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Abstract: This paper reviews the serviceability of hydrous ethanol as a clean, cheap and green
renewable substitute fuel for spark ignition engines and discusses the comparative chemical and
physical properties of hydrous ethanol and gasoline fuels. The significant differences in the properties
of hydrous ethanol and gasoline fuels are sufficient to create a significant change during the
combustion phase of engine operation and consequently affect the performance of spark-ignition
(SI) engines. The stability of ethanol-gasoline-water blends is also discussed. Furthermore, the
effects of hydrous ethanol, and its blends with gasoline fuel on SI engine combustion characteristics,
cycle-to-cycle variations, engine performance parameters, and emission characteristics have been
highlighted. Higher water solubility in ethanol-gasoline blends may be obviously useful and suitable;
nevertheless, the continuous ability of water to remain soluble in the blend is significantly affected by
temperature. Nearly all published engine experimental results showed a significant improvement
in combustion characteristics and enhanced engine performance for the use of hydrous ethanol as
fuel. Moreover, carbon monoxide and oxides of nitrogen emissions were also significantly decreased.
It is also worth pointing out that unburned hydrocarbon and carbon dioxide emissions were also
reduced for the use of hydrous ethanol. However, unregulated emissions such as acetaldehyde and
formaldehyde were significantly increased.
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1. Introduction

With the development of the global economy the consumption of crude oil products is currently
increasing rapidly. The problems resulting from the prominent use of fossil fuels, such as global
warming, depletion of fossil fuel resources, and environmental deterioration have become serious
challenges threatening the continuous development and sustainable progress of human society.
Therefore, research activities have been focused on the search for alternative energy sources for
sustainable development of the global economy and society [1]. The promising substitutes for
petroleum fuels include bio-fuels, mainly, biodiesel and ethanol [2].

Ethanol is a renewable energy source and can be produced from many bio-sources such as sugar
cane, grain straw, maize and brown seaweed [3]. Ethanol, like most short-chain alcohols, is a flammable,
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volatile, and colorless liquid, having a chemical formula of C2H5OH. In general, ethanol burns cleaner
than petroleum fuel. Current challenges for the ethanol industry include ways of sustaining the boost
in production efficiency and yields, as well as the need to boost production from readily available
and low-cost biomass feedstocks. The use of ethanol as fuel has the potential of reducing greenhouse
gas emissions, as the plants used for its production absorb carbon dioxide (CO2) during the growth
process. In recent times, ethanol has been commonly used as a fuel additive or an alternative fuel in
spark ignition (SI) engines and compression-ignition (diesel) engines. The use of ethanol, particularly
in SI engines, has become attractive due to its relatively high octane number and the fact that it
burns clean [4,5]. By the start of the 21st century, large scale commercial use of ethanol as a fuel had
started. Currently, there are three ways of using ethanol fuel in SI engines: the use of pure ethanol,
ethanol-gasoline blends and the use of gasoline-ethanol dual-fuel port injection systems.

There are two types of ethanol that are used as blend stocks for gasoline fuel with every type
of ethanol being defined according to whether it is one of two types: (i) Anhydrous ethanol and
(ii) hydrous ethanol. The manufacture of anhydrous ethanol (water content less than 1%) is expensive
as a large amount of energy is needed during the distillation and dehydration process involved in the
production of the ethanol. It has been noticed that removing the last 5% of water from ethanol comes
at huge energy costs. Hence the direct use of hydrous ethanol as a fuel would significantly improve the
overall energy efficiency, making it more attractive as a fuel source [6–9]. It has been proposed that 37%
of the production costs for anhydrous ethanol are related to water distillation and dehydration [10–15].

There are numerous research works and reviews regarding ethanol production [1,2,16–25],
and its use in a gasoline engine [26,27]. A number of review articles have also presented the
effect of ethanol-gasoline blends in SI engines in terms of combustion, performance, and emission
characteristics [28–32]. However, a study of literature indicated that there was no separate review on
hydrous ethanol fuel and its use in SI engines, and which comprehensively reported hydrous ethanol
gasoline blend stability, combustion, engine performance and emission.

This review, therefore, discusses recent research on the stability of hydrous ethanol-gasoline
blends. Furthermore, the study also outlines the effects of hydrous ethanol and its blends with gasoline
fuel in spark ignition engines, with a focus on combustion characteristics, performance and emissions.

2. Properties of Hydrous Ethanol Fuel

The efficient burning of fuel in an engine mainly depends on the fuel’s physical and chemical
properties. The physical and chemical properties that influence the performance of an engine using
hydrous and anhydrous ethanol are given in Table 1.The comparative qualities of hydrous ethanol,
anhydrous ethanol and gasoline are presented as follows:

• Using hydrous ethanol with gasoline can decrease operating costs of petroleum refineries, as
these refineries could produce low-grade gasoline with a lower octane number.

• On the combustion characteristics, the flash point and auto-ignition temperature of hydrous
ethanol is higher than anhydrous ethanol and gasoline, a characteristic that makes it relatively
safer to store and transport.

• The latent heat of evaporation of hydrous ethanol is higher than anhydrous ethanol and gasoline;
this causes the temperature of the intake manifold to be reduced, as a consequence of the larger
magnitude of heat transfer from the intake manifold to the fuel during the evaporation process.
This ultimately leads to an increased volumetric efficiency.

• The heating value of hydrous ethanol is lower than anhydrous ethanol and gasoline and therefore
needs extra hydrous ethanol to produce the same level energy.

• The stoichiometric air–fuel ratio of hydrous ethanol is lower than the anhydrous ethanol
and gasoline; therefore the required amount of air for complete combustion is lower for
hydrous ethanol.

• The lower C/H atom ratio of hydrous ethanol decreases the adiabatic flame temperature.
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• Hydrous ethanol has a higher octane number than anhydrous ethanol and gasoline. The higher
the octane number, the higher the compression ratio that can be used without detonation.

• Hydrous ethanol has a higher laminar flame propagation speed than anhydrous ethanol and
gasoline, which makes the combustion process end earlier and consequently improving the engine
thermal efficiency. However, experimental results reported by Bradley et al. [33] indicate that the
flame speed for hydrous ethanol was higher than that of anhydrous ethanol for low equivalence
ratios. On the other hand, the flame speed of anhydrous ethanol remained higher for higher
equivalence ratios and certain initial fuel droplet diameters, and for all the cases considered.

Table 1. Comparison of gasoline, anhydrous ethanol and hydrous ethanol fuel properties.

Property Unit Gasoline Anhydrous Ethanol Hydrous Ethanol

Formula - C4 to C12 C2H5OH -
Water content vol/vol% 0 0 4.0–5.0

Molecular weight kg/kmol 100–105 [34] 46.07 [34] 46.07 [35]
Specific gravity - 0.69–0.79 [34] 0.79 [34] 0.81 [36]
Freezing point ◦C −40 [34] −114 [34] -
Boiling point ◦C 25–225 [34,37] 78 [34] 77–78.3 [35,38]

Vapour pressure kPa at 38 ◦C 48–103 [34] at 38 ◦C 15.9 [34] 15.4 [39]
Specific heat kJ/kg-K 2 [34] 2.4 [34] -

Viscosity, at 20 ◦C MPa·s 0.37–0.44 [34] 1.19 [34] 1.454 [38]
Flash point ◦C −43 [34] 13 [34] 17 [40]

Auto-ignition temperature ◦C 257 [34] 420 [37] 420–422 [35,36]
Latent heat of vaporization kJ/kg 380–500 [38] 900–920 [29,38] 948 [38]

