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Abstract: The growing demand for fossil fuels, the rise in their price and many environmental concerns strengthen the incessant search for fuel alternatives. Recently, traffic noise has been described
as a threat to human health and the environment, being responsible for premature deaths. In this
context, the usage of alcohol/diesel fuel blends in diesel engines has gained increasing impact as
a substitute fuel for use in internal combustion engines. Moreover, alcohol can be derived from
environmentally friendly processes, i.e., fermentation. Furthermore, alcohols can enhance combustion characteristics due to a rise of the oxygen concentration, thus decreasing major emissions such
as soot and reducing knock. The commonly used alcohols blended with diesel fuel are methanol
and ethanol, recently followed by butanol. In contrast, there are very few studies about propanol
blends; however, emissions reduction (including noise) could be remarkable. In the present work,
an analytical literature review about noise and exhaust emissions from alcohol/diesel fuel blends
was performed. The literature review analysis revealed a continuous increase in the number of
publications about alcohol/diesel fuel blend exhaust emissions since 2000, confirming the growing
interest in this field. However, only few publications about noise emission were found. Then, an
experimental case study of noise emitted by an engine running on different alcohol (ethanol, butanol
and propanol)/diesel fuel blends was presented. Experimental results showed that although diesel
fuel provided the best results regarding noise emissions, butanol displayed the least deviation from
that of diesel fuel among all tested alcohol blends. It may be concluded that tested alcohol/diesel
fuel blends in general, and butanol blends in particular, could be a promising alternative to diesel
fuel, considering noise behavior.
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1. Introduction
In the last few years, many studies have been developed to find an alternative source
of energy to fossil fuel. There are several reasons for this shift, including the limitation of
reserves for petroleum-based fuels, the continuous rise in price of crude oil and increasing
demand for oil every year [1,2]. No less important are the environmental concerns; engine
exhaust emissions, i.e., CO, particulate matter (PM) or NOx , have a negative influence
on air quality, human wellbeing and climate [3]. Since 1992, the European Union (EU)
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has been limiting the maximum emission level from vehicles with the EURO standards.
Nowadays, EURO VI is in force, which monitors more emissions and is more stringent
than previous EURO standards.
Usage of alcohol/diesel fuel mixtures is very common to both reduce greenhouse
gas emissions and improve some fuel properties. Due to their oxygen content, alcohols
have a complete burning potential, enhancing combustion efficiency [2] and reducing soot
formation, particulate matter and knock [2,4,5]. Low carbon-chain alcohols, i.e., methanol
and ethanol, are the most often used in blend fuels. Their production could be cheaper and
environmentally cleaner than that of petroleum-based fuels and biodiesel [1,6]. However,
the use of alcohols has several disadvantages. The main drawback is the solubility with
diesel fuel that may cause phase separation in some cases. This instability and potential
techniques to prevent it have been thoroughly studied in the literature [7,8]. Solubility
changes due to both composition of alcohol/diesel fuel blend and temperature. For
example, ethanol (lower alcohol) blended with diesel fuel at a temperature below 10 ºC
makes two immiscible phases [9]. Furthermore, both the percentage of alcohol in the blend
and alcohol water content also have an influence on blending. For these reasons, some
additives are used to enhance the solubility when mixed with diesel fuel. Furthermore,
adding alcohol to diesel fuel improve blend properties, namely cetane number, viscosity
and lubricity, as well as ignitability [2,5,10]. Moreover, these properties are dependent on
both the chain length and the lack of complicated structures in the alcohol [2].
In spite of the problem related to their miscibility, the main advantage of alcohols
is derived from the oxygen concentration, that assists in completing the combustion,
reducing exhaust emissions as mentioned above. Alcohols achieve a higher latent heat of
vaporization compared to diesel fuel, thus leading to a better refrigerating effect during
intake and compression strokes. To reduce the dependency on fuel oil and the harmful
effects on the environment, the use of alternative fuels has become mandatory in some
