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Abstract: An experimental investigation was conducted on the effect of equivalence ratios and engine
loads on performance and emission characteristics using acetone–butanol–ethanol (ABE) and gasoline
blends. Gasoline blends with various ABE content (0 vol % to 80 vol % ABE, referred to as G100,
ABE10, ABE20, ABE30, ABE60, and ABE80, respectively) were used as test fuels, where the volumetric
concentration of A/B/E was 3:6:1. The experiments were conducted at engine loads of 3, 4, 5, and 6 bar
brake mean effective pressure at an engine speed of 1200 rpm and under various equivalence ratios
(ϕ = 0.83–1.25). The results showed that ABE addition in the fuel blends could increase brake thermal
efficiency and decrease unburned hydrocarbon (UHC), carbon dioxide (CO), and oxynitride (NOx).
As for unregulated emissions, acetaldehyde and 1,3-budatiene emissions increased with the increased
ABE content in blend fuels. Regarding the aromatic emissions, ABE addition led to a decrease in
benzene, toluene, and xylene emissions. The study indicated that ABE could be used as a promising
alternative fuel in spark ignition (SI) engines for enhancing the brake thermal efficiency and reducing
regulated emissions and aromatic air toxics.
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1. Introduction

In recent years, with the worldwide energy crisis and environmental degradation, several
studies have focused on utilizing renewable and environmentally friendly energy sources in internal
combustion engines [1,2]. In order to increase combustibility, reduce emissions, and minimize the
generation of volatile organic compounds, oxygenated additives in fuel blends are one of the possible
solutions [3]. Biofuels are the most widely used oxygenated additives due to the resulting reduction of
particulate matter (PM), carbon monoxide (CO), unburned hydrocarbon (UHC), sulfur dioxide (SO2),
and polycyclic aromatic hydrocarbon (PAH) in internal combustion engines [4–6]. Among biofuels,
bio-butanol, which is considered to a promising alternative fuel, has recently attracted increased
attention [7–11]. Bio-butanol offers a number of advantages over ethanol, which is currently one of
the most widely used alternative fuels [12,13]. Advantages include higher energy density and better
miscibility with gasoline, and the fuel is less hydrophilic and corrosive, leading to better fuel economy
and capability to blend with gasoline in a higher proportion without modifying the engine [14–16].

Typically, bio-butanol is produced via acetone–butanol–ethanol (ABE) fermentation from biomass
feedstock. The main limitation of producing bio-butanol on a large scale is that the separation process
of butanol from the ABE fermentation products requires extra energy consumption and thus increases
manufacturing costs [17–21]. This issue has prompted researchers’ interests in the possibility of
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utilizing ABE directly as an alternative fuel in order to eliminate the costs of the separation process
in bio-butanol production. Nithyanandan et al. [22,23] investigated the effects of ABE–gasoline
blends on performance and emissions in a spark ignition (SI) engine, and found that ABE20 had
a shorter ignition delay, and ABE40 showed decreased carbon monoxide (CO) but increased unburned
hydrocarbons (UHCs) emissions. In addition, they [15,24] also investigated the impact on an SI engine
of acetone addition to ABE gasoline blend fuels. Results indicated that acetone addition could benefit
the combustion quality, and ABE (6:3:1) (component ratio of A/B/E is 6:3:1 by volume) had better
thermal efficiency and lower CO and UHC emissions compared with ABE (3:6:1) and ABE (5:14:1).
Zhou et al. [25,26] conducted an experimental investigation using a constant volume chamber on the
impact of ABE–diesel fuel blends on combustion characteristics. They found that ABE20 (20 vol % ABE
and 80% diesel) showed a longer ignition delay, almost no soot luminosity, and a better combustion
efficiency than that of diesel. Wu et al. [27–29] investigated the combustion characteristics of different
blend ratios of ABE and diesel in a constant volume chamber at different ambient temperatures, and
found that ABE blends displayed a considerable reduction in soot emissions. In addition, they pointed
out that ABE (6:3:1) indicated a stronger premixed combustion and a shorter combustion duration.