Lower heating value MJ/kg 42.9–43.4 [37,38] 26.8 [37] 24.76–25.235 [38,39]
Flammability limit vol % 1.4–7.6 [34] 4.3–19.0 [34] 3.3–19.0 [35]

Stoichiometric air—fuel ratio w/w 14.7 [34] 9 [34] 8.7–8.8 [36,39]
Research octane number - 88–100 [34] 108.6 [34] 111.1 [41]

Motor octane number - 80–90 [34] 89.7 [34] 91.8–103.3 [41,42]
Carbon mass% 87.4 [29] 52.2 [43] 50.59–50.7 [36,39]

Hydrogen mass% 12.6 [29] 13 [29] 12.89–13 [36,39]
Oxygen mass% 0 [29] 34.7 [43] 36.3–36.42 [36,39]

H/C atom ratio 1.795 [29] 3 [29] 3 [39]
O/C atom ratio 0 [29] 0.5 [29] 0.53 [39]

Sulphur ppm 9 [6] 0 [29] 0 [36]
Laminar flame speed cm/s ~33 (1 atm, 325 k) [37] ~39 (1 atm, 325 k) [37] 42 [36]

Solubility in water in 20 ◦C mL/100 mL·H2O <0.1 [37] fully miscible [37] fully miscible [35]

3. Stability of Ethanol-Gasoline-Water Blends

An ethanol-gasoline blend is basically immiscible with water, although ethanol can be blended
with both water and gasoline due to its polar and non-polar groups [36]. As water dissolves in gasoline,
the highest amount of water that gasoline can efficiently absorb is reached, implying that with the
equilibrium being attained at this point, any extra water will not be dissolved. This situation leads to
the formation of two separate phases of different ethanol compositions. The solubility of water and
the possibility of phase separation in alcohol-gasoline blends would depend on the following factors:
(i) The proportions of gasoline and alcohol; (ii) The fuel temperature; (iii) The composition of gasoline;
(iv) The polarity of the alcohol and (iiv) the pressure of the fuel system [44–48].

Some studies have been conducted to investigate the stability of ethanol-gasoline-water mixtures
and the identification of suitable co-solvents. Liu et al. [49] studied the stability of E10 hydrous
ethanol-gasoline blends, via the application of a self-advanced composite emulsifier. According to the
experimental results, it was stated that the stability of hydrous ethanol-gasoline blends can be enhanced
effectively by using the emulsification approach involving the addition of intensifier and antifreeze.
The increased ethanol concentration enhanced its low temperature stability. Kyriakides et al. [50]
studied a gasoline-ethanol-water blend for stability at various temperatures (2, 10 and 18 ◦C) for three
different water qualities, two gasoline compositions and three different additive types. The results
showed the water tolerance in ethanol-gasoline blends was not affected by water quality. The study
used tert-amyl methyl ether (TAME) or methyl-tert-butyl ether (MTBE) as additives. The use of
additives indicated that it enhanced water tolerance in gasoline-ethanol blends. An amount of
2 vol/vol% of palmitic acid was sufficient to increase the water tolerance by up to 1% at a temperature
of 16 ◦C.
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Karaosmanoglu et al. [51] also studied the stability of gasoline-ethanol-water mixtures prepared
by blending unleaded gasoline with 5%, 10%, 15%, and 20% (v/v) hydrous ethanol, respectively,
and examined the link between the phase separation temperatures and the chemical compositions
of gasoline. Four types of gasoline with 27.20%, 39.02%, 48.80%, and 59.94% (wt/wt) aromatic
hydrocarbons, respectively, were used. The fuel blends obtained using these gasoline samples were
referred to as B1, B2, B3, and B4 (see Table 2). Molasses fusel oil fraction (FOF) was used as additive
by percentages in the order of 0%, 1%, and 3%. The results showed that increasing the amount of the
fusel oil fraction in the hydrous ethanol-gasoline blend decreased the phase separation temperature
of the blends. Furthermore, the chemical composition of the gasoline used is a significant factor for
the stability of ethanol-gasoline blends. Higher aromatic content of gasoline leads to lower phase
separation temperatures. It is worth pointing out that increasing the aromatic content in gasoline may
increase the total emissions of HC, NOX and benzene [52,53].

Rajan and Saniee [54] studied the miscibility characteristics of hydrous ethanol blended with
gasoline as a way of reducing the cost of ethanol-gasoline blends for use as fuel for an SI engine by using
a fixed percentage of water in ethanol. The empirical data showed that for a stable mixture, a reasonably
small amount of gasoline, by volume, could be added. Muzikova et al. [55] also investigated the phase
stability of gasoline blends with ethanol. The results showed that the ETBE can affect the blending
ethanol with gasoline. ETBE reduced the phase separation temperature of the ethanol-gasoline blends.
Fuel additives like methanol and n-butanol can help make the blends stable [56,57]. Ye et al. [58]
studied the stability of an E10 hydrous ethanol-gasoline blend (5% water content in ethanol) by using
emulsification technology. The results showed that with the addition of 2%–2.5% SPY emulsifier
(self-advanced composite emulsifier), the blend remained stable for more than 30 days at a temperature
ranging between −10 and 40 ◦C. About 12% water, by volume, can be added to E85 before phase
separation occurs. In summary, higher water solubility in ethanol-gasoline blends may be useful and
suitable. However, the ability to keep water in soluble in the blend is affected by temperature by a
large extent. It is also worth pointing out that the solubility of water in the blend could be improved
by using additives.

Table 2. Phase separation temperatures for ethanol-water-gasoline blends having different gasoline
compositions. Reprinted and adapted with permission from Reference [51]. Copyright (1996) American
Chemical Society.

FOF (% v/v) HE (% v/v) H2O (% v/v)
Phase Seperation Temperature (◦C)

B1 B2 B3 B4

0

5 0.3 >39.0 >39.0 >39.0 >39.0
10 0.5 19.0 17.5 16.5 15.0
15 0.7 11.5 6.5 1.5 −1.2
20 0.9 9.0 2.5 −8.0 −12.5

1

5 0.3 16.5 12.5 10.5 8.5
10 0.5 5.5 4.5 3.0 2.5
15 0.7 −1.0 −3.0 −5.5 −12.5
20 0.9 −3.0 −8.0 −13.5 −18.2

3

5 0.3 −12.5 −16.0 −19.5 −22.0
10 0.5 −17.5 −23.5 −27.0 −35.7
15 0.7 −22.0 −28.5 −33.5 −37.5
20 0.8 −26.5 −34.5 −37.5 −40.5

The use of ethanol-gasoline-water blended fuels as an alternative fuel has some limitations.
The volatility problem can also be closely attributed to the high latent heat of vaporization of ethanol,
which is a problem in cold weather conditions and will lead to difficulties in starting the engine from
cold [59]. Additionally, for a two stroke engine, it has been demonstrated by Korotney [60] that if there
is phase separation, the ethanol and water phases will compete for running through the engine with
the other gasoline phase, and this will result in reduced lubrication and could have a damaging effect
on the engine. Water has an undesirable effect on the engine. However, small amounts of water in
solution with gasoline cannot cause any serious damage [61].
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4. Combustion Characteristics and Performance of Hydrous Ethanol Fuel in
Spark-Ignition Engines

4.1. Combustion Characteristics and Performance of Hydrous Ethanol Fuel Compared to Gasoline

The effects of hydrous ethanol and its blends with gasoline fuel on the combustion characteristics
and performance of SI engines compared with gasoline fuel are discussed in this section, the summary
of which is presented in Table 3 for different engine types, test conditions, and fuel blends.