part of the world. For this reason, the usage of alcohols, mixed with diesel fuel in certain
proportions, to fuel diesel engines is suggested. Alcohol/diesel fuel blends could be an
alternative to fuels derived from petroleum, as they are usually cheaper than diesel fuel
and can contribute reducing exhaust emissions.
Noise constitutes another important emission, as it influences both comfort and human
health. In this regard, the Directive 2002/49/EC [11] gives premises to avoid, prevent or
reduce the exposure to environmental noise. In fact, traffic noise may be considered one
of the main sources contributing to ambient noise. Emitted noise from a vehicle could
be due to rolling, the exhaust pipe and engine. The last type may also be separated into
mechanical noise and combustion noise. Moreover, combustion noise of a diesel engine
may be considered the most important cause of noise in cars. Combustion noise, besides
sound quality and noise emissions, are directly proportional to the in-cylinder pressure,
that is induced by fuel chemical characteristics. Nowadays, automotive manufacturers
make a huge effort to improve sound quality and noise emission of their engines, as they
are part of the vehicle signature of the brand. For these reasons, the study of noise emission
and sound quality is of great interest and plays a noticeable role from the environmental
point of view and, thus, in the customer purchasing decision.
In this research, two main objectives have been proposed. Firstly, an analytical literature review about exhaust and noise emissions using alcohol/diesel fuel blends has
been carried out. Although, there is a wide bibliography published related to exhaust emissions using alcohol/diesel fuel blends, to the best of our knowledge, only few references
concerning noise emitted by engines running on different alcohol/diesel fuel blends were
found. Therefore, and secondly, with the aim of measuring noise emissions and comparing
them with those derived from the usage of diesel fuel, several alcohol/diesel fuel blends
have been examined in a compression ignition engine.
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In this sense, several ethanol blending ratios have been studied in literature. The most
important disadvantage is a consequence of its low solubility in diesel fuel, which is caused
by the mixture chemical structure, temperature dependence, water content and percentage
of ethanol into the blend [34]. Therefore, to solve this issue, different techniques have been
applied, including mixing ethanol and diesel fuel just before injection, using an emulsifier
or co-solvent, fumigating ethanol to the intake air charge or using a dual injection with
a separate injection system for each fuel [7,31,35–37]. The two last options allow higher
ethanol concentrations, although engine technical modifications are needed. The others
allow a low percentage of ethanol, besides stabilizer additives and cetane improvers to
achieve good engine performance [29,38].
Adding ethanol to diesel fuel generates physicochemical variations. The mixture
viscosity and lubricity decrease, significantly affecting the lubrication of the fuel injection
system [35]. The break specific fuel consumption increases as a consequence of the low heat
value of ethanol, around 2/3 the value of diesel fuel [39]. Also, the lower cetane number
along with its higher heat of vaporization of the blends, compared to those of straight
diesel fuel, cause self-ignition resistance in diesel engines [40].
Considering exhaust emissions, ethanol has recognized advantages. Its high oxygen
concentration provides a more complete combustion, thus decreasing carbon monoxide
and particulate matter emissions, while increasing carbon dioxide emissions [19,28,41].
Also, some researchers reported an increment of carbonyl compound emissions with the
use of ethanol blends [42].
The solubility of the ethanol in diesel fuel is better than that of methanol. It is caused
by their difference in chemical structure and it depends on the temperature, water content
and ethanol blending ratio [34]. After mixing concentrations of ethanol in diesel fuel above
12% [10], it usually forms two different phases, compromising engine functioning. To
prevent it, addition of co-solvents [18] or surfactants [31,33] to the blend is recommended.
Web of Science shows 1919 research manuscripts, when keywords of “ethanol”, “diesel
fuel”, “blend” and “emission” are used. Most of these manuscripts are classified into
“Engineering” (1570), “Energy Fuels” (1479) and “Environmental Sciences Ecology” (882).
Moreover, the main countries which have published in these topics were India (448), China
(376) and USA (205). As may be observed from Figure 3, the main interest topics are
“torque”, “heat release rate”, “ignition” and “delay”; noise remains unexplored with the
selected research terms.