As for ABE emission behaviors, previous studies have mainly focused on regulated emissions.
Only a few studies have investigated unregulated emissions of ABE and most of them mainly focused
on polycyclic aromatic hydrocarbon (PAH) emissions using ABE–diesel blends [18,30]. There is a lack
of information on the unregulated emissions of ABE–gasoline blend fuels as applied to an SI engine.
Since unregulated emissions increase health risks for humans, such as increasing the probability of
developing cancer or other health problems that cause severe damage to the immune, neurological,
reproductive, and respiratory systems [31,32], the investigation of unregulated emissions is equally
important. In order to fill in this gap, regulated and unregulated emissions of an SI port fuel injection
(PFI) engine were investigated in this study under different engine loads and equivalence ratios,
fueled with varying ABE content (0 vol %, 10 vol %, 20 vol %, 30 vol %, 60 vol %, and 80 vol
% ABE referred to as G100, ABE10, ABE20, ABE30, ABE60, and ABE80) in ABE–gasoline fuel
blends. Besides the regulated emissions (UHC, CO, NOx), some important unregulated emission
compounds (including acetaldehyde, 1,3-butadiene, benzene, toluene, ethylbenzene, and xylene
isomers, which are classified as air toxics by United States Environmental Protection Agency
(USEPA) [33]) were also measured by gas chromatography coupled with a mass spectrometer (GC/MS)
and gas chromatography with a flame ionization detector (GC/FID).

2. Experimental Setup

2.1. Fuel Preparation

Pure gasoline from Mobil with a research octane number of 92 was used as the baseline fuel (G100)
in this study. The ABE mixture consisted of acetone, n-butanol, and ethanol, which were from Sigma
Aldrich, and was prepared using acetone, butanol, and ethanol at a ratio of 3:6:1 by volume, since this
ratio is the most common proportion of ABE from the fermentation process [34,35]. Next, different
quantities of ABE were blended with gasoline (G100) to prepare ABE10 (10 vol % ABE, 90 vol %
gasoline), ABE20, ABE30, ABE60, and ABE80, as shown in Table 1. A gravitational test was used for
examining the stability of test fuels, and they were then deposited in test tubes for two weeks at 1 atm
and 25 ◦C. The blends showed a clear single phase throughout the stability test.
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Table 1. Properties of the test fuels [15,36].

Parameters Gasoline Acetone Butanol Ethanol

Chemical Formula C4–C12 C3H6O C4H9OH C2H5OH
Oxygen Content (wt %) 0 27.6 21.6 34.8

Lower Heating Value (MJ/kg) 43.4 29.6 33.1 26.8
Density (kg/m3) 730 791 813 795

Energy Density (MJ/l) 31.68 23.38 26.91 21.31
Research Octane Number 92 117 87 100
Boiling Temperature (◦C) 38–204 56.2 118 78

Latent Heat at 298 K (kJ/kg) 380–500 518 582 904
Auto-Ignition Temperature (◦C) 228–470 465 343 420
Stoichiometric Air/Fuel Ratio 14.7 9.5 11.2 9.0
Laminar Flame Speed (cm/s) 33–44 34 48 48

2.2. Engine Setup

The engine used in this study was a single-cylinder PFI SI engine with identical cylinder geometry
to that of a 2000 Ford Mustang Cobra V8 engine. The original V8 engine has 239 kW of peak power and
407 Nm of torque, resulting in the single-cylinder engine having 30 kW of peak power and 52 Nm of
torque. The engine specifications are shown in Table 2. A GE type TLC-15 class 4-35-1700 dynamometer
(GE, Boston, MA, USA) was connected to the engine and was controlled by a DyneSystems DYN-LOC
IV controller. In addition, the throttle position was controlled by a DyneSystems DTC-1 digital throttle
controller. A Kistler type 6125B pressure transducer and LabVIEW code were used for measuring
and recording the in-cylinder pressure. A BEI XH25D shaft encoder (BEI, Thousand Oaks, CA, USA)
was used for acquiring the crank angle position. The engine was controlled using a Megasquirt II
V3.0 Engine Control Unit (ECU), which allowed adjustment of the fuel injection time, spark advance
angle, and the air–fuel ratio (AFR). A Bosch injector # 0 280 150 558 (Bosch, Stuttgart, Germany) rated
at 440 cm3/min at a fuel pressure of 3 bar was also used as the fuel injector. The measuring range,
accuracy, and resolution of the main experimental apparatus are listed in Table 3. A schematic of the
experimental setup is shown in Figure 1.

