on CO and HC engine out emissions. In fact,
most of these experimental studies have focused on the engine out emissions of warmed SI
engines when fueled with ethanol/gasoline-blended fuel, but without offering detailed
investigation on the CO and HC emissions in real working conditions. Really, during the
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cold-start phase, SI engines need fuel-rich injections to prevail over the scarce mixing of
the inlet charge. Besides, the efficiency of advanced catalysts adopted on last generation
SI engines can be reduced due to both low temperatures and rich values of the air/fuel
mixture that, therefore, produce a huge quantity of HC and CO engine out emissions
during the cold phase.

Thus, since there is a gap of research results regarding the effect of cold-start phase,
engine load and compression ratio on HC and CO emissions in spark-ignition engines
fueled with gasoline/ethanol-blended fuels, this review article was planned to remedy
this lack of knowledge. Besides, HC and CO emissions from SI engines fueled with
gasoline/ethanol blends can become a potential barrier to market expansion of ethanol
that has enormously increased in the last decade.

For all these reasons, an updated research on the issue of CO and HC exhaust emis-
sions related to use of ethanol/gasoline blends in spark-ignition engines is necessary. In our
recent studies based on experimental tests [5,27,32], CO and HC engine out emissions of a
new generation four-stroke SI engine were measured in cold and hot operating conditions
for several ethanol/gasoline blends. Starting from such results, the aim of this new investi-
gation is to offer a complete literature review on the present state of ethanol combustion in
last generation spark-ignition engines under real working conditions to clarify the possible
change in CO and HC emissions. In the first section of this paper, a comparison between
physicochemical properties of gasoline and ethanol is examined to forecast the potential
effects on engine out emissions. In the second section, this article focuses on the effects of
ethanol/gasoline blends on CO and HC formation; thus, numerous studies related to both
combustion characteristics and exhaust emissions in spark-ignition engines fueled with
ethanol/gasoline fuels are examined. Most of these experimental investigations conclude
that the addition of ethanol with gasoline fuel blends can decrease the HC and CO exhaust
emissions of new generation SI engines. The results obtained in this research can also help
to guide the current research of emissions reduction systems related to use of ethanol in
gasoline engines.

2. Physicochemical Properties of Gasoline and Ethanol: A Comparison

Ethanol is a flammable, volatile, transparent and colorless oxygenated liquid hydrocar-
bon. Moreover, it is also mixable in non-polar solvents and is characterized by a pungent
odor [42—-46]. Though, synthetic ethanol and bio-based ethanol (namely bioethanol) are
essentially the same substance because they have the same molecular formula that is
Cp,H5OH [47-51].

The characteristics of ethanol and gasoline/ethanol blends as fuels for last generation
SI engines depend on numerous physicochemical properties such as heating value, density,
oxygen content, stoichiometric air/fuel ratio, latent heat of vaporization and research
octane number [52-55]. Besides, it is clear that engine performance and exhaust emissions
of new SI engines strictly depend on these properties. Key chemical properties of gasoline
and ethanol are assessed and exhibited in Table 1; thus, by comparing some of these
characteristics, observations and differences between the two fuels can be itemized, as
shown below.

Density. Usually, the density of a fuel influences fuel atomization efficiency and
combustion characteristics. In fact, higher density can involve greater fuel flow resistance,
which affects higher viscosity, resulting in a reduced fuel injection. Since the density of
pure ethanol (equal to 795 kg/m?) is higher than that of pure gasoline (equal to 755 kg/m?),
the volumetric fuel economy is enhanced because the volumetric fuel pump injects less
mass of ethanol/gasoline-blended fuel than net gasoline [7,20].
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Table 1. Physicochemical characteristics of gasoline and ethanol [27,38,47,56-71].

Property Gasoline Ethanol
Chemical formula ~CgHis6 C,H50H
C-fraction [mass %] 87.4 52.2
O-fraction [mass %] 0 34.7
H-fraction [mass %] 12.6 13.0
Lower heating value [M]/kg] 44.0 27.0
Molar mass [kg/kmol] 100 = 105 46.07
Kinematic viscosity [mm?2/s] 0.5 1.3
Reid vapor pressure (RVP) [kPa] 53 + 60 17
Specific gravity at 20 °C 0.7392 0.7894
Research octan number (RON) [-] 91 =+ 100 110
Density at 15 °C [kg/m?®] 750 + 765 785 + 810
Stoichiometric air/fuel ratio [-] 14.2 +15.0 9.0
Latent heat vaporization [k] /kg] 380 =+ 400 910
Water solubility [%] 0 100
Auto ignition temperature [°C] 257 425