1.1.3. Propanol
Within higher alcohols, propanol is the one with lowest number of carbons and lower
chain length. In particular, it has three carbon atoms and one hydroxyl group (−OH). The
position of this hydroxyl group defines the types of isomers and properties. It can have a
renewable origin, as with other alcohols; in this case, it is called biopropanol. It is produced
through a fermentation process of either sugar or starch present in biomass. The properties
of propanol as fuel are similar to those of the other alcohols. Propanol viscosity, heating
value and flash point are below those of diesel fuel; it provides oxygen atoms that reduce
exhaust emissions [6].
The usage or addition of propanol in engines has been less reported in the literature [43]. Lapuerta et al. [2] studied some properties (including lubricity) of propanol
mixed with diesel fuel. Authors found that propanol, along with butanol and pentanol,
shows better solubility in diesel fuel blends than ethanol and methanol. This is due to
its lower polarity. Only 60 manuscripts (out of 87 research documents) were found when
“propanol”, “diesel fuel”, “blend” and “emission” keywords were used in the Web of
Science searching tool. Moreover, 66 documents were published in “Science Technology”.
Figure 4 shows that the most relevant topics under study about propanol are those related
to alcohol blends with “pentanol” or “butanol”; besides “emissions”.
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recently it has gained interest [44]. Also, the structure of butanol is more complex than the
previously discussed alcohols. It has four carbon atoms (which may form either a straightchain or branched structure) and one hydroxyl group (−OH) whose location defines isomers. Furthermore, each butanol isomer shows different physical properties, nonetheless
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recently it has gained interest [44]. Also, the structure of butanol is more complex than
the previously discussed alcohols. It has four carbon atoms (which may form either a
straight-chain or branched structure) and one hydroxyl group (−OH) whose location
defines isomers. Furthermore, each butanol isomer shows different physical properties,
nonetheless their applications are very similar (solvents, industrial cleaners or gasoline
additives) [45].
Interest in the addition of butanol as cosolvent, besides its use blended with diesel
fuel to fuel diesel engines, is increasing yearly [27,46,47]. The properties of higher alcohols,
namely butanol and pentanol, are similar to those of diesel fuel, compared to those of lower
alcohols [48]. Compared to the commonly used alcohols to be mixed with diesel fuel, i.e.,
ethanol and methanol, butanol has higher heating value, leading to higher energy content
and lower fuel consumption. It possesses higher cetane number, lower vapor pressure
and lower tendency to cavitation problem. Also, its autoignition temperature is lower,
which improves ignition at cold start. It is less hydrophilic, less corrosive and less likely to
separate in diesel fuel blends if the fuel is contaminated with water [22,45,48,49]. In spite
of these properties, the use of straight butanol is not compatible with some diesel engine
component and its heating value is below that of conventional diesel fuel [45].
Research into butanol as an substitute fuel is increasing. Adding butanol to diesel fuel
slightly raises brake specific fuel consumption and brake thermal efficiency. Exhaust gas
temperature, NOx , CO emissions and smoke opacity are reduced when butanol is blended
Processes 2021, 9, x FOR PEER REVIEW
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1.2. Noise Emissions
The World Health Organization (WHO) warned that more than 1,000,000 European
citizens are losing a healthy life due to noise every year. According to the European Environmental Agency, in the European Union (EU) almost 70 million people are exposed to
more than 55 dBA in the long-term due to traffic noise [54]. With the aim to battle the high
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1.2. Noise Emissions
The World Health Organization (WHO) warned that more than 1,000,000 European
citizens are losing a healthy life due to noise every year. According to the European
Environmental Agency, in the European Union (EU) almost 70 million people are exposed
to more than 55 dBA in the long-term due to traffic noise [54]. With the aim to battle the
high level of exposure to noise, including traffic noise levels, a series of Directives has been
established. The first one, published in 1970, was Directive 70/177/EEC; which established
the limits between 82 to 91 dBA. Since then, other regulations have been published, leading
to the most recent one, in 2014, Directive 540/2014/EU. In this last Directive, different