Table 2. Engine specifications.

Displaced volume (cm3) 575
Stroke (mm) 90.1
Bore (mm) 90.3

Connecting rod length (mm) 150.7
Compression ratio 9.6:1
Number of valves 4

Number of cylinders 1
Fuel injection Port Fuel Injection

Table 3. Measuring range, accuracy, and resolution of main experimental apparatus.

Apparatus Measuring
Range Accuracy (±) Resolution Repeatability

Uncertainty (±)

Dynamometer torque 0–55 Nm 0.5% 0.1 Nm 0.8%
Dynamometer speed 0–4500 rpm 0.2% 1 rpm 0.4%
Pressure transducer 0–25,000 kPa 0.4% 1 kPa 0.5%

Shaft encoder 0–30000 rpm 0.5 bit 12 bit 0.3%
Lambda 0.65–13.7 0.3% 0.01 1.0%

CO emission 0–10% Vol 0.06% 0.01% Vol 1.2%
Hydrocarbon emission 0–10,000 ppm Vol 12 ppm Vol 1 ppm Vol 2.4%

NOx emission 0–5000 ppm 3% 1 ppm 1.5%
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Figure 1. Schematic of the engine test bench.

2.3. Emissions Analysis

The air/fuel ratio (AFR) and NOx emissions were measured using a Horiba MEXA-720
non-sampling type meter (Horiba, Irvine, CA, USA), and UHC and CO emissions were measured using
a Horiba MEXA-554JU sampling type meter (Horiba, Irvine, CA, USA). The detailed measuring range,
accuracy, and resolution of these emission analyzers are also shown in Table 3. As for the unregulated
emissions, gas samples were analyzed using both a GC-MS and a GC-FID and were collected from the
engine using an exhaust gas sampling collection device. The sampling unit consisted of a particulate
filter, a sample-collecting tank, a six-port valve and a sampling loop, as well as a vacuum pump.
All of the components were wrapped with temperature-controlled heating tape. The identification of
the samples was performed using a gas chromatograph (GC 6890N, Agilent, Santa Clara, CA, USA)
coupled with a mass spectrometer detector (MSD 5973N, Agilent, Santa Clara, CA, USA), and the
quantification of the samples was performed using a gas chromatograph (GC 5890 series II, Hewlett
Packard, Palo Alto, CA, USA) with a flame ionization detector (FID, Hewlett Packard, Palo Alto, CA,
USA). The same capillary column (DB-1 123-1063E, Agilent, Santa Clara, CA, USA) and operational
conditions were used for both GC-MS and GC-FID. Helium was used as the carrier gas at a flow rate
of 1.2 mL/min, and other analysis parameters and details are presented in Table 4.

Table 4. Analysis parameters of GC-MS and GC-FID.

GC-MS GC-FID

Apparatus Agilent Hewlett Packard
GC 6890N-MSD 5973N GC 5890 series II-FID

Column DB-1 DB-1
Length 60 m 60 m

Internal diameter 0.32 mm 0.32 mm
Carrier gas Helium Helium

Injector temperature 300 ◦C 300 ◦C

Detector temperature MS Quad: 150 ◦C
MS Source: 230 ◦C 300 ◦C

Separation conditions
Initial: 160 ◦C for 2 min

160 ◦C–210 ◦C with 5 min/◦C
Final: 210 ◦C for 5 min

Initial: 160 ◦C for 2 min
160 ◦C–210 ◦C with 5 min/◦C

Final: 210 ◦C for 5 min
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2.4. Test Conditions

In this study, the engine was operated at 1200 rpm under four different loads of 3, 4, 5, and 6 bar
brake mean effective pressure (BMEP). Meanwhile, the equivalence ratio was varied over a range
of lean, stoichiometric, and rich conditions, from 0.83 to 1.25. The run time for each case in the
investigations was about 71 min, including 20 min for engine warming up, and 51 min for running
the GC-MS and GC-FID analysis. Spark timing was set to each fuels’ maximum brake torque (MBT)
timing (Table 5) in order to get maximum power as well as efficiency, the unit of spark timing is crank
angle before top dead center (◦CA BTDC). The tests were performed in a temperature-controlled
laboratory, and test conditions are summarized in Table 6. Equivalence ratio and NOx were measured
and averaged over a 60 s steady-state period, while UHC and CO were recorded directly from the
emissions analyzer. For each test fuel, experiments were conducted three times and the datasets
were averaged.

