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Abstract Some concerns regarding the depletion of non-renewable sources of
energy along with the environmental damage resulting from their use have moti-
vated the search for alternative fuels. Ethanol is a renewable and important energy
alternative for Otto-cycle engines. In such context, this study proposes the evalu-
ation of carbon monoxide (CO) and total hydrocarbons (THC) concentrations and
the performance of a spark-ignited non-road engine fueled with gasoline types A
and C (GC, with 27% ethanol) and kerosene as adulterant in different proportions.
Quality parameters of the fuel blends were also evaluated. The results revealed some
difficulties in the identification of gasoline adulteration, relating to the current legal
parameters in the conditions of mixtures and tests used in the study. Regarding
the gaseous emissions, the addition of the adulterant resulted in an increase of
the CO and THC concentrations to 74% and 78%, respectively, in gasoline type C
with 30% adulterant, when compared to gasoline C free of adulterant. The addition
of ethanol to the gasoline resulted in a reduction of the CO and THC concentrations
to 64% and 56%, respectively, in relation to the pure gasoline (without ethanol),
evidencing greater combustion efficiency due to the presence of the oxygenated fuel
(ethanol).
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Introduction

Nowadays, energy demand is mainly supplied by fossil fuels, which greatly
contribute to the deterioration of air quality. This fact, along with the successive
oil crisis, has promoted a search for alternative fuels (Lin et al. 2010; Schirmer et al.
2017) such as ethanol.

Ethanol can be used both as a vehicle fuel and as a gasoline additive, aiming at
octane enhancement (Schifter et al. 2013; Walter 2009). In addition, its properties
(such as greater heat of vaporization and antiknock characteristics) are advantageous,
since they can improve engine efficiency and increase compression ratios (Lin et al.
2010).

Currently in Brazil, the commercialized gasolines are types A and C. Gasoline
type A is pure, that is, without the addition of ethanol and is sold only by producers
and importers. Gasoline type C contains the addition of anhydrous ethyl alcohol
(AEA) and is the gas sold to the final consumers (ANP 2016). The literature shows
that both the content of the ethanol added to the gasoline and the engine operation
parameters (such as the loads applied) directly influence gas emissions (Schirmer
etal. 2017). In general, the presence of ethanol in the blend reduces carbon monoxide
(CO) and hydrocarbon emissions (HC) (Schirmer et al. 2017; Masum et al. 2015;
Gravalos et al. 2013; Lin et al. 2010; Ribeiro et al. 2018; Yao et al. 2013).

According to the Brazilian National Agency of Petroleum, Natural Gas and
Biofuels (ANP, in Portuguese), there are several norms regulating gasoline, which
set forth fuel specifications all over the country. Gasoline that is not in compliance
with the specifications set forth by the ANP is considered a non-compliant product,
known as adulterated.

The adulteration of gasoline is generally obtained through the addition of solvents
such as kerosene, benzene, turpentine, diesel, etc. or even excess anhydrous ethyl
alcohol (AEA), since these products represent lower prices and lower tax charges
when compared to gasoline (Babu et al. 2017; Kalligeros et al. 2003; Obodeh and
Akhere 2010; Oliveira et al 2004). The use of adulterated gasoline might provoke
damage to the engine as well as increase the pollutant gas emissions to the atmo-
sphere, due to the alterations of the gasoline physicochemical properties such as
density, vapour pressure and distillation curve (Fonseca et al. 2007; Gawande and
Kaware 2013; Takeshita 2006). Kerosene, for example, being a heavier compound
than gasoline (therefore, more difficult to burn), tends to result in an increase in fuel
consumption, poor atomization, engine corrosion, reduction in octane quality, and
general wear. In addition to reducing the engine performance, the irregular burning of
kerosene-added gasoline increases emissions of gases such as CO, NOx and HC. Also,
a characteristic odor is noticed when the gasoline-kerosene blend is used (Tharby
2002; Gawande and Kaware 2013; Takeshita 2006). Tharby (2002) highlights the
damage that might occur to engines using adulterated gasoline, such as problems
in the fuel injection system, valves, spark plugs, oxygen sensors, etc. even in cases
when adulterants are used in small proportions.
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Olanyk et al. (2014) evaluated the effect of the addition of different percentages
(10, 20, 30 and 40% v/v) of “rubber solvent” to type A gasoline on the performance
and emissions of a single-cylinder engine with a volumetric displacement of 196 cm?
and a four-stroke cycle. Those authors verified an increase in fuel mass consumption
of up to 7% with the gradual addition of adulterant, as well as a rise in CO and HC
concentrations of 38% and 16%, respectively.