Lower Heating Value. The energy content of ethanol (27,000 k] /kg) is nearly 65% of
gasoline energy content (44,000 kJ /kg). Therefore, ethanol fuel should involve higher fuel
consumption in comparison with pure gasoline. Such a difference in the lower heating
value between the two fuels similarly causes an increase in the fuel consumption of
the gasoline/ethanol mixtures with the increase of the ethanol content in the mixtures.
However, such consideration does not entail a substantial engine power reduction with
a growing percentage of ethanol in the blended fuels. In effect, the heating value of the
stoichiometric air/fuel mixtures (that is the ratio between the lower heating value and
stoichiometric air/fuel ratio) can be calculated by using the data of Table 1; it is about
3 M]/kg both for air/gasoline and air/ethanol mixtures. Besides this factor remains
constant even considering several ethanol/gasoline-blended fuels. Really, since this value
represents the energy content introduced in the engine with the unity mass of stoichiometric
air/fuel mixture, the stoichiometric air/ethanol mixture holds the same amount of energy
of the stoichiometric air/gasoline mixture [20,49].

Latent Heat of vaporization. The heat of vaporization of ethanol (around 910 kJ /kg)
is higher than that of gasoline (around 390 kJ /kg). Consequently, since ethanol fuel needs
more heat to vaporize in comparison with gasoline, the temperature of the intake manifold
is reduced when ethanol is used as an alternative fuel in SI engines, thus improving the
volumetric efficiency of the engine. However, higher heat of vaporization also results
in lower burning velocity and combustion temperature, which can involve higher HC
and CO engine out emissions. Moreover, high heat of vaporization of ethanol can also
involve problems during the cold-transient phase chiefly during cold weather conditions
owing to the severe cooling effect of the air/fuel blends under extremely low ambient
temperature [47,72,73]. This item is better explained in the next sections of the paper.

Oxygen content. As shown in Table 1, ethanol has about 34.7% oxygen, which in-
volves higher combustion efficiency. Really, because of the greater quantity of oxygen in
ethanol/gasoline blends, a more complete and regular combustion process and higher com-
bustion temperatures can be attained in comparison with the use of gasoline. Under such
fuel-lean conditions, the CO and HC engine out emissions can also be decreased (leaning
effect) and this reduction is connected to the rise in oxygen content in the ethanol/gasoline
mixtures [20,27,74].

Reid vapor pressure. The Reid vapor pressure of ethanol is extremely low compared
to that of net gasoline, as shown in Table 1 (17 kPa and around 55 kPa, respectively). There-
fore, during the cold-start transient of the engine, higher HC and CO cold emissive levels
can occur owing to the very low volatility of ethanol. However, the Reid vapor pressure of
ethanol/gasoline-blended fuels does not depend linearly on the ethanol fractions in the
blends. As a benefit, lower vapor pressure of ethanol compared to gasoline can decrease
the evaporative emissions [75,76].
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Research Octane Number. As explained in Table 1, the research octane number of
ethanol (about 110) is higher than that of gasoline (about 95). For this reason, to get more
power from the engine, gasoline/ethanol blends, in comparison with pure gasoline, can
withstand higher compression ratios before detonating. Furthermore, since the thermal
efficiency depends on the volumetric compression ratio and gasoline/ethanol mixtures can
tolerate the use of high compression ratios without knocking, the use of ethanol can also
boost the thermal efficiency of spark-ignition engines [20,77].

Stoichiometric air/fuel ratio. On analyzing the stoichiometric air/fuel equivalence
ratios exposed in Table 1, combustion of ethanol obviously needs a lower amount of air
in comparison with pure gasoline (about 1.7 times less). In addition, the air flow rate
entering the cylinder remains constant for fixed engine speed and throttle valve opening.
Consequently, to keep constant the air/fuel equivalence ratio, the ECU electronic control
unit (ECU) must increase the consumption of the gasoline/ethanol-blended fuels [27,28].

Viscosity. On comparing the data shown in Table 1, it is clear that the viscosity of
ethanol is higher than that of gasoline. In this regard, it is well known that viscosity of a
fuel can normally affect spray characteristics, combustion quality and fuel drop size. In
detail, since high viscous fuel forms larger droplets during injection, combustion quality in
SI engines is damaged with the use of ethanol as alternative fuel, involving higher HC and
CO exhaust emissions [7,78].