Table 5. Maximum brake torque (MBT) of all test fuels.

BMEP (bar) 3 4 5 6
Gasoline (◦CA BTDC) 19 23 24 25
ABE10 (◦CA BTDC) 18.8 22.9 24.1 24.8
ABE20 (◦CA BTDC) 18.5 22.7 23.6 24.9
ABE30 (◦CA BTDC) 18.2 22.6 23.5 24.4
ABE60 (◦CA BTDC) 18.3 22.7 23.2 24.5
ABE80 (◦CA BTDC) 18.1 22.5 23.1 24.6

Table 6. Test conditions.

Engine speed (rpm) 1200
Load (bar BMEP) 3, 4, 5, and 6
Equivalence ratio 0.83~1.25

Spark timing Each fuel’s MBT
Fuel injection pressure 300 kPa

3. Results and Discussion

3.1. Engine Performance

Table 7 compares the brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC)
of all test fuels at stoichiometric conditions under different engine loads. BTE indicates the extent
to which the fuel energy input is converted to net work output. ABE addition in the fuel blends
mostly increased the BTE because the lower carbon numbers and higher oxygen content in ABE can
enhance combustion quality. ABE20 shows the highest BTE among all test fuels under different engine
loads. It is also observed that BTE increased with increasing engine load due to higher combustion
temperature. As for the BSFC of test fuels, all of the ABE–gasoline blend fuels lead to an increase in
fuel consumption under the same engine load, which can be explained by the lower heating value
(LHV) of ABE blends as well as the fact that the stoichiometric AFRs of ABE are quite lower compared
with those of gasoline. More fuel is needed to maintain the same power output. In addition, the BSFC
of each test fuel decreased with increasing engine load due to the increased BTE.
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Table 7. BTE and BSFC of test fuels at different engine loads.

Load
3 Bar BMEP 4 Bar BMEP 5 Bar BMEP 6 Bar BMEP

BTE
(%)

BSFC
(g/kWh)

BTE
(%)

BSFC
(g/kWh)

BTE
(%)

BSFC
(g/kWh)

BTE
(%)

BSFC
(g/kWh)

G100 20.45 399.73 22.71 365.32 23.01 360.52 23.42 346.82
ABE10 20.83 410.54 22.99 372.01 23.59 362.48 23.66 361.44
ABE20 21.02 419.79 23.57 383.76 23.86 380.32 23.99 367.86
ABE30 20.74 438.40 23.12 385.70 23.66 386.25 23.74 384.23
ABE60 20.61 485.81 23.03 444.63 23.48 419.11 23.71 431.12
ABE80 20.56 556.65 22.95 498.69 23.29 491.39 23.67 483.67

3.2. Regulated Emissions

Regulated emissions including UHC, CO, and NOx were measured. The results of these regulated
emissions for all test fuels at different loads and under various equivalence ratios are shown in Table 8
and Figure 2, respectively. The error bars in Figure 2 represent the error range (standard deviation
among runs).

Table 8. Regulated emissions of test fuels at ϕ = 1 under different engine loads.

