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Abstract: The use of biofuels for spark ignition engines is proposed to diversify fuel sources and
reduce fossil fuel consumption, optimize engine performance, and reduce pollutant emissions. Ad-
ditionally, when these biofuels are produced from low-grade wastes, they constitute valorisation
pathways for these otherwise unprofitable wastes. In this study, ethanol and pyrolysis biogaso-
line made from low-grade wastes were evaluated as additives for commercial gasoline (RON95,
ROND9S) in tests performed in a spark ignition engine. Binary fuel mixtures of ethanol + gasoline
or biogasoline + gasoline with biofuel incorporation of 2% (w/w) to 10% (w/w) were evaluated and
compared with ternary fuel mixtures of ethanol + biogasoline + gasoline with biofuel incorporation
rates from 1% (w/w) to 5% (w/w). The fuel mix performance was assessed by determination of torque
and power, fuel consumption and efficiency, and emissions (HC, CO, and NOx). An electronic control
unit (ECU) was used to regulate the air—fuel ratio/lambda and the ignition advance for maximum
brake torque (MBT), wide-open throttle (WOT)), and two torque loads for different engine speeds
representative of typical driving. The additive incorporation up to 10% often improved efficiency
and lowered emissions such as CO and HC relative to both straight gasolines, but NOx increased
with the addition of a blend.

Keywords: waste valorisation; pyrolysis biofuel; ethanol; spark ignition engine; performance biofuel;

emissions

1. Introduction

Alternative fuels, especially biofuels such as ethanol, biodiesel, and pyrolysis bio-oil
distillates (biogasoline or biodiesel) can be used in internal combustion (IC) engines when
blended with fossil fuels (gasoline or diesel). In recent years, renewable energy resources
have been widely proposed for the partial substitution of petroleum-based fuels. Various
sources of raw materials can be optimized for biofuel production. Biofuels derived from
vegetable oils, animal fat, and biomass waste are considered as alternative renewable
fuels for use in IC engines. Because of the volatility in the crude oil market and supply,
along with growing environmental concerns concerning greenhouse gases (GHGs), there
has been a renewed interest in the use of biofuels as partial or integral substitutes for
petroleum-based fuels in internal-combustion engines [1-3]. In addition, the European
Commission [4] introduced the term “indirect land use change” (ILUC) to account for the
consequences of the production of biofuels on land that could be used for crops. As a
sustainability measure, the biofuels produced through ILUC will not be included in terms
of renewable targets after 2030. Therefore, biofuels produced from wastes such as distillates
from pyrolysis bio-oils can be utilized with advantages relating to policy, techno-economic
consideration, and environmental reasons [2,5].
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Pyrolysis biogasoline and ethanol are alternative fuels to gasoline, but normally they
are used as additives rather than main fuels, except for ethanol, which is being used in
Brazil in so-called “flex-fuel” engines [6]. On the other hand, these biofuels have a very low
carbon footprint compared to fossil fuels because of their renewable nature and their short
carbon cycle, therefore reducing fossil carbon dioxide (CO,) emissions [6]. For instance, a
5% reduction in the use of fossil gasoline in a car with a consumption of 5 L/100 km would
translate into a reduction of around 6 g CO, /km.

Pyrolysis biogasoline has a complex composition including components with various
functional groups, such as alcohols, hydrocarbons, acids, esters, furans, phenols, ketones,
and the corresponding oligomers [7-13].

The physical and chemical properties of bio-oil, such as acidity, thermal stability,
heating value, water content, density, viscosity, lubrication characteristics, and elemental
composition, are essential to evaluate its potential energetic valorisation. These properties
reflect the interactions of the different bio-oil components and are strongly influenced by
the presence of oxygenated compounds [8]. The elemental composition of bio-oil (C, H, N,
S, and O contents), determined after elimination of water by distillation, is an important
parameter for the characterization of bio-oils and biofuels, because it enables estimation
of the fuel’s high heating value (HHV), research octane number (RON), and air—fuel ratio
(AFR) [10].

Ethanol is another renewable fuel that can be obtained by fermentation of sugar
containing materials; for example, sugar-rich biomasses such as sugarcane, starch-rich
materials such as corn, or various lignocellulosic materials including agro-industrial wastes.
This biofuel is an oxygenate octane booster for gasoline, replacing lead, and it can help to
reduce emissions of carbon monoxide (CO), unburned hydrocarbons (HC), and perhaps
nitrogen oxides (NOXx) (regulated emissions). Additionally, it contributes to the reduction
of fossil greenhouse gas emissions, due to the CO, captured during the biomass production
cycle. Ethanol (C;HsOH) is a pure substance, so it has a single boiling temperature. The
mixing of ethanol and gasoline (a hydrocarbon) results in an azeotropic effect in which
the volatility or vapour pressure of the mixture is greater than the vapour pressure of the
constituent components [14-18].

There are several properties of ethanol that affect its combustion characteristics and
therefore affect engine performance and exhaust emissions. The major effect of the ethanol
used as gasoline additive (in RON95 and RON98 gasoline) is to increase the octane number
of the fuel mixture, which may improve engine performance. Its inherent oxygen content
assists the combustion process in the cylinder, reduces exhaust emissions (especially
CO and HC), and also improves the atomization of the fuel in the air. Ethanol has a
higher octane number (117 RON) than commercial gasoline, which only ranges from 88 to
98 RON [19].