3. Effect of Gasoline/Ethanol Blends on HC and CO Exhaust Emissions

The combustion temperature, combustion duration and oxygen content are the main
parameters affecting the HC and CO emissions in spark-ignition engines. The experimental
investigations analyzed in this paper tested ethanol/gasoline mixtures from SI engines
with different ethanol percentage in the blended fuels, from 3 vol% ethanol to as high
as 100 vol% (that is pure ethanol). In the previous section, a comparison between fuel
properties related to combustion of gasoline and ethanol has been shown. Clearly, the
difference in physicochemical properties between ethanol and gasoline also affects the
properties of different ethanol/gasoline mixtures, as already explained in detail in Table 1.
From this table it can be detected that, with the growth in fraction of ethanol in the
ethanol/gasoline fuels, the octane number, density and latent heat of vaporization increase
while, at the same time, the heating value of the blends decreases. All the experimental
studies selected for the purpose of the present paper are analyzed in detail to identify the
effect of variations in physicochemical properties of ethanol/gasoline mixtures (resulting
from variation in ethanol content) on the amount of CO and HC emissions produced inside
the cylinder of SI engines.

The hydrocarbon emissions from the SI engines with about 200 organic compounds
come from unburned mixtures of the fuel molecules owing to irregular mixing and in-
complete combustion process. Exhaust emissions of this air pollutant are produced at the
surface of the spray by the over-leaned fuel and at the nozzle sac through fuel effusing [47].
Generally, unburned HC composition in SI engines comprises aromatics, olefins and paraf-
fins. Four basic mechanisms of HC formation in spark-ignition engines can be itemized
as follows.

Cyclic misfires and incomplete combustion of air/gasoline mixture.
The unburned mixture of air/gasoline confined in the ring crevices causes rise in
hydrocarbon formation.

e The flame-quenching layer that propagates at cold wall surfaces of the combus-
tion chamber.

e  The absorption process of unburned fuel by deposits in the combustion chamber and
lubricating cylinder oil films [47].

Several experimental investigations have been performed by researchers to examine
the impact of additional ethanol in gasoline fuel blends on HC emission; as described
in this research, HC exhaust emissions decreased by adding ethanol in ethanol/gasoline
blends compared to pure gasoline.
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Hsieh et al. [79] examined the characteristics of gasoline/ethanol blends with different
ethanol percentage (from 0% v/v to 30% v/v) on a multi-point injection SI engine equipped
with air/fuel ratio closed-loop control. In these tests, the air/fuel ratios moved from rich
toward stoichiometric ratios (leaning effect) as the ethanol fraction increased, resulting in a
more complete combustion process and increased in-cylinder temperatures, which led to a
decrease in HC exhaust emission.

In the experimental study performed by Singh et al. [80], by using gasoline blended
with 10% v/v ethanol as test fuel, a decrease in HC emission was revealed as compared
to gasoline due to high oxygen content of alcohol and the resulting leaning effect. The
decrease in HC emission was also attributed to faster flame speed caused by the combustion
of ethanol/gasoline blend as compared to gasoline; under such operating condition, the
resulting quick and complete combustion process involves an increase in the cylinder
temperature, which reduces HC formation. A similar experimental study was conducted
by Yiicesu et al. [81] by using gasoline blended with 60% v/v ethanol as test fuel; at
5000 rpm and 31.45% at 2000 rpm, a decrease in HC exhaust emission was measured up
to 16.45% as compared to gasoline. Such reduction was due to the faster flame speed of
ethanol compared to pure gasoline, which enhances the combustion process of alcohol fuel
blends, thus affecting lower HC emissions.

Besides, by adding ethanol in ethanol/gasoline blends, HC emission levels can de-
crease especially under higher engine speeds in comparison with slower ones. Really,
additional experiments [82] disclosed that the addition of ethanol can decrease HC exhaust
emissions particularly under high engine speed (about 6000 rpm). Such a decrease in HC
emission was due to a better homogenization of the air-fuel mixture at high engine speed,
which tends to enhance combustion efficiency and increase the in-cylinder temperature.

Chen et al. [83] studied the effect of using ethanol/gasoline blends on CO and HC
emissions as compared to pure gasoline in a multi-port fuel injection engine at a compres-
sion ratio fixed to 9.1. In accordance with the results obtained in this research, ethanol
content in the blend higher than 20% decreased CO and HC emissions substantially as
compared to pure gasoline.