modifications have been introduced, one of these related to the calculating technique and
lowering the threshold noise values for each approved vehicle. Moreover, threshold noise
levels are related to whole vehicle noise, instead of the engine alone or combustion noise;
however, this one being one of the main sources of noise in a vehicle. In this sense, it is
important to understand the noise generation mechanism in an internal combustion engine.
There are three main causes of noise in a diesel engine: gas-flow, mechanical noise and
combustion. The first source of noise is related to the intake and exhaust flow, due to the
operation of the turbocharger unit and cooling fan. Mechanical process noise includes
the contribution of gears, valve trains, as well as the piston knocking on the cylinder.
Combustion noise is associated with in-cylinder pressure rise, mostly next to the ignition
delay period. When the cylinder pressure rises, it provokes vibrations of the engine’s block
and, therefore, combustion noise radiation [12,55]. Therefore, both rate of fuel injected and
timing have an important role in the fuel burning velocity and rate of heat release and,
thus, in the combustion noise. For this reason, the physiochemical characteristics of the fuel
could change previous factors, besides the injection parameters, resulting in generating
more or less combustion noise.
Table 2 shows a literature revision about engine noise emissions originated from the
use of ethanol, propanol, methanol, butanol blended with diesel fuel. There are limited
studies in literature about noise emissions by engines fueled with different alcohol/diesel
fuel blends. They were mostly condensed on engine performance and exhaust emissions.
Li et al. [56] analyzed noise emissions of a diesel engine using ethanol/diesel fuel blends,
and a cetane number improver. Their main conclusions were that the higher the percentage
of ethanol in the blend, the higher the increase in pressure and thus, combustion noise.
However, with the use of a cetane improver, a decrease in both ignition delay and cylinder
peak pressure were achieved, thus reducing combustion noise. Magand et al. [57] found a
drop of combustion noise with the use of ethanol/diesel fuel blends in a multi-cylinder
turbocharged diesel engine, improving engine behavior. Michikawauchi et al. [58] studied
exhaust and noise emissions under the New European Driving Cycle (NEDC). Results
shown that at high load, combustion noise was worse when diesel fuel was used; however,
low and middle loads provided lower values. Magand et al. [59] proved that combustion
noise increased with the use of ethanol/diesel fuel blends, as cylinder pressure and heat
release rates increased. This could be explained by the delayed combustion of the pilot
injection. By contrast, other authors [60] found that the higher the presence of ethanol in
the blend, the lower the combustion noise, this being due to the decrease of the cylinder
pressure and heat release rates. Heuser et al. [61] demonstrated that high ethanol shares
showed worse combustion noise at low load than at high load. Taghizadeh-Alisaraei and
Rezaei-Asl [62] studied noise emission adding different concentrations (2, 4, 6, 8, 10 and
12%) of ethanol to pure diesel fuel. Results indicated that for ethanol concentrations above
8%, cylinder pressure increased, thus increasing combustion noise. Rakopoulos et al. [52]
analyzed combustion noise radiation using biodiesel and n-butanol/diesel fuel blends
under stationary tests. They found that due to the low cetane number of butanol, compared
to that of either diesel fuel or biodiesel, minimal deviation regarding noise combustion
were observed. Giakoumis et al. [63] used the same percentage of n-butanol/diesel fuel
blends and diesel engine, but under transient tests. Results showed that n-butanol/diesel
fuel blends exhibited higher combustion noise than straight diesel fuel, with differences
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above 4 dB(A). Other authors [64] studied both engine vibrations and combustion noise.
Their main conclusions were that butanol/diesel fuel blends showed lesser noise and
vibration at low loads than diesel fuel; high loads showing the opposite trend. Morgul [65]
also tested vibration and noise using butanol/diesel fuel blends. The author stated that the
addition of butanol to diesel fuel increased engine vibration, while combustion noise was
2–3 dB(A) above that of straight diesel fuel. Redel-Macías et al. [13] analyzed the influence
of adding propanol and ethanol to diesel fuel, in terms of noise. The authors found that the
higher the percentage of alcohol in the blend, the higher the engine noise.
Table 2. Literature revision about diesel engine noise emissions resulting from the usage of alcohol/diesel fuel blends.
Results
(Compared
to 100%
Diesel Fuel)