Experimental work carried out by Schifter et al. [6] investigated the effect of using gasoline-ethanol
mid-level blends (10%–40% anhydrous or hydrous (4% water content in ethanol)), in a single-cylinder
SI engine. The results showed that higher pressures and lower intake manifold temperatures were
obtained with the use of hydrous ethanol blends in comparison with the use of anhydrous ethanol
blends and led to increased volumetric efficiency. Furthermore, hydrous ethanol blended gasoline
decreased the combustion speed, combustion duration, and the heat release rate. In addition, the results
revealed an increase in the indicated mean effective pressure (IMEP) for hydrous ethanol blends over
anhydrous ethanol blends. For rich air-fuel ratios, the use of hydrous ethanol results in higher power
outputs than anhydrous ethanol. Moreover, the fuel consumption by mass slightly increased using
the hydrous ethanol. In the work of Clemente et al. [8], the peak torque and peak power for hydrous
ethanol (7% water concentration) was enhanced by 9% and 14% respectively in comparison with the
blend of gasohol (22% ethanol and 78% gasoline). The increase in peak torque and peak power output
for hydrous ethanol is related to one reason, hydrous ethanol allows working with more advanced
ignition points aiming for maximum brake torque (MBT) conditions, so a mixture with 78% gasoline
was knock limited, while hydrous ethanol worked at the MBT operation point. The authors also
described that the specific fuel consumption for hydrous ethanol was increased by 35% compared
with the E22 fuel, because hydrous ethanol has a lower heating value than E22, with the brake mean
effective pressure (BMEP) also being enhanced for hydrous ethanol (see Figure 1).
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Figure 1. Variation of brake mean effective pressure versus engine speed. Reprinted with permission
from Reference [8]. Copyright (2007) SAE International.

Olberding et al. [10] tested a transit van modified to run on gasoline or ethanol-water fueled
blends. The use of a 70% ethanol and 30% water fuel blend caused a considerable increase in the brake
thermal efficiency in comparison with the use of gasoline fuel and attributed this improvement to
reduced heat transfer losses due to lower burned gas temperature. Costa et al. [36] observed that for a
speed over 4000 rpm, the use of hydrous ethanol (6.8% water) resulted in higher torque and power as
compared with the gasoline ethanol blend (E22). In addition, the specific fuel consumption for the use
of hydrous ethanol was around 54% higher than that for the use of gasoline-ethanol fuel blends.

Furthermore, the BMEP was higher when the gasoline-ethanol blend was used as fuel at low
engine speeds and for high engine speeds, a higher BMEP was obtained when hydrous ethanol fuel
was used. This phenomenon can be explained by the enhanced air-fuel mixing mechanism and
improved combustion process at higher speeds. In addition, the increased amount of H, O, OH
radicals from water dissociation also enhance the combustion process which results in higher BMEP
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for hydrous ethanol. Wang et al. [38] investigated the effects of hydrous ethanol (containing 5% water
by volume) gasoline on the combustion and emission characteristics of a port fuel injection gasoline
engine. The test engine was fueled by commercial gasoline, which also was the base fuel for the E10
and HE10 fuels. The results showed that for all the operating conditions, the HE10 fuel showed higher
peak in-cylinder pressures (see Figure 2) and peak heat release rates than was possible for the E10 fuel.
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Figure 2. The variation of (a) in-cylinder pressure (b) heat release rate with crank angle for a fixed
speed of 2000 rpm, and engine torque of 20 Nm, 60 Nm, and 100 Nm. (E0 = 0% ethanol & 100%
gasoline, E10W = HE10 = 10% hydrous ethanol & 90% gasoline, E10 = 10% ethanol & 90% gasoline) [38].
Copyright (2015) Elsevier Ltd.

The authors illustrated that water contained in hydrous ethanol directly led to a faster combustion
and flame propagation and as well as an enhanced combustion process [38]. The combustion rate
increased because of the improvement in chain reactions due to water addition was much more
pronounced than the negative thermal effect for low percentages of water addition [62]. In addition,
the increased amount of H, O, OH radicals from water dissociation also enhances the combustion
process [63–65]. However, the effect of water on combustion characteristics of hydrous ethanol fuel
is not fully understood. Further work on explain the physical and chemical kinetic roles of water on
the combustion characteristics in engines is still in progress. It also found that at high load the peak
in-cylinder pressure for HE10 was the higher than that of gasoline.

In an experimental study conducted by Melo et al. [39], a flex-fuel FIAT engine was tested by
using hydrous ethanol gasoline blends to study the combustion and emissions characteristics of the
engine. Gasoline (E25) was blended with hydrous ethanol by 30%, 50% and 80% volume. The results
showed that the hydrous ethanol addition permitted the use of an over-advanced spark timing
without the risk of knocking and as a consequence higher in-cylinder maximum pressures could
be achieved. Melo et al. [66] tested a 1.4 liter, four-cylinder, flex-fuel engine, by applying different
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blends of gasoline and hydrous ethanol to investigate the effects of adding hydrous ethanol on the
cycle-to-cycle variation (CCV) of the maximum in-cylinder pressure, IMEP and combustion duration
parameters. The results showed that hydrous ethanol addition decreased the CCV for all the measured
combustion parameters. Melo et al. [39,42] reported that as hydrous ethanol has a much lower heating
value than gasoline, a higher specific fuel consumption was achieved with hydrous ethanol addition
compared with gasoline. The energy efficiency increased for hydrous ethanol (HE100) as compared
with gasoline (E25). Kyrialides et al. [50] also noticed an enhancement in torque for hydrous ethanol
(HE40) over gasoline (E0). The fuel consumption was higher for HE40 due to the zero heating value
of water. Venugopal et al. [67] found that for the lean combustion limit, hydrous ethanol gasoline
blends performed better in terms of a lower COV of IMEP due to its larger flammability limit at part
throttle operation compared to the use of gasoline. Furthermore, with lean mixtures at part throttle
operation adapted for a port-injected engine fueled with 10% hydrous ethanol (containing 8.33% water
by volume) gasoline blends produced a higher torque and power output compared with gasoline
operation. In addition, the brake thermal efficiency for the use of hydrous ethanol blend (E10) was
higher than gasoline (see Figure 3). These results may be attributed to the higher flame velocity of
hydrous ethanol compare with gasoline.
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Augoye and Aleiferis [68] studied a single-cylinder optical SI engine equipped with both Port
Fuel Injection (PFI) and Direct Injection (DI). The content of hydrous ethanol and water in the
fuel, by volume, was 6% and 10% respectively. iso-Octane and pure ethanol were used for the
experiment. The results showed that both hydrous and anhydrous ethanol burned faster than gasoline
and iso-octane for both PFI and DI operation (see Figure 4), the peak cylinder pressure and rate of
combustion reduced with the water content in ethanol. This result may be attributed to low engine
speed condition (1000 rpm) and used a fixed spark advance of 30◦ CA for all fuels. Furthermore, the
COV in IMEP was larger for PFI engine than for the GDI engine for all fuels. Moreover, the hydrous
ethanol reported higher COV in IMEP for the PFI engine.