CO exhaust emissions from SI engines, which are colorless, odorless and toxic air
pollutants, result from incomplete combustion of hydrocarbon fuels above all in absence of
air/fuel management system. Generally, in SI engines combustion becomes incomplete
when there is time delay of the combustion cycle and insufficient quantity of air in the
air/fuel mixture. For this reason, CO emissions in SI engines depend strictly on the oxygen
fraction; the high content of oxygen in the ethanol/gasoline blends can effectively improve
the combustion efficiency and involve the leaning effect in the fuel-rich zones of the engine,
thus reducing CO exhaust emissions [84]. Decreases in CO exhaust emissions were found
in experimental studies performed by Rice et al. [85] on SI engines by adding ethanol in
gasoline; such decreases in CO emissions were caused by the faster flame speed of alcohols
that enhances combustion process in SI engines. These reductions in CO emissions were
also attributed to the lower stoichiometric value of ethanol compared to that of gasoline.
Similar outcomes were found by He et al. [86]; by using gasoline blended with 10% and 30%
v/v ethanol as test fuels, CO exhaust emissions decreased at idle speed compared to pure
gasoline due to the high amount of oxygen, which efficiently improves the combustion in
SI engines. In the study performed by Masum et al. [87], by adding ethanol in gasoline,
a decrease in CO exhaust emission reached up to 12.4 % as compared to the use of pure
gasoline due to the higher laten heat of vaporization of the alcohol/gasoline blends, which
accelerates the combustion process.

Some experimental tests analyzed the effect of ethanol/gasoline blends on emissive
behavior of two-wheelers. For example, Jia et al. [88] studied the influence of using E10
test fuel (10% ethanol v/v in gasoline) on engine out emissions of a four-stroke motorcycle
(with engine displacement of 125 cm® and without catalyst). In this study, significant
decreases in CO and HC emissions were found as compared to the use of commercial
gasoline; these results were due to the oxygenated properties of ethanol in the blends,
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which are more effective in enhancing the combustion process and enhancing oxidation of
hydrocarbons [5,17].

Yao investigated the impact of ethanol/gasoline-blended fuels on exhaust emissions
of a four-stroke motorcycle equipped with carburetor system and engine displacement
of 125 cm3 [89]. The test fuels were prepared by blending ethanol with pure gasoline in
different fractions (3, 10, 15, and 20% v/v) without changing the research octane number
(RON was fixed to 95). Since the test engine was not equipped with a computerized fuel
injection system, the content of fuel supply was not corrected instantly according to the
combustion conditions. Under such operating conditions, the subsequent higher air/fuel
ratios of ethanol/gasoline blends resulted in fuel-lean conditions (high amount of oxygen
in the air/fuel mixture) that decreased CO emissions. However, with adding ethanol in
the fuel blends, HC emissions did not decrease in the same way. In effect, with rising
oxygen quantity in ethanol/gasoline blends over a specific lean limit (ethanol fraction >20%
v/v) and for a constant RON gasoline, misfires and changes in the combustion conditions
became more frequent, thus resulting in less emission decreases in HC emission than those
of low ethanol fractions (<20% v/v).

Additionally, Yang et al. [90] examined the emissive behavior of regulated exhaust
emissions of nine motorcycles equipped with four-stroke engine, carburetor system and
two-way catalytic converter as an after-treatment system. In this experimental activity,
the motorcycles were fueled with 3% ethanol v/v in gasoline/ethanol blends; CO and HC
exhaust emissions reduced by about 20.0% and 5.3%, respectively, owing to improvement in
the combustion process as result of the higher oxygen amount in ethanol/gasoline-blended
fuels as compared to pure gasoline.

To evaluate the influence of turbocharger on engine emissions of last generation SI en-
gines, in a recent publication [91], the exhaust emissions were measured in a turbocharged
direct injection engine fueled with ethanol/gasoline blend (E10). This engine was operated
under both cold-start and steady-state working conditions. As major results, several sharp
increase and decrease in HC formation were detected under deceleration working condi-
tions. In addition, enhancing the coolant water temperature in the jacket of the engine can
benefit to decrease flame-quenching distance near the combustion chamber, thus reducing
the HC exhaust emissions. CO exhaust emissions, during the cold-start transient phase,
regularly reached peak levels under deceleration working conditions, whereas, under a
steady-state working condition, CO emissions were very high under high engine load and
high engine speed.