The addition of ethanol into unleaded gasoline can improve engine performance and
decrease exhaust emissions; namely, CO and HC. For example, the work done in [20] found
that the mixture of unleaded gasoline with ethanol tends to provide an average percentage
increase in engine power, volumetric, engine efficiency, and fuel consumption of about
8.3%; 9.0%; 7%, and 5.7%, respectively. The authors also found that the addition of ethanol
reduces specific fuel consumption, the air-fuel ratio, and the concentration of CO and HC
emissions by 46.5% and 24.3%, respectively. In another experimental test [21], the results
showed that the ethanol-gasoline mixture slightly increased torque and fuel consumption,
while CO and HC emissions decreased 10-90% and 20-80%, respectively. They found that
the NOx emission concentration was more dependent on the lambda, and not so much
on the ethanol content of the fuel [21]. Other experimental tests [22] using alcohol fuels
such as methanol and ethanol found that these improved engine performance and reduced
exhaust emissions. In the use of methanol, the average percentage reduction in NOx, CO,
and HC emissions was 49%, 22.6%, and 21.6%, respectively. In the use of ethanol, the
emission reduction of NOx, CO, and HC was 47.6%, 21.3%, and 19.1%, respectively [22].
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In the present work, binary and ternary mixtures of gasoline, biogasoline, and ethanol
were evaluated as fuel mixtures for spark-ignition engines. There is very little in the
literature regarding these ternary mixtures.

The biogasoline was produced from the distillation of pyrolysis bio-oils obtained
from low-grade, used cooking oils. These oils are not suitable to be transformed into
biodiesel through the normal transesterification process because of their acidity, water
content, and various impurities added by the cooking process. However, there is a risk that
the pyrolysis biogasoline may have a RON value significantly lower than gasoline. For that
reason, the blending of this biofuel with other high-octane fuels, such as ethanol, might
be advantageous.

On the other hand, since it is known that both ethanol and pyrolysis biogasoline
contain elemental oxygen, there is interest in investigating the impact of these two oxy-
genated biofuels in the fuel mixture on engine performance (torque, power), efficiency, and
emissions. To assess the performance of fuels and fuel blends, it is typical to perform tests
comparing the performance and emissions of the various fuels towards maximum torque
and power at given engine speeds (wide-open throttle conditions, WOT). However, in
real-world conditions, the WOT setting is rarely used. Therefore, it seems useful to perform
comparisons for a set of prescribed torque conditions corresponding to engine-performance
conditions at typical cruise speeds.

In the present work, experimental tests were run using seven different binary and
ternary blends of four fuels, namely pyrolysis biogasoline made from low-grade waste
biomass, ethanol, RON95 gasoline, and RON98 gasoline. These blends were tested in an
SI engine connected to a brake dynamometer for wide-open throttle (WOT) and at two
prescribed torque-load conditions. To reduce the number of variables (and since catalysts
require it), the mixture was set at stoichiometric for all tests.

The experimental results were evaluated in terms of engine performance (torque and
power), efficiency, and emissions (NOx, CO, unburned HC). The parameters used to ensure
stoichiometry and to optimize engine performance and emissions were the fuelling map
and the ignition-advance map, so that maximum brake torque (MBT) would be attained
without knock onset.

2. Materials and Methods
2.1. Gasoline and Biofuel for Experimental Tests

RON95 and RON98 commercial gasoline were used as base fuels. Ethanol 99% v/v was
provided by LabChem Company, Lisbon, Portugal. The biogasoline was produced at the
Biomass Laboratory of the Department of Science and Technology of Biomass, Universidade
Nova de Lisboa in Portugal by pyrolysis of used cooking oils, in a high-pressure stirred
reactor (Parr Instrument Company, Moline, IL, USA, model 4520), at temperatures from
400 °C to 420 °C, using initial vacuum. The produced bio-oil was distilled to obtain more
homogeneous fractions and eliminate water. The biogasoline fraction was the first to be
collected, at temperatures from 30 °C to 195 °C. The composition and some of the properties
of the fuels used in the engine tests are shown in Table 1.

Table 1. Composition and properties of the fuels tested.

p Elementary Composition (% m/m)

Fuels 3 pH
RON.% 750 86.2 124 0.0 0.0 1.4 -
gasoline
RON.% 750 84.5 12.5 0.0 0.0 3.3 -
gasoline

Biogasoline 850 83.1 13.6 0.0 0.0 3.3 4.5
Ethanol

999% 800 51.5 14.2 0.0 0.0 38.8 -
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The compositions of the fuel mixtures used in tests with a WOT load and in tests with
a prescribed torque load (70 Nm and 50 Nm) are presented in Tables 2 and 3, respectively,
and expressed as mass percentage. For example, the G98 + BG1 + E1 blend contained
98% G (RON 95 gasoline), 1% BG (biogasoline) and 1% E (ethanol).

Table 2. Compositions of the various fuel mixtures used for the WOT-only tests.

Gasoline Gasoline . . CO,
Test NameB‘;f ﬂ:le Fuel £ ONo9s RON98 B“’(gB“é‘)’lme Eti‘g)‘“’l Reduction
en (G) (GS) (8co2/L)
1 G100 (RONO95) 100% 0
2 GS100 (RON98) 100% 0
3 G98 + BG2 98% 2% 47.9
4 G96 + BG4 96% 4% 95.7
5 G98 + BG1 + E1 98% 1% 1% 47.9
6 G96 + BG2 + E2 96% 2% 2% 95.7
7 G96 + F4 96% 4% 95.7

Table 3. Compositions of the various fuel mixtures used for the prescribed torque and WOT tests.