In another study, Chen et al. [69] conducted an experimental investigated on a four-cylinder
SI engine equipped with PFI. It was found that for up to 14% water content in the fuel mixture,
the torque reduced by approximately 10% for the use of aqueous alcohol. Amorim et al. [70] also
conducted an experiment on a flex-fuel engine, with the engine being tested using CNG, 100%
hydrous ethanol (containing 4% water by volume) and its 50% blend with gasoline E25 for a fixed
compression ratio. The results of the experiment showed that hydrous ethanol produced the highest
torque, power, and specific fuel consumption among the fuels. Costa et al. [71] conducted a study
using a four cylinder (4C) flex fuel spark ignition (SI) engine. The torque and power for hydrous
ethanol (water concentration 6.8%) was enhanced by 1.6% and 3.1% respectively at speed 4250 rev/min
compared with the blend of 22% ethanol and 78% gasoline. The reason behind it is hydrous ethanol
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has a higher octane number than E22, when increasing the compression ratio the ignition timing had to
be retarded to avoid knock for use E22, especially in the high engine speed. However, for low engine
speed, torque and power were slightly lower when hydrous ethanol was used as fuel. The authors also
described that increasing the compression ratio slightly decreased the SFC for hydrous ethanol and
increased the brake thermal efficiency, it was also stated that increasing the CR slightly increased the
BMEP for hydrous ethanol. It was concluded that compression ratio was a key parameter for improving
brake thermal efficiency when using hydrous ethanol as fuel [71]. Zheng et al. [72] confirmed that CCV
is lower with increased compression ratio, with the enhanced combustion characteristics. According to
a study conducted by Young [73], there was 10% increase in power output for an identical fuel
consumption and that a decrease in emissions from the engine could be achieved if the CCV could be
reduced. The fuel type also affects the CCV and mainly influenced by the value of its laminar flame
speed, the hydrous ethanol flame progresses much faster compared to gasoline. A higher combustion
speed decreases the impact of turbulence and minimizes the CCV [74]. Addition of hydrous ethanol to
gasoline will decrease the CCV in a spark-ignition engine.
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In brief, as seen in Table 3, the engine speed, engine load, ignition time, and fuel blends type
parameters had a significant effect on the engine combustion and performance. For gasoline engines
retard spark timing at high load and speed to avoid knock, resulting in retarded combustion phasing.
Blending hydrous ethanol with gasoline results in an increase in knock resistance [39]. The hydrous
ethanol (containing lower water percentage by volume) gasoline fuel blends compared with the use
of gasoline in SI engines increases the combustion efficiency [6,67], cylinder pressure [6,38,39,68],
heat release rate [38], combustion temperature and cylinder temperature [6], and flame speed [67,68].
Furthermore, hydrous ethanol blended gasoline decreased the combustion duration [6], and reduced
the cycle-to-cycle variation [66,67]. In addition, at low speed and low load conditions, the
increased water content in ethanol fuel blends lead to reduce the peak cylinder pressure [68].
While, adding hydrous ethanol fuel to gasoline for use in SI engines slightly increases the engine
torque [8,36,50,67,70,71], engine power [6,8,36,50,67,70,71], engine thermal efficiency [10,36,42,67,71],
and brake mean effective pressure [6,36,71]. Clearly, Costa et al. [71] reported that increasing
compression ratio slightly decreases SFC for hydrous ethanol compared to use of gasoline.

4.2. Combustion and Performance of Ethanol Fuel with Different Water Content

Summarized in Table 4 are the effects of ethanol with different water content on the combustion
characteristics and performance of SI engines. The summary is for different engine types and
test conditions.
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Table 3. Combustion and performance of hydrous ethanol fuel and its blends with gasoline in SI engine.

SI Engine Type Hydrous Ethanol Gasoline
Blends Test Condition Increase Compared

with Gasoline
Decrease Compared

with Gasoline Reference

1C, 4S E0, E10, E20, E30, E40, HE0,
HE10, HE20, HE30, HE40

N: 2000 rpm; air/fuel mixture equivalence
ratio varying from 0.9 to 1.1. CE, CP, CT, IMEP, IP, ISFC CD, combustion

speed, HRR [6]

4C, 4S, CR 12.2:1, MPFI E93W7, E22 N: (varying) between 1000 and 6000 rpm BT, BP, BMEP, BSFC - [8]

transit van E0, E70W30
N: (varying) between 1000 and 2500 rpm,

air/fuel equivalence ratio 1 and 1.1,
throttle settings (5%–30)%

BTE - [10]

4C, CR10.35:1, FIAT FFV H0 (E25) blended with HE30,
HE50, HE80, HE100

N: 1500, 2250 and 3875 rpm, torque: 60 Nm;
air/fuel equivalence ratio 1 BSFC, BTE - [42]

4C, 4S, CR12 ± 0.15FFV E22, E100 with 6.8% water N: (varying) between 1500 and 6500 rpm BT, BP, BMEP, BTE, BSFC - [36]

4C, 4S, CR10.5:1, PFI E0, E10, HE10 N: 2000 rpm, torques : 20, 60 and 100 Nm CP, HRR - [38]

4C, CR10.35:1, FIAT FFV H0 (E25) blended with HE30,
HE50, HE80

N: 1500–4500 rpm, torques: 60 and 105 Nm;
air/fuel equivalence ratio 1 and 0.9 (lambda) CP, spark timing Knocking [39]

4C, 4S, WC, CR10:1, MPFI E0, E40, HE40 N: 4000 rpm and 40 N m torque output and
then N: 4000 rpm and 20% throttle T, BSFC - [50]

1C, 4S, optical, PFI and DI E0, E100, E94W6,
E90W10, iso-octane

N: 1000 rpm, 0.5 bar intake plenum pressure
and; Air/fuel equivalence ratio 1 CP, FS, COV in IMEP [68]

1C, 4S, CR9:1, PFI E0, HE10
N: 2500 rpm, spark timings at part throttle
(25%), air/fuel mixture equivalence ratio

varying from 0.8 to 1.2.
BT, BTE, BP - [67]

4C, CR10.35:1, FIAT FFV H0 (E25) blended with HE30,
HE50, HE80 N: 2250–4500 rpm, torque: 105 Nm COV in IMEP,

CP max, and CD [66]

FFV, CR11:1 CNG, E25, E94,
50% E25% + 50% E94 N: (varying) between 1500 and 6500 rpm P, T, FC, BSFC - [70]

4C, 4S, MPFI
E5, E10, E15, E20, E25, E30

with purities of ethanol
(99.7%, 75%, and 50%)

N: 2000 and 3000 rpm,
throttle setting (40% to 80%) - T decrease about 10% [69]

4C, 4S, 8 FFV E22, E93.2W6.8 N: (varying) between 1500 and 6500 rpm,
CR10:1-12:1 BT, BP, BMEP, BTE BSFC (with increase CR) [71]
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Table 4. Combustion and performance of ethanol fuel with diffrent water content in SI engine.

SI Engine Type Water Ethanol Blends Test Condition Increase with the Addition of
Water Content

Decrease with the Addition
of Water Content Reference

1C, 4S, optical, PFI and DI E100, E94W6, E90W10
N: 1000 rpm, 0.5 bar intake

plenum pressure and; Air/fuel
equivalence ratio 1

CP, CD [68]

1C, 4S, CR11:1, SGDI E85, E100, E90W10, E80W20,
E70W30, E60W40

N: 1500 rpm,
injection pressure 150 bar COV in IMEP [75]

1C, 4S, CR12:1, PFI E95W5, E90W10, E80W20,
E70W30, E60W40

N: 1400, 1600 and 1800 rpm,
torque: 37 Nm ITE, CD - [76]

1C, 4S, CR12:1, PFI E90W10, E80W20,
E70W30, E60W40 N: 1800 rpm, MBT CP, P, T (Max. at 30% water) CP at FIA, SFC at MBT [77]

1C, 4S, CR12:01, PFI E95W5, E90W10, E80W20,
E70W30, E60W40

N: 1800 rpm,
torque: 34 Nm, MBT

CP, CT, CD, spark timing
BTE,BMEP (Max. at 30% water)

Knocking, BSFC
(Min. at 30% water) [78]