Tested
Blends

↑ at high
engine load

P30, P10,
P20, E10

↓

E0, E5, E10,
E25, E20 +
0.2% CN
improver

Engine Type

Noise Meter

Noise Parameters

Test
Conditions

[13]

Four-cylinder
turbocharged
diesel engine
(85.22 kW)

GRAS prepolarized
free-field microphone
using Soundbook
multi-channel meter
with Samurai
v1.7 SINUS
MEsstechnik GmbH

Sound pressure
level (dBA)

Stationary test

[56]

Single-cylinder
direct-injection
diesel engine
(11 kW)

No noise meter is
used. Noise is
estimated from
cylinder pressure

Neither noise
parameters nor
noise quantification
are provided

[57]

Four-cylinder
turbocharged
common rail
injection diesel
engine (66 kW)

Noise is simulated

dB

New European
Driving Cycle
(NEDC)

↓

E0, E5, E10,
E25, E20

[58]

Four-cylinder
common rail
injection
diesel engine

AVL combustion
noise meter 450
based on
cylinder pressure

Neither noise
parameters nor
noise quantification
are provided

NEDC

↓

B10–B30

[59]

Four-cylinder
diesel engine
(66 kW)

No noise meter is
used. Noise is
estimated from
cylinder pressure

dB

NEDC

↑

E0, E20

[60]

Four-cylinder
diesel engine
(100 kW)

No noise meter is
used. Noise is
estimated from
ringing intensity

Neither noise
parameters nor
noise quantification
are provided

↓

E0, E10,
E20, E30

[61]

Single-cylinder
diesel engine
(80 kW)

No noise meter is
used. Noise is
estimated from
cylinder pressure

Neither noise
parameters nor
noise quantification
are provided

↓

Ethanol/diesel
fuel blends

Three accelerometers
are used

Neither noise
parameters nor
noise quantification
are provided

↑ (for E8)

D100, D98E2,
D96E4,
D94E6,
D92E8,
D90E10,
D88E12

Reference

[62]

Six-cylinder
diesel engine
(92 kW)

Stationary test

Stationary test
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Results
(Compared
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Blends
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Six-cylinder
turbocharged
[52]
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Stationary test
noise
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AVL
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diesel
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injection
noise meter 450
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kW)
dBA
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[63]
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diesel engine
cylinder pressure
Singlesoftware at a
(177 kW)
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LabVIEW software at
Stationary
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[64]
injection
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Single-cylinder a sampling
frequencydBA
test
engine load
diesel
engine
B&K
direct
injection kHz.of
25.6noise
kHz. B&K
↑ at high
D100, B1, B2,
[64]
dBA
Stationary test
(7.4
kW)
diesel
engine acquisition
noisesystem
acquisition
engine load
B3, B4
(microphones)
(7.4 kW)
system
SingleTriaxial
(microphones)
cylinder direct
accelerometer
Single-cylinder
Triaxial
Stationary
[65]
injection
B&K 4535-B, RT
LAeq (dBA)
 1–2 dBA
D100, B10, D90
direct injection
accelerometer B&K
D100, B10,
test
[65]
LAeq (dBA)
Stationary test
↑ 1–2 dBA
diesel engine
Photon and
diesel engine
4535-B, RT Photon
D90
(5.5(5.5
kW)
software
kW)
and software
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Diesel fuel; P: Propanol. GRAS is a make of an instrument, AVL is a make of an instrument.
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2. Materials and Methods
A 4-cylinder turbocharged, intercooled common rail injection 2.3 l Euro 3 diesel
engine Nissan M9T (140 kW at 3750 min−1 and 450 Nm at 1500-2500 min−1 ) was used. The
engine test bench was furnished with a Horiba DYNAS3 LI dynamometer (Kyoto, Japan),
monitored with a STARS system (This is a make of the control system).
Piezoelectric Kistler sensors (Winterthur Wülflingen, Switzerland) were used to analyze combustion chamber pressure. They were placed inside the adapter of the cylinder,
matching dimensions of the glow plug. Information from pressure and crank angle degree
were acquired with a Kibox, Kistler (Winterthur Wülflingen, Switzerland).
Ultra-low-sulfur diesel fuel (ULSD) was used as reference fuel for initial test, followed
by 10% (v/v) (B10) and 20% (v/v) (B20) n-butanol/diesel fuel blends, 10% (v/v) (P10) and
20% (v/v) (P20) propanol/diesel fuel blends and 10% (v/v) (E10) ethanol/diesel fuel blend.
Blends were prepared at different proportions, taking into consideration fuel properties,
i.e., density, cetane number and oxygen content. Steady-state points used in this work are
depicted in Table 3.
Table 3. Design of experiments comprising selected five steady-state operating modes.
MODE NO.