Gasoline Gasoline . . CO,
Test N amlf/[‘i’ittuhr‘; Fuel R ON95 RON9S8 B‘:’Bgés)"h“e Eﬂ(‘;“’l Reduction
(G) (GS) (8co2/L)
G100 (RON95) 100% 0
GS100 (RON98) 100% 0
7‘8’}31 G90 + E10 90% 10% 2393
50 Nm' GS90 + E10 90% 10% 2393
m G95 + BG5 95% 5% 119.6
G90 + BG5 + E5 90% 5% 5% 2393

The settings and testing parameters used during the engine-performance and emis-
sions tests with the various fuel blends are shown in Table 4.

Table 4. Test operating conditions for the WOT and prescribed torque-load tests.

Engine Speed: WOT 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500, 6000 rpm
Engine speed: prescribed torque 2000, 2500 rpm
Lambda map setting Stoichiometric
Ignition map setting Set for MBT or knock onset
Engine load WOT and prescribed torque (50 Nm and 70 Nm)

2.2. Spark-Ignition Engine and Dynamometer

The engine-performance tests were performed on an atmospheric multipoint injection
(MPI), 1.6 L, 4-cylinder spark-ignition engine from PSA (Peugeot/Citroén). This engine
is usually used in small sports cars, such as the Peugeot 106 GTI, Citroén Saxo CUP,
and Citroén C2, among others. This engine type was originally built in 1996 and was
also installed in subsequent years in the following generations of these models. It is a
relatively small and lightweight engine that shows excellent performance in these small
and light cars.

The tests were performed in the Laboratory of Thermal Engines and Applied Ther-
modynamics (LaMoTA) of the Mechanical Engineering Department of the University of
Minho (Figure 1). Detailed technical specifications of the PSA engine are shown in Table 5.
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Figure 1. (a) Spark-ignition injection engine test on the dynamometer, and (b) emissions analyzer.

Table 5. Specifications of the PSA (Peugeot/Citroén) gasoline engine.

Model of Engine TU5JP4—Spark Ignition, Atmospheric
No. of cylinders 4
Fuel delivery Multipoint injection (MPI)
Displacement (emd) 1587
Maximum power (kW /HP) 88/118 at 6600 rpm
Maximum torque (N-m) 145 at 6600 rpm
Valvetrain DOHC (dual overhead camshaft), 16 valves

Compression ratio 10.8:1

The engine was connected to an eddy current dynamometer (Telma AD61-55) through
a drive shaft and coupling flanges, as shown in Figure 1a. The engine speed was controlled
by the control unit of the dynamometer, which was developed in-house. The maximum
engine speed was 6000 rpm for safety reasons. The torque was measured by the dynamome-
ter through a 500 kgf Zemic B3G load cell with a combined error of +0.02% of the full
scale. Taking into account the geometric configuration of the load cell installation and the
4:1 transmission relation, this translated into a maximum error of 0.1 Nm in the engine
torque. A manual throttle was used to control the engine load as the control variable. The
exhaust gas emissions were measured using a calibrated AVL gas analyser (DIGAS 4000
LIGHT model, Figure 1b) that could evaluate lambda (A) and the concentrations of CO,
COy, Oy, HC, and NOx. The emission measurement range and accuracy of the AVL gas
analyzer can be seen in Table 6.

Table 6. Emission measurement range of the AVL DIGAS 4000 LIGHT gas analyser.

Emission Measurement Range Resolution
CcO 0-10% vol. 0.01% vol.
HC 0-20,000 ppm 1 ppm

NOx 0-5000 ppm 1 ppm
Lambda 0-9999 0.001

The engine was also equipped with various other sensors to measure oil and water
temperature, fuel pressure, exhaust gas lambda, and engine knock.

2.3. Electronic Control and Measuring Apparatus for the Spark-Ignition Injection Engine Test

To enable the different fuels to be tested in the engine, it was necessary to use a
programmable engine control unit (ECU Master EMU), enabling the fine-tuning of spark
advance and fuel injection. During the test, two map tables were used to control volumetric
efficiency and ignition advance. The volumetric efficiency map table is a function of the air
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(a)

throttle valve opening and closing to regulate the flow of air entering the cylinder in order
to obtain a stoichiometric mixture of AFR or lambda 1, while the ignition advance map
table shows the angle position of the crankshaft to the piston position at the top dead centre
(TDC) during ignition [23,24]. The ECU is shown in Figure 2a, and one map for volumetric
efficiency (fueling) is shown in Figure 2b. In the volumetric efficiency map table, there are
three-dimensional maps consisting of air throttle position (%), constant crankshaft rotation
speed (rpm), and constant load (acceleration pedal position or %).

Fueling

B Fucking - V table 71 i
AT
235 305 354|388
OEE EDENED
17.0]235[ 208 35.4)
170235308 35.4] 7] 702
[17.8235[ 308 35.4 385 &2 5: :
170 235|209 | 35,4 306 418 933|587 | 71,
17,0235 303 35,4 | 386 | 445 4.9 597 | 71,
1710|245 29,9 35.2| 39.4 | 45,6 51.7 [ 589 72
[17.0]24.4] 305 35.2| 3956 | 7.0 53.1 [ 61 8] 7
170235 {0] 01
200(200 250300213
EEDENEDEE
ENERENENES
0]2n0| 220/ 260[ 330 42
2,0]243[300[391
\0[22.0[ 36,0 36.0[ 433
NEEEEEE

|2(0]220] s22 572|667
=3

2! 50 [ 7.0 |10

(b)

Figure 2. (a) Engine management unit (EMU/ECU), and (b) volumetric efficiency map.

The mass of fuel was continuously measured with an electronic weighing scale
(Figure 3a). The fuel consumption was measured with a Kern FCB 12K0.1B precision
weighing device with a £0.1 g maximum error attached to a data-acquisition system. The
fuel flowrate was estimated by obtaining the slope of the line fitted to the mass variation
along the test duration through a linear regression, which is an effective way of reduc-
ing random error. The various parameters were acquired with a National Instruments
CompactDAQ system and analysed through the LabVIEW software program and control
board (Figure 3b).