4C, 4S, EDI, CR10.4:1 E100, E93W7 N: (2000–5000) rpm CP,CD, spark timing,
BT (high speed) Knocking, BTE [79]

1C, 4S, CR10.2:1, AC,
Electrical Fuel injection E95W5 N: 3600 and generator loads (kW)

0, 0.55, 1.38, 2.75, 4.13 & 5.5 18% BTE (increase load) 76% BSFC (increase load) [80]

1C, 4S, CR10.2:1, AC,
Electrical Fuel injection

E80W20, E75W25, E70W30,
E65W35 and E60W40

N: 3300 rpm and
generator load:4 kW BSFC BTE [80]
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In different countries, the specification for the production of hydrous ethanol is such that the
allowed percentage of water content in hydrous ethanol ranges from 4.0% to 5.0% by volume as limited
by the ethanol water distillation azeotrope. Ethanol with different water content is not available on the
market, and for this reason this theme has been added to the discussion on the investigating the effects
of these blends on an engine performance. Many researchers have studied the effects of increasing the
water content in ethanol fuel blends on the combustion and performance of spark ignition engines.
Stone et al. [75] studied the effect of increasing the water content in ethanol on the coefficient of
variation in indicated mean effective pressure (COV in IMEP) for GDI and PFI engines for rich and
stoichiometric mixtures. The results indicated that for both GDI and PFI cases, the rich mixture had
a lower COV in IMEP than that for stoichiometric operation, and the PFI had a lower COV in IMEP
than the GDI engine. Furthermore, the elevated water content in ethanol fuel blends increases the
COV in IMEP, adding water to ethanol increases the combustion duration. However, the reduction of
combustion stability is not important with up to 30% water by volume [75]. An increase in combustion
duration with an increased water content in ethanol (see Figure 5), leads to lower flame velocity and
the resultant combustion degradation, there was no reduction in indicated thermal efficiency with an
increased water content in ethanol [76].
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The presence of small quantities of water in ethanol resulted in faster combustion, but when the
water content increased, adverse effects were observed, and the flame development rate decreased.
The authors illustrated that as the water content increased, both dilution and chemical effects become
more important and as a result the flame propagation velocity of the blend decreases [9]. The authors
also investigated the pressure history as a function of time for different water contents, and the results
revealed that the pressure reached a peak faster for small water contents than for the anhydrous
ethanol. However, for high-water contents, the peak pressure was achieved later than with anhydrous
ethanol. The authors illustrated that to the ethanol molecules being trapped in the large cavities within
the water structure, which can lead to volume contraction of the ethanol–water blend [9]. In a related
study, Ambros et al. [77] tested commercial hydrous ethanol blends ranging from 10% to 40% by
volume prepared by the addition of water. The results showed that for an SI engine running under
fixed ignition timing advance, high-water content in ethanol mixtures caused high pressures at the end
of compression phase, with the in-cylinder pressures decreasing with an increased water content in
the fuel. Under conditions of maximum brake torque (MBT), the in-cylinder pressures increased with
addition water content in ethanol; the maximum pressure, maximum torque and maximum power
occurred for the use of E70W30 (70% ethanol and 30% water). The increase in torque and power output
is related to just one reason, the increase in water percentage allow to work with advanced ignition
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points aiming for maximum brake torque condition, so mixtures with 5% and 10% water were knock
limited, while more hydrous mixtures worked in the MBT operation point. It was also found that
any water addition beyond this 30% content had an adverse effect on engine performance. This was
attributed to both dilution and chemical effects that become more important and as a result the flame
propagation velocity of the blend decreases. The authors also found that the specific fuel consumption
decreased with an increase in the water content in ethanol.

Furthermore, Lanzanova et al. [78] investigated the effect of water content (5% to 40% by volume)-
ethanol blends in an Otto engine at maximum brake torque. The results revealed that the in-cylinder
pressure was enhanced with the increase in water content in ethanol. By increasing the water content,
advanced spark timing could be used without the occurrence of knock. The combustion duration was
nearly unaffected with only an increase in ignition delay for up to 30% of water, it also found that until
30% of water content, by volume, is reached in ethanol, the engine burning rates remained almost
constant, with this resulting in an increased brake thermal efficiency, brake mean effective pressure
and a decreased brake specific fuel consumption (see Figure 6), these results attributed to the spark
advance and its consequences in combustion as the water content increased.
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Brewster et al. [79] conducted an experimental study on anhydrous ethanol (E100) and hydrous
ethanol containing different percentages of water (E93W7, E87W13, and E80W20) used as fuel for a
four-cylinder turbo charged direct injection engine having a compression ratio of 10.4:1. The engine
was operated at an engine speed of 2000 rpm, a lambda value equaling 1, and an intake pressure
of 1 bar for a fixed ignition timing setting. The results showed that the addition of water reduces
peak pressure and also slowed combustion, because some energy from the combustion of hydrous
ethanol is lost to vaporization of the incompletely vaporized water present in the charge mixture [15].
It also found that at a speed of over 3500 rpm, the use of hydrous ethanol resulted in a higher brake
torque output than that of pure ethanol, the increase in brake torque for hydrous ethanol can be
explained by the enhanced air-fuel mixing mechanism and increased amount of H, O, OH radicals
from water dissociation at higher speeds enhance the combustion process, with the brake thermal
efficiency decreasing with an increase in the water content in ethanol. The reduction in brake thermal
efficiency at fixed ignition timing may be attributed to a reduction in burn rate. Munsin et al. [80]
studied the effect of different generator loads on engine performance using ethanol with 5% water
content by volume (E95W5) at a constant speed of 3600 rpm and with stoichiometric air-fuel ratio.
By increasing the generator load from 10% to 100%, the overall efficiency (electrical power output
divided by fuel energy input) increased by 18%, while the BSFC decreased by 76%, hydrous ethanol
contained 5% water can improved fuel economy only with proper engine hardware modifications.



Energies 2016, 9, 984 13 of 24

Furthermore, at a constant generator load and the addition of water ranging from 20% to 40% by
volume in ethanol resulted in an increased BSFC by 75% because heating value per mass of hydrous
ethanol is decreased with higher water content, while the overall efficiency decreased by 5% because
of longer combustion duration.

In summary, and with reference to Table 4, the engine operating conditions and the percentages
of water content in ethanol have a significant effect on the engine combustion and performance.
The increase in water percentage (5%–30% by volume) in ethanol allow one to work with
advanced ignition points, aiming maximum brake torque condition lead to increases the cylinder
pressure [77–79]. Moreover, any water addition beyond this 30% content had an adverse effect on
engine combustion [9,77,78], attributed to the ethanol molecules being trapped in the large cavities
within the water structure and decreases in the laminar burning velocities with increased water content
in ethanol. Finally, at fixed ignition timing setting conditions, the increased water content in ethanol
fuel blends decreases the cylinder pressure [68,77], and combustion duration [68,79]. Moreover, an
increased water content in ethanol fuel increases the cycle-to-cycle variations [68,75]. Furthermore,
the increased water content in ethanol fuel blends used in SI engines increases the engine torque [79],
and that maximum torque and maximum power are obtained for an optimal water content of 30%.
In addition, the engine thermal efficiency under MBT condition was also obtained using a water
content of 30% [76,78]. Finally, Lanzanova et al. [78] and Ambros et al. [77] found that for SI engine,
running at MBT timing decreases SFC for hydrous ethanol. Munsin et al. [80] also noticed that by
enlarging the generator load the BSFC reduced by about 76% for hydrous ethanol.

There are a number of combustion and performance issues that need further investigation and
development. These possible future studies and suggestions are outlined as follows:

• The combustion characteristics of different water content with ethanol fuel needs to be
explored further and understood in more detail with concrete evidence based on numerical
and experimental methods.