Obodeh and Akhere (2010) investigated the effect of gasoline adulterated with
kerosene in the proportions of 10, 20, 30, 40 and 50% v/v (and pure gasoline, as a
basis for comparison) on the emissions and performance of an Otto-cycle engine,
four-stroke and four-cylinders. The results showed an increase in the exhaustion
emissions as the kerosene content in the blend was increased (ranging from 21.7 to
53% CO, from 23.4 to 57.1% HC and from 2.4 to 8.25% particulate matter) and in
specific fuel consumption (34-36%) when compared to pure gasoline.

While the use of blends of oxygenated fuels in small spark-ignition non-road
engines has been widely studied, little research has been developed in relation to the
use of adulterated fuels in this category of engines. Gravalos et al. (2013) pointed
out that non-road gasoline engines differ from other automotive engines in relation
to technical specifications, which might imply differences related to these engines’
emissions and performance with the use of different fuels and their mixtures.

In this context, this study proposes the evaluation and comparison of gas emissions
and mass and brake specific consumptions of a small spark-ignited non-road engine
fuelled with kerosene (as adulterant) added to type C (with 27%v/v AEA) gasoline,
which operated under different conditions of load applied to the engine.

Material and Methods

Fuel Blends, Properties and Experimental Apparatus

The tests were carried out with gasoline type A (pure), type C (Brazilian commer-
cial gasoline, currently with 27% anhydrous ethyl alcohol—AEA) and kerosene,
purchased from a chemical industry. To verify the effects of AEA and kerosene on
fuel consumption and gas emissions, the following fuel blends were used: Gasoline
C (GC); Gasoline C with 15% kerosene as adulterant (GC;5); Gasoline C with 30%
kerosene as adulterant (GCj3p) and Gasoline A (GA). Some properties of the fuels
used are presented in Table 2.1.

Some of the main fuel quality parameters as specified by Resolution no 40/2013
of the Brazilian National Agency of Petroleum, Natural Gas and Biofuels (ANP)
were also determined in the laboratory, as follows: color, visual aspect, density,
distillation curve, final boiling point (FPB) and residue, according to the methods
and specifications presented in Table 2.2. Such parameters are directly associated
with the combustion quality and, therefore, the gas emissions resulting from the
burning of the fuel blends investigated.
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Table. 2.1 Fuel properties of Fuel property Gasoline Ethanol | Kerosene
gasoline, ethanol and
kerosene (Chang et al. 2008; Chemical formula | C4 to Cyp CyHsOH | Cyp to Cy
Kog et al. 2009; Shobaetal.  pensity at 15 °C (kg | 0.69-0.79 0.79 0.80
2011) L
Upper heating value | Type A: 7,564 | — 10,978
(cal g~ Hy* Type C: 6,882
Research octane 88-100 108.6 -
number
Motor octane 80-90 89.7 -
number

“Determined by Method DIN 51,900

Table 2.2 Gasolines “A” and “C” quality control characteristics

Characteristic Method Specifications
Gasoline A Gasoline C
Color Visual From colorless to From colorless to
yellowish, if dye free yellowish, if dye free
Aspect NBR 14,954 Clear and impurity free
Density (Kg m™3) NBR 7148 Take notes

Distillation (°C)
10% evaporated, max ASTM D-86 65.0

50% evaporated, max ASTM D-86 120.0 80.0
90% evaporated, max ASTM D-86 190.0

FPB, maximum ASTM D-86 215.0

Residue, max. (%vol) ASTM D-86 2.0
Source ANP (2013)

The engine-generator used was a single cylinder, four-stroke cycle with a volu-
metric displacement of 196 cc and maximum power of 6.5 hp (4.85 kW), with carbu-
retor, coupled to a generator with maximum operating power of 2.5 kW (TG2800
model, Toyama brand) (Toyama 2018).