Figure 3. Electronic weighing scale (a) and data acquisition (LabVIEW) (b).

2.4. Energy-Balance Calculations

An energy balance was performed during the tests to account for the amount of
energy supplied by the fuel and how the engine used that energy. During fuel combustion,
chemical energy is converted into thermal energy, and part of that heat is then converted
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into mechanical work. The remainder is lost through the cooling water and within the
exhaust gases.

The thermal power supplied to the engine, Qf (in kW), is obtained through
Equation (1) [12,19,25):
Qf = i1y x LHV; x 1000 (1)

where 7iif is the fuel mass flow rate (g/s), and LHVis the lower heating value of the fuel
(in MJ/kg, thus the need to multiply by 1000 for unit coherence).
The engine brake power, Ws (in kW), is [12,19]:

Wb:2><7T><NXT (2)

where N is the engine speed (rev/s) and 7 is the brake torque (N-m).
The air—fuel equivalence ratio, or lambda, for fuels (A) is calculated as follows [19,25-27]:

g

A = ———F
0T AFRg, X ity

(©)
where 7iif (g/s) is the fuel mass flow rate, in this work measured by an electronic weighing
scale; AFRg; is the stoichiometric air—fuel ratio (on a mass basis) for the fuel blend; and #1,;,
is the intake air mass flow rate (g/s).

The brake-specific fuel consumption (BSFC) is the ratio between the mass flow rate of
the fuel consumed by the engine (in g/h) and the power produced by the engine (in kW),
and can be written as follows [19,25]:

g \ . ~ .
BSFC(M) =it /Wy, iy = ritg(g/s) x 3600 @)
Nonetheless, since the different tests were performed with different fuels displaying
different heating values, the BSFC concept was not suitable to compare the performance
of the different fuel blends. Instead, the concept of energy efficiency, or brake thermal
efficiency (174,,) was used:
W
Hen,fo = —£ )
Qb

where Q p is the thermal power supplied by the fuel blend to the engine. The higher
heating value (HHV) and lower heating value (LHV) can be measured or calculated based
on the composition of the fuel using the following equations [15,26,28]:

HHV (M]/kg) = 0.3491 x C +1.1783 x H — 0.0151 x N +0.1005 x S — 0.1034 x O — 0.0211 x A (6)

where C, H, S, O, and N are the weight percentage of carbon, hydrogen, sulphur,
oxygen, and nitrogen; and A is the weight percent of ash in the fuel constituents. As the
fuels used in the present work had negligible sulphur or ash, the previous equation can be
simplified to:

HHV (MJ/kg) = (3382 x C +1442.8 x (H — 0/8)) x 0.001 @)

The LHYV is calculated as follows [28]:

LHV <11\(/Ig]> = HHV — 218.3 x H% (wt%) 8

The LHV of the fuel blend, LH Vﬂ,, results from the weighted average of the LHV of

each specific fuel, with the corresponding mass percentage in the fuel mixture (%m) being
used as the weighting factor:

LHVfb = LHVg X %mg + LHVE X Y%mg + LHVpg X %mpg 9)
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Stoichiometric AFR/lambda were selected as targets during engine operation. Com-
plete combustion reaction of each fuel (gasoline, ethanol, and pyrolysis biogasoline) with
air was assumed for the calculations.

In general, the combustion reaction of a fuel and air can be written as follows:

z

C.H,O, + (x n % - E) (02 +3.76 Ny) — x CO, + % H,0 + 3.76(x + % - %) N> + heat (10)

The fuels considered for the calculations were those presented in Table 1. The proper-
ties of ethanol (C,H50H) were those of the pure substance mixed with 1% water, while
the properties of pyrolysis biogasoline and RON95 gasoline were specifically measured.
RONDY5 is a commercial gasoline that typically is blended with around 5% ethanol, be-
ing often called E5. Because commercial gasoline contains ethanol, which also contains
water (H;O), the hydrogen in commercial gasoline is increased slightly, and there is also
oxygen content.

Based on the fuel elemental composition (Table 1), it was possible to calculate general
molecular formulas for these fuels, namely CxHj 726xO0.012x for RON95 gasoline and
CxHj.964xO0-020x for biogasoline. Considering the compositions of RON95 gasoline and
biogasoline, as evaluated by chromatographic analysis [29,30], it was possible to estimate
an average carbon number of 7 for RON95 gasoline and 9 for biogasoline. Therefore,
the complete combustion of RON95 gasoline, biogasoline, and ethanol with air can be
described by Equations (11)—(13), respectively:

C7Hy3 4103 (05 +3.76 Ny) — 7 CO, + 6.5 HyO + 38.5 N, + heat (11)
CoHig +13.5 (05 +3.76 No) — 9 CO, + 9 HyO + 50.8 Ny + heat (12)
CoH;0 43 (0, +3.76 Np) — 2CO, + 3.5 HyO + 11.3 N, + heat (13)

After determining the molar mass percentage of each fuel, the AFR can be calculated
using the following equation for each fuel with air [19]:

O

AFR = 11.44C 4 34.32 (H - 8) 14295 kg of air

kgof fuel

From the test data, the percentage of molecular mass composition of the elements that
formed a fuel compound and the above equation were used to obtain the values of HHYV,
LHYV, and AFR listed in Table 7.

(14)

Table 7. Heating values and air-fuel ratios for the fuel test.