3.1. Effect of Cold-Start

In recent publications based on experimental results, several ethanol/gasoline test
fuels were used to evaluate energy consumption and engine out emissions of a large-size
motorcycle equipped with a last generation four-stroke spark-ignition engine (engine
displacement of 1000 cm3) and a three-way catalyst [5,27,32]. In one of these research
studies [27], HC and CO exhaust emissions were measured in cold and hot working
conditions over the execution of chassis-dynamometer tests.

In such experimental activity, as shown in Figures 1 and 2, CO and HC cold emissions
were always higher than the emission levels measured within the hot operating conditions
due to catalyst inefficiency, mixture enrichment and partial combustion, which characterize
the cold-start transient for all test fuels. Throughout the cold-transient phase, the decrease
in the CO emissions was significant for E20 test fuel (20% ethanol v/v) compared to both
commercial gasoline CEO and oxygen-free gasoline EQ. Such a decrease was due to the rise
in oxygen fraction in the gasoline/ethanol mixtures that enhances the oxidation of CO in
the fuel-rich zones of the engine, thereby involving a more efficient combustion process
under cold operating conditions. In contrast, in Figure 1 it is also obvious that CO emission
factor of E30-blended fuel measured within the cold phase is higher than that of E20 fuel;
in effect, with a growing ethanol fraction in the test fuels, the heating value reduces and
concurrently the latent heat of vaporization rises. Under these operating conditions, the



Energies 2021, 14, 4034

8 of 18

burning velocity and flame temperature of E30 fuel become lower than that of E20 fuel,
leading to a less efficient and complete combustion and, therefore, to higher HC and CO
cold emissive levels [27].
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Figure 1. CO emission factors measured on the hot and cold phases of the ECE driving cycle:
comparison between commercial gasoline (CE0), oxygen-free gasoline (E0), 10% ethanol v/v (E10),
20% ethanol v/v (E20) and 30% ethanol v/v (E30) [27]. Reproduced with permission from Applied
Thermal Engineering; published by Elsevier, 2018. License Number: 5094070055330.
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Figure 2. HC emission factors measured on the hot and cold phases of the ECE driving cycle:
comparison between commercial gasoline (CEO), oxygen-free gasoline (E0), 10% ethanol v/v (E10),
20% ethanol v/v (E20) and 30% ethanol v/v (E30) [27]. Reproduced with permission from Applied
Thermal Engineering; published by Elsevier, 2018. License Number: 5094070055330.

In general, during the cold-start transient phase, the higher oxygen fraction in the
blended fuel is more efficient at enhancing oxidation of HC emissions compared to oxygen-
free gasoline (E0), as exposed in Figure 2 for E10 and E20 test fuel. However, with a rising
ethanol content in the blends, initially, the Reid vapor pressure rises (hence helping the
fuel vaporization within the cold-transient phase), but at percentages of ethanol in the
blend higher than 15% v/v, the volatility of gasoline/ethanol fuels declines. In effect, as
already described in Table 1, the Reid vapor pressure of ethanol (around 17 kPa) is very
low compared to that of pure gasoline (around 55 kPa). Hence, the level of HC emissions
of E30-blended fuel measured during the cold-start transient phase is higher than that of
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E20 test fuel due to the reduced volatility of the blends at ethanol concentrations higher
than 20% v /v [27].

3.2. Effect of Engine Speed

Dogan et al. [92] examined CO and HC exhaust emissions in a four-stroke four-cylinder
SI engine fueled with gasoline/ethanol blends in various ethanol concentrations, under
different engine speed and at fixed compression ratio (CR = 8.8:1). In these experiments,
as shown in Figure 3, the highest CO emissions were found with the EQ test fuel for each
engine speed. Owing to both higher oxygen content in chemical structure and better
volatility of ethanol compared to pure gasoline, a cleaner combustion can be ensured by
using ethanol/gasoline blends. The lowest CO emissions were measured with the E10 test
fuel for each engine speed due to increased volatility of the blends at ethanol fractions lower
than 20% v/v. As explained in Figure 4, the same experiments disclosed that HC emissions
decreased with increasing engine speed for all test fuels due to a better homogenization of
the air-fuel mixture inside the cylinder at high engine speed, which enhances combustion
efficiency and increases the in-cylinder temperature. However, in Figure 4 it is clear that
the addition of ethanol in the blends increased HC exhaust emissions at each engine speed
owing to the decreased temperature inside the cylinder when ethanol is added.