For the variation of the loads applied to the engine-generator, an energy dissipation
panel of 10 halogen lamps (with 0.3 kW each one) was used (Olanyk 2013). During
the operation, the loads were measured with a digital clamp multimeter.

The concentrations of total hydrocarbons (THC) and carbon monoxide (CO)
were measured using a PC-MULTIGAS gas analyzer (by NAPRO). The analyzer
specifications are shown in Table 2.3.
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Table 2.3 Automatic gas g
Caracterist THC CO (%vol
analyzer (Napro 2018) aracteristicas (ppm) (%vol)
specifications Maximum measuring range 2000 15
Resolution 1 0.01
Detector NDIR! NDIR

INon-dispersive infrared

Combustion Assays Varying the Fuel Blends and the Loads
Applied to the System

The combustion tests evaluated the THC and CO concentrations and fuel consump-
tion as a function of the different fuel mixtures (GC, GC;5, GC3y, GA) and the loads
applied to the system (2.0, 1.5, 1.0, 0.5 and 0 kW), pursuant to the Brazilian Norm
ABNT NBR ISO 8178-4 (ABNT 2012).

The throttle of the engine was adjusted in the totally open region during the
tests, following manufacturer’s instructions, characterizing, therefore, a lean mixture
condition. Prior to each test, the engine was heated for approximately 20 min at
2.0 kW. All the measurements were carried out in triplicate, generating a total of six
emission reports for each condition of load x mixture evaluated. The temperature of
the exhaustion gases was measured every 30 s with an infrared thermometer (Minipa
brand). The data regarding CO and THC gas concentration were obtained with the
software PC-MULTIGAS, installed in a portable computer connected to the system.

The fuel mass consumption (Mc) (g min~') was determined (in triplicate) by the
variation of the fuel mass in each test for a period of fifteen minutes of working engine.
From the mass consumption and the power (P) dissipated by the energy dissipation
panel coupled to the generator (kW), it was possible to obtain data regarding the
brake specific fuel consumption (bsfc) (g (kWh)~!), using Eq. 2.1 (Masum et al.
2015).

bsfc = (Mc) - P! (2.1)

Statistical Analysis of the Experiment

The mean results obtained in triplicate for the CO and THC concentrations were
statistically analyzed using the software Action Stat (Estatcamp 2014). Initially, the
Bartlett test was applied to verify the variance homogeneity. After homogeneity
was observed, the variance analysis (ANOVA) was carried out, followed by the
Scott-Knott test, at 5% probability level, for the comparison of means between the
treatments.
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Table 2.4 Quality control data of the gasolines A, C and mixtures with adulterant (kerosene)

Parameter GA GC GCis GCjg ANP
Density at 20 °C (kg m~3) 725.6* 741.8 749.1 751.8 730-770
Distillation (°C)

10% evaporated 59.45 54.94 59.80 65.53 65

50% evaporated 94.95 74.31 77.11 97.88 80

90% evaporated 160.70 151.59 175.02 178.64 190
FPB (°C) 199.65 186.15 195.65 197.65 215
Residues (%) 1.90 1.20 1.60 1.34 2.00
Aspect C.IEb C.IEb C.IF C.IF C.IF
Color CcyYe CcyYe CYy CYy CY

4Not specified for gasoline A (ANP 2011)
bClear and impurity free
“Colorless and yellowish

Results and Discussion

Fuel Quality Parameters

Table 2.4 presents the results of the parameters destined to verify the quality of the
fuels under investigation, according to Resolution ANP n. 40/2013 (Table 2.2).