Fuels HHV (M]/kg) LHV (M]/kg) AFR Stoich
RONDO5 gasoline 46.8 441 14.06
RON98 gasoline 46.0 43.3 13.82

Biogasoline 471 442 14.03
Ethanol 99% 27.9 25.0 8.99

AFR calculations were performed for fuel mixtures containing BG1, BG2, BG4, BG5,
El, E2, E4, E5, and E10.

To illustrate these calculations, an example is given for the calculation of the air—
fuel ratio of fuel blends (AFRp) for (BG2 + E2 + G96). As shown in Table 3, the fuel
mixture symbol (BG2 + E2 + G96) shows that: BG2 = 2% biogasoline, E2 = 2% ethanol, and
G96 = 96% gasoline.

For example, the air-fuel ratio of the fuel blend (AFRg) for (BG2 + E2 + G96) blend is:

AFRg, = 0.02 x 14.03+0.02 x 8.99+0.96 x 14.06 = 13.955 (15)

For the requirements of lambda or AFR, the stoichiometric target of the fuel com-
bustion fuel blend in the ECU map and the mass of the exhaust gas flow rate is the total
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mass of fuel flow rate multiplied by the AFR. For all conditions within the engine map, the
lambda (ratio AFRgsichiometric against AFR 1) target value was always 1, but the lower
heating value changed with the mixture of the fuel supplied. Therefore, the AFR and LHV
values for stoichiometry for pure fuels and fuel blends varied for each fuel; the values are
listed in Table 8.

Table 8. AFR for each fuel and fuel blend (for stoichiometric conditions).

Fuel Blends AFR Fuel Blend LHYV Fuel Blend
Pure Fuels
RON95 (G100) 14.06 44.1
RONO98 (GS100) 13.82 43.3
Biogasoline (BG100) 14.03 442
Ethanol 99% (E100) 8.99 25.0
WOT Tests
G96 + E4 13.86 43.34
G98 + BG2 14.06 44.10
G96 + BG4 14.06 44.10
G98 + BG1 + E1 14.01 4391
G96 + BG2 + E2 13.96 43.72
Prescribed Torque Tests
G90 + E10 13.55 42.19
GS90 + E10 13.34 41.47
G95 + BG5 14.06 4411
G90 + BG5 + E5 13.81 43.15

The calculation of the mass flow rate of air into the engine and the total mass flow rate
of the combustion gases was required. The sum of the fuel and air mass flow rates entering
the engine yielded the exhaust gas mass flow rate, 111,y leaving the engine, which can be
written as:

mcxh = min’ and min = mf + Thg (16)

The specific emission of a given pollutant i, Speission i (§/kWh), is defined as the ratio
between the mass flow rate of the respective pollutant (11;) on an hourly basis (g/h) divided
by the brake power of the engine (kW) [31-33]:

o mi [%] _ Cconcmi X mexh [%]
SPemission i = = = - (17)
W, [lcW] W, kW]

where €.y, 1 i is the mass concentration of pollutant i.
However, the analyser measured volume concentrations of the emissions (e, o, ;) in
ppm or %. Therefore, Equation (16) above can be rewritten as:

M conc, i Pi Mexh
SPemission = €conc v, i X < ——or X - (18)

Mot exh e conc Ptot exh Wy

where:

€conc v, i i the volume concentration (ppm or percentage, divided by a correction factor:
ppm x 107% and vol % x 10~2) of pollutant i;

M conc, i is the molecular mass of emission concentration i (g/mol);

Mot exh e conc 15 the total molecular masses of exhaust emission concentration (g/mol);

Qe conc,i is the density of emission gas i (kg/m?);

Otof exli e conc 18 the total density of the exhaust emission concentration (kg/m?3); and

Tileyy, is the exhaust gas emission mass flow rate (g/h).

Note that since the unit of #1,, is (g/s), a factor of 3600 is used to convert to (g/h).
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3. Results and Discussion
3.1. Analysis of Engine Performance and Emissions at Various Engine Loads

The evaluation of the different fuel mixtures involved the determination of their
effect on the performance of a spark-ignition engine by measuring its power, torque, and
efficiency, as well as determining the associated exhaust emissions (CO, HC, and NOx)
with the use of a brake dynamometer. As indicated above, the engine was tested with
different biofuel blends at various engine speeds at maximum engine load (WOT) and at
the two prescribed torque levels (50 Nm and 70 Nm) with a stoichiometric mixture and
with the ignition adjusted to MBT or to avoid knock.

3.1.1. Performance and Emissions for Maximum Engine Load (WOT)

These series of tests were conducted on the engine for different blends of biogasoline
and ethanol with RON95 and RON98 pump gasolines. The tests involved measuring
the engine performance and exhaust emissions at the maximum engine load (WOT) for
various engine speeds with a stoichiometric mixture and the ignition map set for MBT
or knock onset. Each test had an approximate duration of 20 s after speed and engine
load stabilization.

The results obtained with various biofuel blends with gasoline for the parameters (a)
torque and ignition spark advance, (b) variation of power relative to the baseline fuel, and
(c) efficiency are shown in Figure 4, plotted as a function of engine speed, ranging from
2000 to 6000 rpm with intervals of 500 rpm.

Torque and ignition advance
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Figure 4. Torque and ignition advance (a), and power (compared to G100) (b) as a function of engine
speed for different fuels for maximum engine load (WOT).