0.85
0.80
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0.70
0.65

CO (%)

0.60
0.55

0.50
0.45

0.40
2000 2500 3000 3500 4000 4500

Engine Speed (rpm)

Figure 3. Variation in CO emissions with different engine speed and ethanol content in the blends:
comparison between gasoline (E0), 10% ethanol v/v (E10), 20% ethanol v/v (E20) and 30% ethanol v/v
(E30) [92]. Reproduced with permission from Applied Thermal Engineering; published by Elsevier,
2017. License Number: 5094070701800.

3.3. Effect of Compression Ratio

In the experimental tests performed by Celik [93] on a single-cylinder four-stroke
engine, various ethanol ratios with gasoline (E25, E50, E75 and E100) were analyzed as
test fuels at constant speed and load, while the compression ratio varied from 6:1 to 10:1.
By using gasoline blended with 50% v/v ethanol, CO exhaust emissions were lower by
54% than those of gasoline at the same compression ratios owing to the increased oxygen
concentration in the ethanol/gasoline blends, which improves the combustion process.
Moreover, when using E50 as test fuel, CO emissions decreased at high compression ratios
(10:1 and 13:1) up to around 50% as compared to low compression ratio (6:1) [3].
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Figure 4. Variation in HC emissions with different engine speed and ethanol content in the blends:
comparison between gasoline (E0), 10% ethanol v/v (E10), 20% ethanol v/v (E20) and 30% ethanol
v/v (E30) [92]. Reproduced with permission from Applied Thermal Engineering; published by
Elsevier, 2017. License Number: 5094070701800.

Koc et al. [94] examined the effect of various gasoline/ethanol blends (0%, 50% and
85% ethanol v/v) on HC and CO exhaust emissions of a four-cylinder SI engine within a
wide range of engine speeds and compression ratios (from 5:1 to 13:1). Figure 5 shows the
effect of ethanol addition on CO emissions; the CO concentration increased with increasing
engine speed for all test fuels due to both resultant increased combustion temperature
and insufficient time in the cycle for completion of combustion. The lowest CO emissions
were found with the E85 test fuel for each level of engine speed and compression ratio
due to oxygen enrichment in the gasoline/ethanol fuel, which enhances the oxidation
of CO; really, CO formation is considerably affected even by negligible variations in the
air/fuel ratio.
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Figure 5. Variation in CO emissions with engine speed and ethanol content in the blends at different
compression ratios (CR=10:1 on the left and CR=11:1 on the right): comparison between gasoline (E0),
50% ethanol v/v (E50) and 85% ethanol v/v (E85) [94]. Reproduced with permission from Renewable
Energy; published by Elsevier, 2009. License Number: 5094080704915.

In Figure 6a, a decrease in HC formation was observed with increasing engine speed at
both compression ratios because the resultant increased turbulence intensity enhances both
the air/fuel mixing process and the combustion process. Besides, HC emissions resulted
higher for higher compression ratio due to the lower cylinder temperature at the end of
the expansion stroke, which results in an incomplete combustion process. However, HC
emission decreased with the increase of ethanol in the blends; the minimum HC emissions
were detected when using E85 test fuel, whereas the highest HC emissions were measured
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when using pure gasoline (EO). In effect, by increasing ethanol concentration in the blended
fuels, higher oxygen fraction improves the combustion efficiency in the fuel-rich zones of
the engine as result of the leaning effect, reducing HC formation.

180 180
CR=10:1 N CR=1111
160 ™ 160
\\
~ 140 140 N \\\
£ 120 AN £ 120 AN
3 NS
f 100 \\:\\ 3 100 \\ﬁik\\\
I 80 = S — T 80 o \\é
I I N N * ESO0
60 60 + E8S
4OQQIQIQQQQQQQ 409066@90@90
RO (LQQ qf)g %QQ %99 @Q xx‘“Q @Q 6,9 R @QQ {f?g @Q %99 @Q xx‘“Q @Q 6’9
Engine speed (rpm) Engine speed (rpm)

Figure 6. Variation in HC emissions with engine speed and ethanol content in the blends at different
compression ratios (CR=10:1 on the left and CR=11:1 on the right): comparison between gasoline (E0),
50% ethanol v/v (E50) and 85% ethanol v/v (E85) [94]. Reproduced with permission from Renewable
Energy; published by Elsevier, 2009. License Number: 5094080704915.