• The combustion characteristics of high water content in ethanol-gasoline blends through the use
of dual fuel injection still needs more investigation.

• Low temperature starting ability and turbocharger application for high-water content in ethanol
for improving the specific output of SI engines needs to be investigated.

• There should be more research to deal with the reduction in the brake specific consumption for
high water content in ethanol.

5. Emissions from Hydrous Ethanol Fuel in Spark-Ignition Engines

In general, the emissions from internal combustion engines fueled with alternative fuels are
less toxic and reactive and consequently leads to a decreased production of ozone and an enhanced
air quality [81]. Emissions are classified according to whether they are regulated or unregulated
pollutants. Regulated pollutants include carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides
(NOX), unburnt hydrocarbons (HC) and particulate matter (PM). On the other hand, unregulated
pollutants, include aldehydes (RCHO), benzene, toluene, xylene (BTX), sulfur dioxide (SO2), among
other pollutants [82].

5.1. Regulated Emissions (CO, CO2, NOX, HC, and PM)

In a study conducted by Schifter et al. [6] the use of mid-level hydrous ethanol (containing 4%
water by volume)-gasoline blends and anhydrous gasoline blends were compared with the results
indicating that 2% lesser NOX emissions were obtained for the use of hydrous ethanol-gasoline
blends than for the use of anhydrous ethanol-gasoline blends. Clemente et al. [8] tested an engine
running on hydrous ethanol with 7% water content by volume and gasohol. For the comparison of
emissions, CO emissions resulting from the use of hydrous ethanol was less than that of gasohol by
41%, the reason behind its water present during combustion might act to decrease CO emissions by way
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of the water-gas shift mechanism, it also found that the HC produced from the use of hydrous ethanol
was higher than that of gasohol by 56%. Trends in HC emissions are highly variable since it depends
on charge heterogeneity [83], combustion chamber design [10], flame quenching [84] and other engine
related parameters. However, hydrocarbon emissions would increase when the mixtures were down
beyond the lean limit [74]. At high load, higher in-cylinder temperatures raised the conversion rates,
resulting in lower total HC emissions compared to the low load case [84]. The residence time in
the combustion system must be enough to accommodate ignition delay. Incomplete combustion of
hydrous ethanol fuel can increase emissions of HC.

Olberding et al. [10] also studied the engine performance and emissions of a transit van, using
hydrous ethanol (30% water content by volume) and compared the resulting emissions with that of
gasoline. The use of hydrous ethanol has shown significant increases in HC emissions. Furthermore,
CO produced from hydrous ethanol combustion under lean and stoichiometric conditions is relatively
less at high loads and high speeds, while for stoichiometric condition the hydrous ethanol fuel
produced high CO emissions at low speeds and low loads, due to lower in-cylinder temperature
at low loads. It also found that the NOX being decreased by significant margins at most operating
points. Wang et al. [38] compared the performance and emissions of gasoline and HE10 (containing 5%
water by volume) at different loads and a constant speed of 2000 rpm. The HE10 fuel had a relatively
less NOX emissions than the E0 fuel for all operating conditions as well a slower HC, CO, and CO2

emissions than the E0 fuel. Melo et al. [39] experimentally investigated the use of hydrous ethanol
gasoline blends for different operation conditions of a 1.4 L flex-fuel FIAT engine. The results showed
that the hydrous ethanol addition reduced CO, NOX and HC emissions, CO2 from hydrous ethanol
increased, the higher oxygen content in the hydrous ethanol promotes the oxidation of CO to CO2.
Costa et al. [36] found that NOX emission for hydrous ethanol was more than that of E22 due to
advanced ignition timing for hydrous ethanol, therefore, higher peak temperature during burning and
thereby increase the formation of NOX. Hydrous ethanol produced higher CO2 emission and lower
CO over the whole speed range. The use of hydrous ethanol also decreases the HC emissions because
of the chemical structure of hydrous ethanol having a lower carbon and hydrogen content.

Experiments conducted by Liu et al. [49] investigated the emissions of HE10 hydrous ethanol
gasoline blends and gasoline. The results showed that for hydrous ethanol blends CO and HC emission
were lower for all loads, while NOX emissions were reduced for low load engine operation. At idling
speed, the CO, HC and NOX emissions were all reduced. NO and NOX emissions were reduced
for the use of hydrous ethanol gasoline blended fuel (HE40).While, the HC, CO and CO2 emissions
showed a small reduction for the use of hydrous ethanol containing fuels compared with gasoline [50].
The higher latent heat of evaporation of the ethanol blends, and water present in it resulted in lower
in-cylinder temperature, which in turn resulted in lower NOX emissions (see Figure 7). HC emission
was also lower for HE10 at 25% throttle opening, which was due to the presence of oxygen in the
fuel and a better combustion rate [67]. Brewster et al. [79] investigated a spark ignition turbocharged
engine fueled by anhydrous (El00) and hydrous (E93W7, E87W13, E80W20) ethanol fuels. The results
showed that the emission of CO was unchanged by the water content in ethanol, with a NOX emission
reduction with an increase water content in ethanol at a fixed ignition timing, the key is the existing
water, which lowers the peak temperature during burning and slows down the procedure of NOX

formation. For similar operating conditions, there was an increase in HC emissions with an increase in
water content for the E93W7and E87W13 fuels may be resulted in incomplete combustion, the trend
being largely independent of ignition timing (see Figure 8).



Energies 2016, 9, 984 15 of 24Energies 2016, 9, 984 15 of 24 

 

 

Figure 7. NO emission and exhaust gas temperature versus equivalence ratio, for a fixed speed 
of 2500 rpm and a 25% throttle opening. Reprinted (adapted) with permission from Ref. [67]. 
Copyright (2012) John Wiley and Sons. 

 

Figure 8. Effect of increased water content in ethanol on exhaust emissions at 2000 rpm and 100 kPa 
intake manifold absolute pressure. Reprinted with permission from Ref. [79]. Copyright (2007) SAE 
International. 

In another study Chen et al. [69] found that HC and CO emissions increased for the blends of E5 
to E30 hydrous ethanol compared with gasoline and a slight decline in CO2 for hydrous ethanol. 
Munsin et al. [80] studied the effect of different loads on emission products using ethanol with 5% 
water content by volume (E95W5). By increasing the generator load from 10% to 100%, the CO and 
HC emissions before entering the catalytic convertor reduced by 76% and 63%, respectively, although 
there was an increase in the NOX emissions. This is due to the fact more fuel is injected and combusted 
in the cylinder when the generator load increases, which causes higher gas temperatures and results 
in more NOX formation in the engine cylinder, in addition the oxygen content of hydrous ethanol 
promotes combustion efficiency and reduces emissions of CO and HC, the catalytic convertor 
reduced the amount of CO, HC and NOX in the emissions by 78%–94%, 23%–61% and 29%–65%, 
respectively. The reduction conversation efficiency of the catalytic converter may be attributed to 
changing the ignition and injection system, produced higher exhaust gas temperature even using 
hydrous ethanol as fuel. Increasing operating temperature causes increased catalytic converter 

Figure 7. NO emission and exhaust gas temperature versus equivalence ratio, for a fixed speed of
2500 rpm and a 25% throttle opening. Reprinted (adapted) with permission from Reference [67].
Copyright (2012) John Wiley and Sons.

Energies 2016, 9, 984 15 of 24 

 

 

Figure 7. NO emission and exhaust gas temperature versus equivalence ratio, for a fixed speed 
of 2500 rpm and a 25% throttle opening. Reprinted (adapted) with permission from Ref. [67]. 
Copyright (2012) John Wiley and Sons. 