Energies 2021, 14, 5209

11 of 19

Figure 4a shows the torque and ignition-advance values for the engine at WOT and for
the different fuel mixtures. It can be seen that the addition of ethanol and biogasoline, in
small percentages relative to gasoline, generally had a positive effect on the improvement of
the combustion characteristics of the engine. If we look at the overall lines (for all mixtures),
there was a twin peak of torque around 3000 rpm and 5000 rpm, which was expected for
an Sl 4-valve engine. The maximum average torque was obtained by the G98 + BG1 + E1
mixture, followed by G98 + BG2, G96 + BG4, G96 + E4, and GS100 (straight pump RON98
gasoline), and the two lowest torques were found for G100 (straight pump RON95 gasoline)
and G96 + BG2 + E2. More specifically, the average percent change in torque and power for
the entire engine speed range using a mixture of ethanol and biogasoline as an additive com-
pared to pure commercial G100 gasoline was as follows: GS100 = 0.5%; G96 + E4 = 1.5%;
GI8 + BG2 = 2.6%; G96 + BG4 = 1.7%; G98 + BG1 + E1 = 3.2%; and G96 + BG2 + E2 = 0%.

The ignition advance was set for conditions of MBT or to avoid knock. The G98 + BG2,
G98 + BG1 + E1, and G96 + E4 mixtures allowed higher spark advance, while RON95 pump
gasoline showed the lowest advance. The high-octane pump gasoline (RON98) was only
slightly better than the RON95. This showed that the addition of ethanol and pyrolysis
biogasoline generally allowed higher ignition advance, which promoted higher torque
and power.

The differences in the power generated from each fuel mixture and the power pro-
duced by the baseline fuel (G100 gasoline, RON95) can be seen in Figure 4b, expressed
as a percentual variation. The figure shows that the addition of ethanol and pyrolysis
biogasoline to G100 gasoline (RON95) increased the average power compared to the power
produced by G100 gasoline (RON95) and GS5100 gasoline (RON98). This increase in power
was due to the nature of ethanol, which increases RON in the fuel mixture, as well as
oxygen content, and has a good combustion temperature. Meanwhile, when pyrolysis bio-
gasoline was compared to the ethanol, it contained less oxygen and was more energy-dense,
and seemed to provide a more balanced mixture.

Engine brake efficiency is shown in Figure 5 for the different fuel blends at WOT
and with stoichiometric mixtures. The maximum efficiency occurred at engine speeds be-
tween 3000 and 4000 rpm, although some mixtures had a local maximum at higher engine
speeds. A higher overall efficiency was obtained for the mixtures of gasoline with biogaso-
line and ethanol in smaller proportions, namely the G96 + BG2 + E2, G98 + BG1 + E1, and
G98 + BG2 mixtures, while the high-octane RON98 pump gasoline (G5100) and G96 + BG4
showed lower efficiencies compared to the others. Straight pump RON95 gasoline (G100)
displayed medium/low values for the various fuel blends. The average percent varia-
tions of efficiency using a mixture of ethanol and biogasoline as an additive compared to
commercial gasoline RON95 (G100) were as follows: G5100 = —2.8%; G96 + E4 = —1.8%;
G98 + BG2 = 4.2%; G96 + BG4 = —0.9%; G98 + BG1 + E1 = 5.7%; and G96 + BG2 + E2 = 1.9%.

The CO and HC emissions in exhaust gases depend on the quality of the combustion
process that occurs in the combustion chamber. When incomplete combustion occurs, CO
and HC emissions will increase. The stoichiometry of the combustion and homogeneity of
the mixture (atomization) are factors that we tried to eliminate in these experiments, as the
mixture was always stoichiometric, and the injections all occurred at the same crank angle.

When examining Figure 6a,b, it seems that the addition of ethanol to the fuel (G96 + E4,
G96 + BG2 + E2, BG98 + BG1 + E1) reduced the emissions of CO and HC, whereas
the addition of biogasoline (G96 + BG4, G98 + BG2) had the opposite effect. This in-
crease of CO and HC emissions, reflecting an incomplete combustion for the mixtures
with biogasoline, may be related to the presence of components with molecular weights
significantly higher than the average molecular weight of gasoline. This characteris-
tic may be attenuated in the biogasoline fraction by applying fractional distillation to
limit codistillation of heavier components. In general, ethanol was the biofuel addi-
tive that showed a capacity to better improve the combustion characteristics and re-
duce CO and HC emissions. The average percent variations of CO/HC using a mix-
ture of ethanol and biogasoline as an additive compared to commercial G100 gasoline
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were as follows: GS100 = —8%/—8%; G96 + E4 = —31%/—2%; G98 + BG2 = 77%/4%;
G96 + BG4 = 184%/17%; G98 + BG1 + E1 = 9%/ —22%; and G96 + BG2 + E2 = 5%/ —8%.

Efficiency vs engine speed for different fuels use
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Figure 5. Efficiency as a function of engine speed for different fuels at maximum engine load (WOT).

The formation of nitrogen oxides (Figure 6¢) was mainly influenced by the high
temperatures of the combustion, due to the Zeldovich reaction [13]. The addition of ethanol
to the fuel (G96 + E4, BG98 + BG1 + E1, G96 + BG2 + E2) increased NOx production, most
likely because the combustion was slower (ethanol burns faster than gasoline) and the spark
advance was increased (because of its higher octane number), leading to higher combustion
pressures and temperatures. Mixtures with biogasoline (G98 + BG2, G96 + BG4) produced
lower NOx, most likely because the combustion characteristics (lower combustion speed)
of the biogasoline deteriorated the combustion of the pump gasoline, although G96 + BG4
was tested with a longer ignition advance. Figure 6 shows the results for NOx. In the case of
G98 + BG2, there were substantial NOx oscillations depending on the engine speed. We are
not sure why this happened, but since NOx is so dependent on mixture strength, we believe
that these oscillations may have been related to that effect. In [21], the authors observed
that NOx was mainly a function of lambda, not the ethanol percentage in the mixture.