The density values in the commercialized gasoline “C” must be between 730 and
770 kg m~3, pursuant to the norms for fuel commercialization determined by the
regulating agency (ANP 2011). Table 2.4 shows that all density values for Gasoline
C and its blends with the adulterant (kerosene) are within the band determined by
ANP. Regarding gasoline A, since the mandatory percentages of anhydrous ethyl
alcohol (AEA) in the commercialized gasoline “C” have been varying in values by
20% viv since the 1990s, the density of the type A gasoline was expected to be
below the standards set forth for gasoline C, mainly for not containing AEA in its
composition (794 kg m~3 density, according to Broustail et al. 2011).

Distillation curves represent a relevant parameter in the evaluation of fuel mixture
volatility. When compared to gasoline, ethanol shows lower vapor pressure, higher
latent heat of vaporization and a lower boiling point; therefore, when they are mixed,
the formation of azeotropic mixtures occurs, implying variations in the final boiling
point (FPB) and the temperature bands of distillation curves (Andersen et al. 2010;
Bielaczyc et al. 2013; Kog et al. 2009; Silva et al. 2008). When kerosene is added
to gasoline, the mixture volatility is reduced and the boiling point increases, which
might hamper the burning of the fuel mixture, damaging the engine over time and
increasing the emission of unburned hydrocarbons and particulate material in the
exhaustion gases (Gwillian et al. 2004). Such behavior is observed in Table 2.4:
when the amount of kerosene added to the GC increases, the distillation temperatures
gradually increase; in the formulation containing 30% kerosene, the maximum values
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established are exceeded for the distillates of 10 and 50% evaporation. It seems
relevant to mention that Fonseca et al. (2007), when studying the adulteration of
type C gasoline (=24% AEA) with kerosene mixed in different proportions (2, 4, 6,
10 and 20% in volume), observed that all maximum values specified were exceeded
corresponding to distillates of 10, 50 and 90%, for the mixtures with 20% kerosene.

The parameters of color and visual aspect indicate the presence of contaminants
and materials in suspension in the fuel. The current ANP Resolution 40/2013 deter-
mines a “colorless to yellowish” color and a “clear and impurity free” aspect. The
addition of AEA to type A gasoline gives the mixture a yellowish aspect, which was
observed in the blends investigated; even so, the visual analysis showed that even
the samples with kerosene were within the requirements. Also, none of the mixtures
showed the presence of impurities.

Regardless of the parameter evaluated (visual aspect, FPB, distillation curves,
density), some difficulty was found in identifying adulteration in the gasoline, mainly
regarding lower adulterant concentrations. In this study, for example, the values
obtained for GC,5 were within the technical specifications and only some values were
in excess when the kerosene added to type C gasoline reached 30%. Also, consid-
ering that the variations of each one of these parameters depend on the adulterant
characteristics (many of them presenting physicochemical characteristics very close
to those of the gasoline), a revision of the parameters set forth in the ANP 40/2013
seems to be advisable, or even the adoption of other parameters/analyses that might
be able to identify fuel adulteration with lower levels of adulterant concentration.

Exhaust Emissions—CO and THC

Figures 2.1 and 2.2 show, respectively, the concentrations of carbon monoxide (CO)
and total hydrocarbons (THC) by varying the fuel blends and loads applied to the
engine-generator.