Load 3 Bar BMEP 4 Bar BMEP 5 Bar BMEP 6 Bar BMEP

Regulated
Emissions (g/kWh) UHC CO NOx UHC CO NOx UHC CO NOx UHC CO NOx

G100 4.32 32.95 13.74 4.73 32.85 12.97 4.74 37.12 12.75 4.35 43.56 12.78
ABE10 5.23 23.85 15.57 5.09 24.41 15.53 4.94 28.45 16.23 4.84 31.20 16.11
ABE20 4.16 23.37 13.74 3.78 22.84 12.61 4.03 27.28 12.68 3.67 29.51 13.77
ABE30 3.99 19.24 14.49 3.66 21.33 12.50 3.54 27.11 12.55 3.61 27.15 13.27
ABE60 2.97 29.58 12.80 2.30 29.28 12.45 1.92 30.18 12.06 1.76 32.50 13.10
ABE80 1.79 36.26 13.51 1.59 32.49 12.55 1.52 32.94 14.61 1.37 34.08 13.89

Table 8 shows the UHC emissions of different ABE blend ratios under various engine loads. ABE10
has the highest UHC emissions. However, as the ABE blend ratios keep increasing, the UHC emissions
decrease, and ABE80 has the lowest emissions among all test fuels. In general, UHC emissions are
affected by the quality of combustion. The higher oxygen content in ABE results in more complete
combustion [37] and thus lowers the UHC emissions. However, a lower stoichiometric AFR of ABE
requires more fuel to be injected, which could lead to an increase in UHC emissions. These competing
factors could be the reasons for higher UHC emissions for ABE10 and lower UHC emissions for the
other ABE blend fuels. Figure 2a shows the impact of the equivalence ratio on the UHC emissions of
all test fuels. It was observed that UHC emissions increase under rich conditions due to the incomplete
combustion and reduced combustion quality [38].

Table 8 and Figure 2b show the CO emissions of test fuels at different engine loads and equivalence
ratios. Results indicate that with increasing content of ABE, CO emissions decrease first during
relatively lower ABE content, and then increase after ABE30. ABE30 shows the lowest CO emissions;
this is because the increased oxygen content in blends could enhance the oxidation of CO, thus lowering
the CO emissions. However, for a higher blend ratio of ABE, ABE80 has the highest CO emission
among the ABE blends, but still lower than that of gasoline. This could be explained by the higher
alcohol content, which leads to a charge cooling effect and lowers the temperature, thus slowing down
the postflame oxidation of CO emissions. Previous studies also showed higher CO emissions with
higher ABE content due to a shorter combustion duration (higher laminar flame speed due to butanol
addition), which also leads to a decrease in postflame CO oxidation [2,39–41]. It is also observed that
CO emissions increased with increasing engine loads and equivalence ratios.
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Figure 2. Regulated emissions of (a) UHC, (b) CO and (c) NOx at 3 bar BMEP under different
equivalence ratios.

At stoichiometric conditions under different engine loads, ABE10 has higher NOx emissions than
does gasoline, which can be seen in Table 8. However, when continuously increasing the ABE blend
ratio, a decrease in NOx emissions could be found, and ABE60 has the lowest NOx emissions among the
test fuels. The fuel-borne oxygen in ABE blends promotes NOx formation [42,43]; however, when the
ABE blend ratio increases, the higher oxygen content could lower combustion temperature, and thus
decrease NOx emissions. Figure 2c also shows the variation of NOx for the test fuels at different
equivalence ratios. The highest NOx emissions are at ϕ = 0.9–1.0 due to the complete combustion
attained in this equivalence ratio range.

Compared to the latest exhaust emission standards for spark ignition engines from United States
Environmental Protection Agency (USEPA) [44], ABE60 and ABE80 have lower UHC emissions,
ABE30 has lower CO emission, and all test fuels have slightly higher NOx emissions. It can be
concluded that ABE addition could meet the USEPA emission standard of UHC and CO emissions.

3.3. Unregulated Emissions

This section presents the concentrations of representative unregulated pollutant emissions emitted
by burning different fuel blends. According to the results of previous studies [1,33,45–48], acetaldehyde,
1,3-butadiene, benzene, toluene, ethylbenzene, and xylene isomers (o-xylene, m-xylene, and p-xylene)
were selected as target toxic emissions from the exhaust gas.
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Because of the limitations in resolving the peaks in chromatography, the concentrations of
m-xylene and p-xylene are shown as a total amount. In addition, due to the xylene isomers have similar
mass spectra (MS of m/p-xylene and o-xylene are shown in Figure 3), these compounds need to be
recognized based on both their mass spectra and retention time determined from the chromatogram.
A chromatogram of these unregulated emissions is shown in Figure 4 and the retention times of these
emissions are presented in Table 9. The concentration of each compound shown below is the average
of three repeatable tests for each fuel. Due to the limitations in resolving the peaks in chromatography,
the results of m-xylene and p-xylene have been shown as a sum of their concentrations. Figures 5–11
below show the distributions of the target unregulated emissions using different tested fuel blends
under various engine load and equivalence ratios. The error bars in Figures 5–11 represent the error
range (standard deviation among runs).
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Table 9. Retention time for unregulated emissions.