The average percent variations of NOx using a mixture of ethanol and biogasoline as an
additive compared to commercial RON95 gasoline (G100) were as follows: GS100 = —3.8%;
G96 + E4 = 40%; G98 + BG2 = —33%; G96 + BG4 = —18%; G98 + BG1 + E1 = 17%; and
G96 + BG2 + E2 = 14%.

3.1.2. Performance and Emissions for Two Prescribed Torque Conditions at Different
Engine Speeds

The previous section reported tests in which the engine was at WOT, which is a
condition seldom used in day-to-day driving, but the tests helped us to understand the
way the different fuels behaved in the engine. However, it is also important to test the
fuels at conditions similar to those found on the road. A possible approach would be to
run the engine under the same road cycle with the different fuels, but this would require
the engine to be in the car, and the car to be on a rolling road dynamometer capable of
performing specific driving cycles, which was unavailable for these tests.

So, it was decided to perform a series of tests in which the engine speed and the engine
load were kept constant at prescribed values that were the same for all the fuels. Four
partial-load conditions, relevant to actual driving on the road or motorway, were selected:
two torque conditions of 50 and 70 Nm and two engine speeds of 2000 and 2500 rpm
(10 and 15 kW at 2000 rpm and 13 and 18 kW at 2500 rpm). In addition, the conditions
for WOT were tested, achieving 135 and 137 kW for 2000 and 2500 rpm for the use of
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RON95 pump gasoline, respectively. Again, for each condition and for each fuel, the engine
fueling was optimized for stoichiometry. In terms of ignition advance, all tests under each
condition used similar advancing for the different fuels, as it would be too complicated to
set a torque level and then optimize the engine in terms of torque output.

Different ethanol and biogasoline mixtures with RON95 (G100) and RON98 (GS100)
pump gasoline were used (G90 + E10, G590 + E10, G95 + BG5, G90 + BG5 + E5). Further-
more, a mixture of high-octane RON98 pump gasoline and ethanol was used (GS90 + E10),
in order to compare it to the mixture of RON95 and ethanol (G90 + E10).

It is commonly established that RON98 high-octane pump gasoline allows for a better
engine performance than RON95. However, the major difference between these commercial
fuels is their influence in terms of knock onset, which is very important for the engine to
produce high torque and power, but is of no significance when the engine runs at lower
loads, the most frequent conditions of engine use in urban areas and on local roads. The
specifications for pump gasoline enable maximum percentages of 5% and 10% of ethanol
for RON95 and RON98 gasolines, respectively. So, as the ethanol has a much lower energy
density (in volume, which is the way the user buys the fuel) than straight gasoline, a higher
proportion of ethanol will give the fuel a lower heating value, and the engine will require a
higher flow of fuel (in volume terms) to attain the same power. Therefore, it seems that for
the same conditions without knock, the higher-octane RON98 pump gasoline would result
in a higher fuel consumption (in volume) than for RON95, unless the better combustion
and efficiency enabled by the addition of ethanol reduces the consumption.

Figure 7a,b show the resulting efficiencies for the two pump fuels (RON98 and RON95)
and for the various blends, for two prescribed torque conditions (50 and 70 Nm) and for
the two engine speeds (2000 and 2500 rpm). In addition, the same graphs show the
values for the WOT conditions. In all cases, the fuels with ethanol (G90 + E10, GS90 + E10)
yielded better efficiencies than the base fuels (RON98 and RON95). The addition of
biofuel (G95 + BG5) to the RON95 also improved the efficiency in all the cases, but with
lower improvements than for ethanol. The tests with addition of ethanol and biogasoline
(G90 + BGS5 + Eb) were not conclusive. However, it was noticeable that the WOT tests of
the mixture with ethanol and biogasoline produced more torque than any other mixture.
Again, the tests using ethanol added to the pump gasoline showed higher efficiency than
those for the base gasoline.

The results for CO and HC emissions can be seen in Figure 8a—d. The addition of
ethanol to gasoline generally improved combustion and lowered the emissions of CO and
HC. This effect was clear for the mixtures with 10% ethanol (G90E10, GS90E10), which
showed emission values of about half of those measured for pump gasoline. In addition,
the RON98 gasoline generally had lower emission values for all pollutants than RON95,
reflecting the higher percentage of ethanol in its composition. Strangely, the addition of
biogasoline (G95 + BG5) reduced the emission of CO and HC for all cases, but the mixture
of biogasoline and ethanol (G90 + BG5 + E5) generally increased the emissions of these
pollutants or had no effect.

In terms of NOx, Figure 8e,f show that the trend was not evident, as with previous
emission results. Although the tests for WOT showed that the addition of ethanol (G90E10,
GS90E10) yielded higher values for NOx, and the base RON95 gasoline had the lowest NOx
emissions, which were expected, the results for the partial load (50 and 70 Nm torque) did
not follow this trend. RON98 gasoloine seemed to produce more NOx than RON95, and
the addition of biogasoline (G95 + BG5) had a small detrimental effect on those emissions.
The addition of ethanol showed an increase in NOx when added to RON95 gasoline
(from RONO5 to G95 + E10), but that effect was not evident for RON98 (from RON9S to
GS90 + E10).
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Figure 6. (a) Specific CO, (b) HC, and (c) NOx as a function of engine speed for different fuels at
maximum engine load (WOT).