 

Figure 8. Effect of increased water content in ethanol on exhaust emissions at 2000 rpm and 100 kPa 
intake manifold absolute pressure. Reprinted with permission from Ref. [79]. Copyright (2007) SAE 
International. 

In another study Chen et al. [69] found that HC and CO emissions increased for the blends of E5 
to E30 hydrous ethanol compared with gasoline and a slight decline in CO2 for hydrous ethanol. 
Munsin et al. [80] studied the effect of different loads on emission products using ethanol with 5% 
water content by volume (E95W5). By increasing the generator load from 10% to 100%, the CO and 
HC emissions before entering the catalytic convertor reduced by 76% and 63%, respectively, although 
there was an increase in the NOX emissions. This is due to the fact more fuel is injected and combusted 
in the cylinder when the generator load increases, which causes higher gas temperatures and results 
in more NOX formation in the engine cylinder, in addition the oxygen content of hydrous ethanol 
promotes combustion efficiency and reduces emissions of CO and HC, the catalytic convertor 
reduced the amount of CO, HC and NOX in the emissions by 78%–94%, 23%–61% and 29%–65%, 
respectively. The reduction conversation efficiency of the catalytic converter may be attributed to 
changing the ignition and injection system, produced higher exhaust gas temperature even using 
hydrous ethanol as fuel. Increasing operating temperature causes increased catalytic converter 

Figure 8. Effect of increased water content in ethanol on exhaust emissions at 2000 rpm and 100 kPa
intake manifold absolute pressure. Reprinted with permission from Reference [79]. Copyright (2007)
SAE International.

In another study Chen et al. [69] found that HC and CO emissions increased for the blends of
E5 to E30 hydrous ethanol compared with gasoline and a slight decline in CO2 for hydrous ethanol.
Munsin et al. [80] studied the effect of different loads on emission products using ethanol with 5%
water content by volume (E95W5). By increasing the generator load from 10% to 100%, the CO and
HC emissions before entering the catalytic convertor reduced by 76% and 63%, respectively, although
there was an increase in the NOX emissions. This is due to the fact more fuel is injected and combusted
in the cylinder when the generator load increases, which causes higher gas temperatures and results
in more NOX formation in the engine cylinder, in addition the oxygen content of hydrous ethanol
promotes combustion efficiency and reduces emissions of CO and HC, the catalytic convertor reduced
the amount of CO, HC and NOX in the emissions by 78%–94%, 23%–61% and 29%–65%, respectively.
The reduction conversation efficiency of the catalytic converter may be attributed to changing the
ignition and injection system, produced higher exhaust gas temperature even using hydrous ethanol
as fuel. Increasing operating temperature causes increased catalytic converter degradation, decreased
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oxygen storage capacity, decreased specific surface area and decreased conversion efficiency [85].
Furthermore, a high operating temperature can encourage the interaction between the Al2O3 support
and precious metals, thus reducing conversion efficiency [85]. In addition, because of high oxygen
concentration in the exhaust when ethanol is used, the NOX conversion of ethanol gasoline blends is
lower relative to that of gasoline [86], and the differences in hydrous ethanol and gasoline combustion
products composition may affect the conversion of unregulated emissions. It also reported that the
addition of water from 20% to 40% by volume to ethanol resulted in incomplete combustion increasing
the CO and HC emissions by 58% and 267%, respectively, while the NOX emissions decreased with
increasing water content, the catalytic convertor reduced the amount of CO, HC and NOX in the
emissions by 75%–89%, 10%–32% and 32%–50%, respectively. An increased water content in ethanol
led to a decrease of the peak temperature during burning. The exhaust temperatures below 600 K
would reduce the conversion efficiency of oxidation catalysts [84]. The catalytic convertor should be
efficient enough to manage the emissions of hydrous ethanol. Peters et al. [87] investigated an analytical
and experimental survey. The engine used was a single cylinder fueled by gasoline using a compression
ratio of 8.0:1. The engine operated at a fixed speed of 1200 rpm and an 80 kPa intake manifold pressure,
for varying equivalence ratio and ignition timing at MBT. Water was added in the form of emulsion
with fuel at up to 40% by weight through the intake manifold. Water addition decreased the NO
emissions, increased the emission of HC, with relatively no change in CO emission. As the water in
ethanol content increases, CO and NOX emissions decreased while total HC increased [84]. More added
water dilutes the fuel mixture and reduces the combustion temperature and lowers total HC oxidation.
Suarez et al. [88] experimentally investigated the regulated and unregulated emissions from a Euro
5a flex-fuel light duty vehicle (FFV).The test was conducted at a temperature of 23 ◦C and −7 ◦C
using nine different ethanol fuel blends. The results showed no differences on the emissions when
hydrous ethanol blends were used instead of anhydrous ethanol blends. The use of HE85 and HE75
blends resulted in a decrease in NOX emissions (30%–55%) but increased the emissions of carbon
monoxide. Hu et al. [89] studied the effect of E10 hydrous ethanol (5% water content by volume)
gasoline blends on a gasoline engine. The results showed enhanced HC and CO emissions for the idle
speed operating condition.

In conclusion, and with reference to Table 5, the hydrous ethanol and its blends with gasoline
fuel used in SI engines decreased the nitrogen oxide (NOX) emissions [6,10,38,39,49,67,69,79,80,84,88],
carbon monoxide (CO) emissions [10,36,38,39,49,50,84,89], carbon dioxide (CO2) emissions [38,50,69],
and hydrocarbon (HC) emissions [36,38,39,49,50,67,89]. Furthermore, a few studies [79,80,84] have
reported a slight increase in HC emissions due to the increase in water content in ethanol blends, while,
NOX decreased with increased water content in ethanol blends. In the literature nothing was reported
on the effect of hydrous ethanol on particulate matter (PM) emissions. Compared with gasoline fuel,
hydrous ethanol has no aromatic content, high oxygen content, no C–C chemical bond. All of these
factors may lead to the reduction of particulate matter emitted from hydrous ethanol. The effect of
hydrous ethanol blends on Particulate Matter (PM) emissions from spark-ignition engines need to be
investigated. In addition, the gaseous emissions emitted from different water content with ethanol fuel
needs to be explored further and understood in more detail with concrete evidence based on numerical
and experimental methods.

5.2. Unregulated Emissions (HCHO, CH3CHO)

Unregulated emissions include aldehydes, toluene, benzene, xylene (BTX) and sulfur dioxide
(SO2). Aldehydes are acutely reactive organic compounds that take part in complex chemical reactions
within the atmosphere. The emissions of aldehydes are higher for ethanol fuel due to the presence
of the hydroxyl functional group (OH), not present in gasoline [90]. Mainly, formaldehyde (HCHO)
and acetaldehyde (CH3CHO) in the hydrous state are significant emissions in internal combustion
engines. The quantum of these emissions depend on the ethanol content, engine load and oxygen
concentration [80,91].
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Table 5. Exhaust emission products from hydrous ethanol fuel and its bends with gasoline in SI engines.