Compound Retention Time (min)

1,3-Butadiene 2.804 ± 0.001
Benzene 3.150 ± 0.001
Toluene 3.426 ± 0.001

Acetaldehyde 3.648 ± 0.001
Ethylbenzene 3.829 ± 0.001

m-xylene and p-xylene 3.869 ± 0.001
o-xylene 4.024 ± 0.001
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3.3.1. Acetaldehyde

Acetaldehyde is one of the most abundant aldehydes in exhaust emissions, and has been
confirmed to pose a high risk to public health. The variation of acetaldehyde emissions with load
(3 to 6 bar BMEP) at stoichiometric conditions is shown in Figure 5a. With the increase of the engine
load, acetaldehyde emissions of each test fuel are firstly increased and then decrease at higher load.
Previous studies revealed that acetaldehyde is formed under both relatively low temperatures and
oxygen concentrations for the reason that the unburnt fuel slows down the decomposition process
during the chemical reactions [49,50]. The increase in acetaldehyde emissions at relatively low load is
due to the increased fuel consumption, but we see a decreasing trend at higher load, which could be
attributed to the higher combustion temperature. This trend is also similar to that found in biodiesel
investigations under different engine loads [33]. In addition, under constant engine load conditions,
acetaldehyde emissions increase with increasing ABE content. Acetaldehyde can be produced by
oxidation of hydrocarbons and is much easier to generate from the oxidation of ethanol [51]. In the case
of butanol, acetaldehyde can also be formed through β-scission of aC4H8OH [52]. Previous studies
have concluded that the addition of ethanol and butanol in fuel blends could cause higher acetaldehyde
emissions [48,53,54]. Figure 5b presents the impact of the equivalence ratio on acetaldehyde emission
for all test fuels. It can be seen that acetaldehyde emission increases under rich conditions. In addition,
among all test fuels, ABE80 has the highest acetaldehyde emissions and ABE20 has the lowest
acetaldehyde emissions under most equivalence ratios.

3.3.2. 1,3-Butadiene

1,3-Butadiene is generally regarded as one of the most harmful emissions due to its toxic and
carcinogenic properties [55]. Figure 6a,b show the 1,3-butadiene emissions under different engine loads
and different equivalence ratios, respectively. It can be seen that at the same conditions for all test fuels,
1,3-butadiene emissions increase with the increase of ABE content in the fuels. This is due to the lower
stoichiometric AFR of ABE blends, which requires more fuel to be injected, thus leading to an increase
in 1,3-butadiene emissions [33]. In contrast, when the engine load is increased, the 1,3-butadiene
emissions of each fuel show a decreasing trend, and a similar trend is also observed with increasing
equivalence ratio. Similar trends could also be observed in the study of alcohol and gasoline blends [56].
The formation of 1,3-butadiene emissions is closely related to the AFR and combustion temperature.
The oxidation of the pyrolytic products could be promoted by a higher combustion temperature,
higher engine load, and higher equivalence ratio [33].
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3.3.3. Benzene, Toluene, Ethylbenzene, and Xylene (BTEX) Emissions

The emissions of benzene, toluene, ethylbenzene, and xylene (BTEX), which are the most reactive
volatile organic compounds, were measured. The major sources of BTEX emissions in internal
combustion engines are from unburned fuel, structural modifications, and pyrosynthesis during
the combustion process [57].