Figures 2.1 and 2.2 show that the samples with AEA (GC, GCs and GCj)
presented lower CO and THC concentrations, when compared to the GA samples.
AEA has 35% oxygen in its composition and a stoichiometric air—fuel ratio lower
than the gasoline (mainly composed of hydrocarbons); in this case, a greater content

Fig. 2.1 Carbon monoxide = 9
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of oxygen in mass in the fuel contributed to the oxidation of THC to CO,, which
can be considered an effect of the pre-mixed oxygen to the fuel in liquid phase
(KOC et al. 2009). Moreover, the addition of AEA promotes an improvement in
the combustion balance and efficiency due to the reduction of hydrocarbons heavy
fractions and a better evaporation of the AEA-gasoline mixtures, since the latent heat
of vaporization and the octane number of the AEA-gasoline mixtures are commonly
higher than that of the pure gasoline (type A) (Schifter et al. 2018; Turner et al.
2011). Other studies investigating types of engines and varied operation conditions
also verified a reduction in CO emissions and hydrocarbons with ethanol addition to
the gasoline (Elfasakhany 2015; Gravalos et al. 2013; Kog et al. 2009; Nwufo et al.
2017; Ribeiro et al. 2018; Schirmer et al. 2017).

As expected, the variance analysis revealed statistically significant differences in
CO and THC emissions, considering the load and fuel used (p-value = 7.7 1E~24, for
CO and p-value = 1.14E~2*, for THC). The results of the mean comparison test are
presented in Tables 2.5 and 2.6 for all treatments.

Regarding fuel adulteration, the statistical analysis pointed out that the addition
of 30% keronese to Type C gasoline significantly increased the CO emissions when
compared to pure type C gasoline (for all loads investigated). In relation to THC
emissions, the 30% adulterant addition resulted in an increase in emissions, mainly
in greater load conditions applied to the engine (1.0, 1.5 and 2.0 kW). The addition of
kerosene to the gasoline reduced the volatility and the fuel mixture octane number,
mainly due to an increase in the heavy fractions of hydrocarbons (which present
a trend to remain in their liquid phase), as well as an increase in the mixtures;
these aspects might cause the phenomenon called engine knocking, resulting in
damage to the engine and higher levels of CO and THC emissions (Gawande and
Kaware 2013; Gwillian et al. 2004; Heywood 1988; Sinha and Shivgotra 2012).
Also, with the increase in the hydrocarbon heavy fractions of the fuel mixtures,
there is a possibility of carbon deposits in the spark system, engine piston and valve.
In general, adulterating gasoline with kerosene causes problems related to the fuel
detonation, due to alterations in volatility, formation and accumulation of residues
in the engine cylinders, incomplete burning of hydrocarbons, and reduction in the
engine efficiency (Dahadha et al. 2013; Heywood 1988; Fonseca et al. 2007).
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Table 2.5 .Mean Treatments (blends | CO emissions (%vol)" | Standard error

conc'en.tratlons of.CO and loads)

(statistical analysis)
GAs 8.27 a 0.14
GAjs 7.99 a 0.10
GAys 743 b 0.07
GAjo 741b 0.07
GAoo 7.37b 0.13
GC30,00 5.26¢ 0.20
GC30, 2.0 5.14 ¢ 0.35
GCs0,15 4.85c¢ 0.40
GCso, 1.0 445d 0.21
GCs0,05 4.24d 0.22
GCyp 350e 0.23
GCis,20 344e 0.29
GC 15 291f 0.23
GCis,00 2.89 f 0.38
GCis,15 2.83f 0.28
GCis, 10 276 f 0.13
GCop 2.69 f 0.45
GCis,05 2.50f 0.13
GCio 245f 0.21
GCos 227f 0.45

“The means followed by the same letter did not differ statistically
one from another, at a 5% level of probability

Regarding the behavior of CO and THC concentrations as a function of the load
variation, the increase in the load applied to the engine results in the admission of
a greater fuel volume (per time) in the engine cylinder (increase in the fuel mass
consumption), in order to supply the demand for more rotation of the engine axis
and greater intensities in the generator magnetic field (Barakat et al. 2016; Olanyk
2013). Indeed, an increasing trend in CO and THC emissions was observed with the
load increase in the system operation.

Performance of the Engine-Generator Set

The mass consumption and brake specific fuel consumption values are presented in
Figs. 2.3 and 2.4, respectively, for all the blends and loads evaluated.