Hydrous Ethanol Gasoline Blends Increase Compared with Gasoline Decrease Compared with Gasoline Reference

E0, E10, E20, E30, E40, HE0, HE10, HE20, HE30, HE40 - NOX [6]
E93W7, E22 NOX, HC, HCHO CO [8]
E0, E70W30 HC NOX, CO (At lean and stoichiometric A/F) [10]

E0, E10, HE10 - NOX, CO, CO2, HC [38]
Eh0 (E25), HE100(Hydrous ethanol), HE30, HE50 and HE80 NOX ( for high speed), CO2, HCHO, HC3CHO NOX (for low speed), CO, HC [39,42]

E22, E100 with 6.8% water NOX, CO2 CO, HC [36]
E0, HE10 - NOX (for low load), CO, HC [49]

E0, E40, HE40 - NOX, CO, CO2, HC [50]
E0, HE - NOX and HC (at 25% throttle) [67]

E5, E10, E15, E20, E25, E30; purities of ethanol (99.7%, 75%, 50%) CO, HC NOX (30% ethanol and 16% water), CO2 [69]
E0 water up to 40% wt HC NOX [87]

E5, E10, E15, E75, E85, HE10, HE15, HE75, HE85 CO, HCHO NOX [88]
E0, HE10 CO and HC ( idle condition) - [89]

Water ethanol blends Increase with the addition of water content Decrease with the addition of water content

E100, E93W7, E87W13, E80W20 HC NOX [79]
E80W20, E75W25, E70W30, E65W35, E60W40 HC, HCHO, HC3CHO NOX [80]

E95W5 NOX (for increasing load) CO, HC, HCHO, and HC3CHO (for increasing load) [80]
E100, E95W5, E90W10, E80W20 HC NOX, CO [84]



Energies 2016, 9, 984 18 of 24

A number of publications [8,39,80,88] have reported that acetaldehyde and formaldehyde
emissions from hydrous ethanol fuel increased in comparison to the use of gasoline. This includes
a study conducted by Clemente et al. [8] which concluded that the aldehyde from hydrous ethanol
was higher than that for gasohol by 58%. Another interesting study was published by Melo et al. [42].
The results showed a significant increase in both acetaldehyde and formaldehyde as hydrous ethanol
percentage, by volume, increased for all engine operating points (see Figure 9).
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Munsin et al. [80] experimentally observed that in a one cylinder electronic fuel injection engine
fueled by hydrous ethanol (E95W5) for an increasing load from 10% to 100% and at a constant speed
of 3600 rpm, the acetaldehyde and formaldehyde were reduced by 49% and 40%, respectively, before
the catalytic convertor, and reduced by 80%–90%, and 14%–30% after the catalytic convertor. For an
increase in the water content in ethanol from 20% to 40% by volume at constant load (72% of rated
power) the formaldehyde and acetaldehyde increased before the catalytic convertor by 150% and 275%,
this results may attributed to the heat absorption by water vaporization causes a decrease of local
adiabatic flame temperature that causes incomplete combustion, therefore increasing the formation
of formaldehyde and acetaldehyde. In addition, the emissions of aldehydes are higher for hydrous
ethanol fuel due to the larger amount of OH radicals provided by water reactions, which reduced
by 8%–35% and 28%–44%, respectively, after the catalytic convertor. The use of hydrous ethanol
gasoline blends resulted in an increase in the acetaldehyde emissions by a margin of up to 120% at
a temperature of 23 ◦C and up to 400% at 7 ◦C, for acetaldehyde, leading to a severe increase of the
ozone-forming potential [88].

6. Conclusions

Alternative fuels are becoming more relevant for vehicles because of the depletion of fossil fuel
reserves and environmental concerns. Hydrous ethanol is considered as a green and clean renewable
alternative fuel for spark-ignition engines. This study examined hydrous ethanol and its blends
with gasoline, with specific focus on the following issues: (1) Properties of hydrous ethanol fuels;
(2) Stability of ethanol-gasoline-water blends; (3) Combustion and performance of hydrous ethanol fuel
in SI engines and (4) emissions from hydrous ethanol fuel in SI engines. Based on detailed literature
reviews, it is found that:
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• The use of ethanol with a high water content might be an environmentally friendlier and cheaper
energy source than the use of gasoline. Hydrous ethanol mixed fuels can take advantage of a
higher compression ratio in SI engines due to their higher octane number compared with gasoline.

• The temperature and the chemical composition of gasoline used are significant factors for the
stability of the ethanol-water-gasoline blends. It is also worth pointing out that the solubility of
water in the blend could be improved by using additives.

• In general, hydrous ethanol-gasoline blends used in SI engines improves the in-cylinder pressure,
combustion efficiency, and flame speed. It also reduces the combustion duration, engine knocking
tendency and combustion temperature. The engine performance results showed a remarkable
improvement in engine torque, brake power, brake thermal efficiency, and brake mean effective
pressure in SI engines fueled hydrous ethanol-gasoline blends. The presence of small quantities
of water in ethanol blend resulted in faster combustion due to the improvement in chain reactions
and increased amounts of H, O, OH radicals from water dissociation. Studies related to high
water content in ethanol usage in SI engine demonstrates that laminar burning velocities decrease
due to the dilution and chemical effects of water become more important. the increase in torque
and power output is related to just one reason, the increase in water percentage allows engines
to work with advanced ignition points aiming at maximum brake torque condition, so mixtures
with 5% and 10% water were knock limited, while more hydrous mixtures worked at the MBT
operation point. Any water addition beyond this 30% content had an adverse effect on engine
performance. Thus, the E70W30 fuel appear to be a good substitute for renewable fuels market
regarding engine performance and cost reduction. There should be more studies on the engine oil
contamination and material compatibility for running an engine on E70W30 fuel.

• As the water content in ethanol effectively absorbs heat and lowers the peak temperature during
the burning process, hydrous ethanol blends are more effective in NOX emission reduction
compared with anhydrous ethanol blends, and gasoline. However, CO, CO2, and HC emissions
were reduced by small margins for hydrous ethanol gasoline blends, because of the lower molar
H/C ratio for hydrous ethanol compared with gasoline. In addition, high-water content in
ethanol dilutes the fuel mixtures and lower combustion temperature, which leads to incomplete
combustion resulting in higher HC. The residence time in a combustion system must be enough
to accommodate ignition delay. Enhancements in the fuel-injection system are needed to enhance
the spark ignition engine combustion process and emissions. Acetaldehyde and formaldehyde
emissions from hydrous ethanol fuel are relatively higher in comparison with gasoline, due
to the larger amount of OH radicals provided by water reactions and incomplete combustion.
The exhaust temperature and oxygen concentration in the exhaust had a significant effect on the
conversation efficiency, the catalytic convertor with high conversation efficiency is recommended
for the use of hydrous ethanol in SI engines because it decreases the unregulated emissions, the
catalytic convertor used in previous studies has not been finally optimized for this type of hydrous
ethanol engine.
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Abbreviations

The following abbreviations are used in this manuscript:

B1–B4 different gasoline composition
BMEP brake mean effective pressure
BP brake power
BSFC brake specific fuel consumption
BTE brake thermal efficiency
C cylinder
CD combustion duration
CE combustion efficiency
CO carbon monoxide
CO2 carbon dioxide
COV in IMEP coefficient of variation in indicated mean effective pressure
CP cylinder pressure
CR compression ratio
CT cylinder temperature
DI direct injection
E0 0% ethanol & 100% gasoline
E100 100% ethanol & 0% gasoline
E94W6 94% ethanol & 6% water
FC fuel consumption
FFV flex fuel vehicle
FIA fixed ignition advance
FOF fusel oil fraction
FS flame speed
H2O water
HC unburned hydrocarbon
HC3CHO formaldehyde
HCHO acetaldehyde
HE hydrous ethanol
HE10 10% hydrous ethanol & 90% gasoline
HRR heat release rate
IMEP indicated mean effective pressure
ITE indicated thermal efficiency
MBT maximum brake torque
N engine speed
NOx oxides of nitrogen
P power
PFI port fuel injection
PM particulate matter
S stroke
SI spark ignition
T torque
v/v volume/volume
wt/wt weight/weight
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