NOx is mainly produced by the mechanism of the Zeldovich reaction [13], so it is
mostly influenced by combustion temperature, but the oxygen content of the fuel also
plays an important role. Therefore, ethanol addition to gasoline is expected to increase the
level of NOx production through both effects (better combustion and existence of oxygen
in the fuel). However, the higher latent heat of vaporization of the ethanol reduces the
intake temperature of the mixture as it vaporizes, lowering the potential higher value for
maximum temperature during combustion.
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Figure 7. Efficiency as a function of torque load (prescribed torque/WOT) for (a) 2000 rpm and (b) 2500 rpm.

In terms of the effect of biogasoline addition to straight gasoline, we concluded that
this biofuel may be used in moderate incorporation percentages without significant impacts
on the fuel-combustion efficiency. When examining all the results (CO, HC, NOx, efficiency,
and torque), the addition of biogasoline seemed to improve combustion, although at a
lower level than with the addition of ethanol.

It can be inferred from these results that the use of biogasoline produced from pyrolysis
of low-grade waste vegetable oils, as an additive to gasoline, is a viable solution for the
valorization of this waste material.
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4. Conclusions

This work evaluated the feasibility of using a biofuel additive for gasoline in spark-
ignition engines. This biofuel, designated as biogasoline, is produced by the pyrolysis of
used cooking vegetable oils that are not suitable to be converted to biodiesel through the
normal transesterification process. The incorporation of such fuels avoids their disposal
in landfills, providing value to an otherwise useless residue, and allows a decrease in
fossil-fuel consumption and fossil CO, emissions of around 24 g CO, /L for each percent
of incorporation. We tested up to 10% incorporation, which translates to a reduction of
around 240 g CO, /L.

Four different base fuels (pyrolysis biogasoline, ethanol, RON95 gasoline, and RON98
gasoline) were tested in seven different binary and ternary blends. The aim was to analyze
whether the referred biogasoline could be used as a gasoline additive, enabling the use of
a higher percentage of biofuel incorporation in transportation, as well as the detection of
synergistic or antagonistic effects in ethanol supplementation. As the octane number of the
biogasoline was expected to be lower than those of current gasolines (RON95 or RON98),
the strategy of mixing biogasoline with ethanol was also adopted to maintain the RON
value of the mixture at appropriate values.

The use of a mixture of ethanol and biogasoline as additives with a maximum in-
corporation of 10% generally improved efficiency and lowered emissions such as CO
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and HC relative to straight RON95 or RON98 gasolines. We can also say that the use
of biogasoline allowed us to achieve a 10% biofuel incorporation rate while keeping the
bioethanol concentration at 5%. This demonstrated the compatibility of these two biofuels
as gasoline additives.

The tests were divided in WOT tests and partial-load tests, in which the torque was
kept constant (at two prescribed levels, 50 and 70 Nm) for two different engine speeds
(2000 and 2500 rpm). The WOT tests were performed from 2000 to 6000 rpm in steps of
500 rpm.

The tests for WOT allowed us to conclude that:

>  The addition of biogasoline and/or ethanol to gasoline increased torque, power,
and efficiency. Specifically, the highest percentage increase in power relative to the
baseline (commercial RON95 gasoline, G100) was obtained by the ternary and binary
mixtures with the addition of biogasoline and ethanol to RON95 gasoline (G100); that
is, G98 + BG1 + E1 and G98 + BG2, with an average percentage increase of 3.2% and
2.6%, respectively. Ternary mixtures tended to be among the highest-performing,
with G98 + BG1 + E1 having an average 5.7% gain over the baseline.
>  While the addition of ethanol reduced the emissions of CO and HC (G96 + E4 re-
duced CO by 31%), the addition of biogasoline increased them (G96 + BG4 displayed
184%/17% more CO/HC emissions than G100), indicating that further upgrading
of this biofuel is needed to improve its combustion behavior. In terms of NOx, the
emissions were increased when ethanol was used and reduced with the addition of bio-
gasoline addition. This also seemed to indicate a more problematic combustion of the
mixtures containing biogasoline, leading to slightly longer and cooler combustions.
The tests performed at prescribed (partial-load) torque allowed us to conclude that:
The addition of ethanol improved the efficiency of the engine at partial load (GS90 + E10
had a gain above 7%). The same, but to a lesser extent, occurred for biogasoline addi-
tion, suggesting a somewhat improved combustion with the use of these additives.
> The maximum engine power and torque were obtained with G90 + BG5 + E5 at both
speeds (2000 and 2500 rpm), with an average percentage increase of 0.9% for both
tests. The lowest power was obtained by the GS90 + E10 and G90 + E10 mixtures,
with —1% and —0.4%, respectively.
> The addition of ethanol (G90 + E10 and GS90 + E10) generally reduced the emission
of CO (up to 75%) and HC (up to 25%). However, the mixture with biogasoline and
ethanol (G90 + BG5 + E5) generally increased the emissions of these pollutants. In
terms of NOx, the data did not evidence any specific trend.

LB

Opverall, the results indicated that the use of biogasoline as an additive to gasoline was
beneficial to the combustion, improving efficiency and decreasing HC and CO emissions,
but at a lower level than with the use of ethanol. In terms of NOx emissions, the results
were somehow inconclusive, with tests showing higher values than the base gasoline,
and others displaying lower values. Although we had anticipated that the addition of
biogasoline would require the addition of ethanol to maintain proper SI combustion, the
data showed that there was no need for ethanol when a mixture of gasoline and biogasoline
was used in this engine.

Therefore, the use of biogasoline produced from pyrolysis of low-grade vegetable
oils, as an additive to pump gasoline, seems to be a viable option to diversify the available
biofuels for gasoline replacement, and provides a useful application for this type of waste
to avoid less-sustainable options such as landfill deposition.
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