Figures 2.3 and 2.4 show that the mass consumption and bsfc results did not vary
much as a function of different formulations of gasoline type A and type C with the
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Table 2.6 .Mean Treatments (blends THC emissions Standard error

conclen.tratlons of.THC and loads) (ppm)*

(statistical analysis)
GApo 316.06 a 17.63
GAip 257.83 b 4.33
GA;s 255.56 b 4.85
GAys 246.28 b 4.29
GCs,15 24244 b 9.99
GCz0,20 240.28 b 8.99
GAz0 236.83 b 3.50
GCs0,1.0 225.00 b 5.47
GCis,20 192.61 c 341
GC30, 05 188.39 ¢ 8.29
GCis,15 171.22d 6.06
GCis, 10 159.89 d 4.03
GC3z0,00 159.61d 8.65
GCayo 153.72d 1.75
GCs 14594 d 1.56
GCio 130.83 e 4.88
GC15, 05 120.33 ¢ 3.70
GCos 100.11 f 15.70
GCis,00 84.44 £ 8.04
GCopo 73.61 f 10.14

“Means followed by the same letter did not differ statistically one
from another, at a 5% level of probability

Fig. 2.3 Variation of mass 18
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adulterant. When AEA is added to the gasoline, the fuel consumption is affected, due
to the lower calorific value of the oxygenated compounds in relation to hydrocarbons
(Gibbs et al. 2009; Wu et al. 2004). According to Channiwala and Parikh (2002),
the calorific value of liquid fuels depends directly on their elemental base (chemical
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Fig. 2.4 Variation of brake 1200
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composition), and carbon and hydrogen are the greatest contributors to the generation
of heat in the combustion. Costagliola et al (2016) and Hsieh et al (2002) highlighted
that despite ethanol’s lower heating value, its addition to the gasoline provokes a
leaning effect, which results in better use of the fuel to generate energy in the engine.
In this study, the low variability in fuel consumption as a function of the blends might
be explained by the compensation of the improvement in the combustion efficacy
due to the leaning effect, in relation to a lower energy content of the blends with
different proportions of AEA.

The trend of increase in mass consumption with the increase in the load applied
to the engine, for all blends investigated, might be justified by the demand for higher
torques from the engine axis and higher intensities of the magnetic field of the
generator in higher load conditions (Barakat et al. 2016; Olanyk 2013), which demand
greater fuel volume. Figure 2.4 shows, in all blends investigated, a reduction in bsfc
with the increase in the load applied to the engine. When the fuel mass consumption
increases as a function of the increase in the load, there is a trend towards a better
thermodynamic use of the fuel and a reduction in bsfc.

Conclusions

The following conclusions can be drawn based on our tests:

The presence of anhydrous ethyl alcohol (AEA) in gasoline (commercially avail-
able in Brazil in the 27% proportion) resulted in a significant reduction in CO and
THC concentrations to 64% and 56%, respectively, when compared to pure gasoline
(type A, ethanol free), therefore evidencing greater combustion efficiency with the
presence of oxygenated fuel (ethanol) in the blend.

Taking into consideration the test conditions adopted in this study (type of adul-
terant, engine, loads, etc.) as well as the current specifications set forth by the fuel
regulating Brazilian agency (ANP), the legal parameters to detect fuel adulteration
were seen to present limitations, mainly regarding lower concentrations of adul-
terant. Thus, from the legal standpoint, it seems relevant to consider the adoption of



24 M. A. Gauer et al.

more restrictive limits or even the inclusion of other analysis parameters, so that the
adulteration can be more easily detected.

The addition of kerosene to type C gasoline resulted in an increase in the CO and
THC concentrations of up to 74% and 78%, respectively (this fact was observed for
higher percentages of adulterant).

In the test conditions adopted, fuel consumption was seen to be more sensitive to
the load variations applied than to the type of fuel used.

Further studies should be developed on emission and consumption tests with
higher loads applied to the engine, as well as the adoption of other adulterants, to
evaluate the influence of these factors in the system’s general performance.
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