ENGINE SPEED (min−1 )

TORQUE (Nm)

1
2
3
4
5

1500
1700
1900
2100
2500

25
50
100
250
30

Noise emissions were measured using a supervisory control and data acquisition
(SCADA) multichannel equipment LMS mobile (This is a make of an instrument.), a 36microphone array model TL-AHW 16.1 and Siemens LMS TestLab software. Besides sound
pressure level (SPL), loudness was calculated. This parameter is important to provide the
correct human hearing equivalent sound perception. Taking into consideration accessible
methodologies, only that provided by Zwicker and Fastl [66] is effective to broadband
excitation. Subsequently, this technique was selected, as it fulfils ISO 532B, DIN 45,631 and
ISO/R 131 requirements.
3. Results
Figure 7 shows the SPL spectrograph for alcohol/diesel fuel blends. It may be seen
that highest noise level is found at high engine speed, mainly for propanol/diesel fuel
blends. Better results compared to those of diesel fuel are achieved for butanol/diesel
fuel blends, regardless engine speed or torque. As an example, there is a significant
decrease in noise level, almost 8 dB(A), when engine speed changes from 2408 rpm to
1431 rpm. This could be due to the engine injection strategy (load shifts injection timing,
ignition delay and therefore, decreases in-cylinder pressure). Although, the best results
regarding noise emissions are achieved by diesel fuel, when alcohol/diesel fuel blends
are used, butanol provides minimal deviation in comparison to those of diesel fuel. This
may be explained by the similarity between fuel properties of both petroleum-based fuel
and high carbon-chain alcohols. Its high cetane number is producing a reduction of the
ignition delay period, which decreases the cylinder pressure rise rate (Figure 7) and thus,
combustion noise emission [56,67,68]. The shorter the alcohol carbon-chain, the higher the
oxygen concentration and the lower the cetane number. The lower the cetane number, the
higher the ignition timing, ignition delay, in-cylinder pressure and therefore, combustion
noise [22].

blends were used (Figure 8). This effect could be eliminated in different ways, i.e., changing the injection angle, using additives (as cetane improver to increase cetane number),
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decreasing the ignition timing and using a modern engine with common rail or multipoint
injection systems.
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Figure 8. Heat release rate of point 1 of different alcohol/diesel fuel blends; 10% (v/v) ethanol/diesel fuel (E10), 10% (v/v) propanol/diesel fuel (P10), 20% (v/v) propanol/diesel fuel (P20), 10% (v/v)
butanol/diesel fuel (B10), 20% (v/v) butanol/diesel fuel (B20) and 100% ultra-low -sulfur diesel fuel
(USLD).
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4. Conclusions
An analytical review into the use of alcohol/diesel fuel blends as potential substitutes
for derived petroleum-based fuel has been conducted. A bibliometric analysis of the
published manuscripts using alcohol/diesel fuel blends has been included. In this regard,
only a few works about noise emissions using alcohol/diesel fuel blends have been found
in the literature. Moreover, noise emission is mostly estimated, instead of measured.
Therefore, noise emissions and loudness (sound quality parameter) of a diesel engine
fueled with alcohol/diesel fuel blends have been studied. Oxygen concentration of the
studied alcohol fuel components, as well as cetane number, were identified as the dominant
fuel properties that led to reductions of noise and loudness. In fact, similarities between
fuel properties (oxygen content and cetane number) of both petroleum-based fuel and high
carbon-chain alcohols led to similar noise results. The shorter the alcohol carbon-chain, the
higher the oxygen concentration and the lower the cetane number. The lower the cetane
number, the higher the ignition timing, ignition delay, in-cylinder pressure and, therefore,
combustion noise. As a general trend, it may be stated that butanol/diesel fuel blends
exhibit lower noise emissions compared to other alcohol/diesel fuel blends.
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