3.4. Effect of Engine Load and Equivalence Ratio

A comparative investigation on emissive characteristics and combustion of a multi-
port fuel-injection SI engine was executed by Li et al. [95], by using different fractions of
butanol, methanol and ethanol in gasoline-blended fuels. At an equivalence ratio fixed to
1 and 3 bar brake mean effective pressure (BMEP), as shown in Figure 7, with the rise of
alcohol in the blends, the CO engine out emissions increased compared with pure gasoline.
Normally, conditions of low combustion temperature, insufficient oxidizers and locally rich
zones result in higher CO emissions; however, in this case, the shorter combustion duration
of alcohols is the predominant mechanism for CO formation, leading to the insufficient
oxygenation in the fuel-rich zones of the combustion chamber with the consequent rise in
CO emission. Under the same operating conditions, as presented in Figure 8, HC emissions
decreased with the rise of ethanol in the blends because the oxygen content in alcohols is
helpful to improve combustion quality; the minimum HC emissions were detected when
using E60 test fuel.
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Figure 7. Variation in CO emissions with alcohol content in the blends at 3 bar BMEP and equivalence
ratio ¢ = 1: comparison between methanol, ethanol and butanol [95]. Reproduced with permission
from Applied Thermal Engineering; published by Elsevier, 2017. License Number: 5094081168292.
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Figure 8. Variation in HC emissions with alcohol content in the blends at 3 bar BMEP and equivalence
ratio ¢ = 1: comparison between methanol, ethanol and butanol [95]. Reproduced with permission
from Applied Thermal Engineering; published by Elsevier, 2017. License Number: 5094081168292.

For the same multi-port fuel injection engine, the effect of gasoline blended with
30% v/v ethanol on the CO and HC emissions was also analyzed under different engine
loads and equivalence ratios fluctuating from 0.83 to 1.25. It was found that, for each test
fuel, the equivalence ratio controls CO emission only under reach conditions (Figure 9);
on the other hand, under lean conditions, CO emissions do not vary significantly and
are much lower compared to rich conditions due to the resultant high oxygen content,
which improves the oxidation process. In Figure 9, it is also evident that, with adding
ethanol in the fuel blends at 3 bar BMEP, CO emissions decrease at rich conditions while
they increase at stoichiometric conditions. In Figure 10, HC exhaust emissions increase
under rich conditions for each test fuel and for both engine loads due to the incomplete
combustion process as the combustion quality worsens. E30 test fuel (30% ethanol v/v)
revealed the 12.1-25.2% lower HC emissions owing to the enhanced combustion quality
because of fuel-borne oxygen [95].

1.25 0.83
Equivalence Ratio

0.91

= 30 3bar BMEP Sbar BMEP
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o 3t i
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Figure 9. Variation in CO emissions with equivalence ratio, engine load and test fuel: comparison
between gasoline (G100), 30% methanol v/v (M30), 30% ethanol v/v (E30) and 30% butanol v/v
(B30) [95]. Reproduced with permission from Applied Thermal Engineering; published by Elsevier,
2017. License Number: 5094081168292.
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Figure 10. Variation in HC emissions with equivalence ratio, engine load and test fuel: comparison
between gasoline (G100), 30% methanol v/v (M30), 30% ethanol v/v (E30) and 30% butanol v/v
(B30) [95]. Reproduced with permission from Applied Thermal Engineering; published by Elsevier,
2017. License Number: 5094081168292.

To conclude, Table 2 summarizes the main experimental tests concerning the effect of
ethanol addition into gasoline blends on CO and HC engine out emissions under different
operating conditions.

Table 2. Main experimental tests concerning the effect of ethanol concentration and operating conditions on HC and CO

emissions using gasoline/ethanol blends in SI engines.

Engine Ethanol Concentration into Gasoline Blends Operating Conditions Ref.
1C, 4S, MFIE o o o o Engine speed = 1200 rpm
CR =961 0%, 10%, 30%, 60% BMEP =3 and 5 bar 1951
4C,4S,CR =8.8:1 0%, 10%, 20%, 30% Engine speed = 2000-4500 rpm [92]
4C, 4S, EIS, WC 0%, 10%, 20%, 30% Cold and hot conditions [27]
1C, 4S, EIS 0%, 25%, 50%, 75%, 100% Engine speed = 1500-4000 rpm, CR = 6:1 and 10:1 [93]
1C, 45, o, 509 /50 ; . .
CR = 5:1-13:1 0%, 50%, 85% Engine speed = 1000-5500 rpm, CR = 10:1 and 11:1 [94]
4C, 45, MIS, WC o ol 100 WP =5-20 kW
CR= 1041 0%, 5%, 10% Speed = 80-100 km/h [84]
MFIE, CR =9.8:1 0%, 10%, 20%, 30%, 40% Cold-start condition [83]
DI, CR=12:1 0%, 25%, 50%, 85% Steady-state conditions [82]
4C,CR =9.8:1 0%, 5%, 10%, 15%, 20% Engine speed = 1000-5000 rpm [88]
1C, 4S, AC, o 1Mo . _
CR =511 0%, 10% Engine speed = 3000 rpm [80]
C41§ ’:Nl%si 0%, 15% Engine speed = 1000-6000 rpm [87]
o o o Engine speed = 1500 rpm
1C, 4S, WC 0%, 1.5%, 12% R P and 821 [28]
EIS, CR = 8.2:1 0%, 10%, 30% Close-loop control at part engine load; Open-loop [86]

control at full engine load

E% = ethanol concentration, AC = air cooled, BMEP = brake mean effective pressure, C = cylinder, CR = compression ratio, DI = direct
injection, EIS = electronic injection system, GPI = gasoline port injection, MFIE = multi-port fuel injection engine, MIS = multi-point injection
system, WC = water cooled, WP = wheel power.
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4. Conclusions

Ethanol is considered worldwide as an important renewable fuel when mixed with

pure gasoline because of its favorable properties. The purpose of this study was to offer
a complete literature review on the current state of ethanol combustion in SI engines to
explain the difference in HC and CO emissions by using gasoline/ethanol blends. Most
of experimental investigations conclude that the addition of ethanol with gasoline fuel
mixtures can effectively decrease HC and CO exhaust emissions of new generation SI
engines. In more detail, the key results obtained in this investigation can be summarized
as follows:

The high amount of oxygen in the ethanol/gasoline blends can effectively improve
the efficiency of the combustion process and involve the leaning effect in the fuel-
rich zones of engine, thus reducing CO and HC exhaust emissions. The decrease in
exhaust emissions is also produced by faster flame speed due to the combustion of
ethanol/gasoline blend as compared to gasoline; under such operating conditions,
the resulting quick and complete combustion process involves a decrease in CO and
HC formation.

Throughout the cold-transient phase, the decrease in the CO and HC emissions
compared to gasoline is significant for 20% ethanol v/v due to the rise in oxygen
percentage in the gasoline/ethanol fuels, which enhances the oxidation of CO and
HC, with a resulting more efficient combustion process in cold operating conditions.
However, with a growing ethanol fraction in the test fuels, the heating value reduces,
and simultaneously, the latent heat of vaporization rises. Under these operating
conditions, the burning velocity and flame temperature of the blends decrease, leading
to a less efficient and complete combustion process and, therefore, to higher HC and
CO cold emissive levels. Besides, with a rising ethanol content in the blends (higher
than 20% v/v), the Reid vapor pressure is reduced within the cold-transient phase,
hindering the fuel vaporization; hence, under these operating conditions, HC cold
emissions can increase due to reduced volatility of the blends.

Regarding the effect of engine speed on emissive behavior, the lowest CO emissions
can be reached at ethanol fractions lower than 20% v/v for several engine speeds;
owing to both higher oxygen content in chemical structure and better volatility of
ethanol compared to pure gasoline, a cleaner combustion can be ensured by using
ethanol/gasoline blends. Besides, HC emissive levels decrease with increasing engine
speed for different ethanol fraction in the blends due to a better homogenization
of the air-fuel mixture inside the cylinder at high engine speed, which enhances
combustion efficiency and rises the in-cylinder temperature. On the other hand, the
CO concentration rises with increasing engine speed for several ethanol contents
due to both increased combustion temperature and insufficient time in the cycle for
completion of combustion.

Regarding the effect of compression ratio on exhaust emissions, CO emissions decrease
with increasing compression ratios under each level of ethanol fraction in the blends,
whereas higher HC emissions result for higher compression ratios due to the lower
cylinder temperature at the end of the expansion stroke, which results in incomplete
combustion process.

In relation to the effect of different engine loads and equivalence ratios, CO emissions
decrease with adding ethanol in the fuel blends at rich conditions (due to the resultant
high oxygen content, which improves the oxidation process) while they increase at
stoichiometric conditions under different engine loads. By using ethanol/gasoline
blends, HC emissions decrease as compared to gasoline due to the enhanced combus-
tion quality because of fuel-borne oxygen. Besides, HC exhaust emissions increase
under rich conditions for different engine loads and ethanol fractions in the blends
due to the incomplete combustion process.
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