The formation of benzene emissions comes from both fuel-borne benzene in unburned fuel
and the combustion process of other aromatic and nonaromatic compounds [58]. Figure 7a,b
present the variation of benzene emissions under different engine loads and equivalence ratios.
Benzene emissions decrease with increased engine load and with decreased equivalence ratio.
In addition, benzene emissions also decrease with the increase of the ABE blend ratio under the
same engine load. ABE80 has the lowest benzene emissions and ABE10 has the highest benzene
emissions among these fuel blends. The benzene emissions of ethanol–gasoline blends with different
blend ratios show similar behavior [48]. ABE increases the concentration of oxygen in the fuel blends,
thus accelerating the transformation of carbon atoms into carbon dioxide, which leads to the reduction
of benzene emissions. Therefore, it can be concluded that benzene emissions tend to increase under
low temperature and to be reduced under oxygen-rich conditions.

Toluene shows the highest concentration among BTEX emissions for all test fuels. The trends of
toluene emission as a representative species for aromatic emissions are shown in Figure 8a,b. A trend
of reduced toluene emission with increasing amount of ABE in the blend can be observed. This is
more likely caused by the reduction of aromatics in the fuel blends rather than changes in the fuel
chemistry [59]. This trend of toluene emission is consistent with that of alcohol–gasoline blends [57].
In addition, a slight increase in the toluene emissions occurred with increasing engine load. As engine
load is increased, the engine needs a proportional increase in fuel injection, resulting in an increase of
toluene emissions. The same trend is also observed with increasing equivalence ratio.

Ethylbenzene emissions do not exhibit any significant differences under various engine loads and
equivalence ratios in Figure 9a,b. However, under the same engine load, increases in ethylbenzene
emission could be seen with ABE addition among ABE10, ABE20, and ABE30. Previous studies have
found that the addition of ethanol or butanol in fuel blends could result in slightly higher ethylbenzene
emission under low ethanol/butanol blend ratios [1,57]. ABE80 shows the lowest ethylbenzene
emission, which is possibly due to the reduction of aromatics in the blend fuels. Figures 10 and 11
present the xylene emissions under different engine loads and equivalence ratios. Similar to the
ethylbenzene emission trends, there are no significant changes to the xylene emissions while varying
load or equivalence ratio. However, when comparing different fuel blends at the same conditions,
xylene emissions show a decreasing trend with increasing ABE blend ratio. The reduction in the xylene
emissions can be explained by the same reasons suggested for toluene.

The overall reduction in BTEX emissions of ABE-containing blend fuels could be explained by
their lower number of aromatic components and higher oxygen content. Additionally, a shorter ignition
delay and combustion duration and a more complete volatilization of ABE-containing blends [23,24]
led to cleaner burning, better performance, and, thus, reduced BTEX emissions.

4. Conclusions

This experimental investigation focused on the effects of ABE–gasoline blends on performance,
regulated emissions, and unregulated emissions. The experiments were carried out using fuel blends
with different ABE ratios and pure gasoline as a baseline for comparison. The fuel blends were tested
at various engine loads and under various equivalence ratios.

For the engine performance, compared with pure gasoline, ABE addition to the fuel blends could
increase the BTE and lead to an increase in fuel consumption. ABE20 shows the highest BTE among all
test fuels under different engine loads.
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For the regulated emissions, high ABE ratios in blends could reduce UHC emissions and medium
ABE ratios in blends could decrease CO emission. ABE addition could slightly reduce NOx emissions
in high blend ratios—ABE60 had the lowest NOx emissions compared to that of gasoline.

For the unregulated emissions, acetaldehyde and 1,3-butadiene emissions increased with
increased ABE content in blends. As for BTEX emissions, ethylbenzene emissions did not exhibit
any significant differences under various engine loads and equivalence ratios, but increased with
increasing ABE ratio in blends. Toluene and xylene showed decreased trends with increasing engine
load, whereas benzene showed an increased trend. Moreover, ABE addition led to reductions in
benzene, toluene, and xylene emissions.

It can be concluded that even though blending ABE with gasoline could increase some
unregulated emissions such as acetaldehyde and 1,3-butadiene, they could reduce UHC, CO, and NOx

emissions, and decrease aromatic air toxics such as benzene, toluene, and xylene emissions as well.
Therefore, ABE could be used as a promising alternative fuel in SI engines for enhancing the thermal
efficiency and reducing regulated emissions and aromatic air toxics.
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Nomenclature

ABE acetone–butanol–ethanol
AFR air–fuel ratio
BMEP brake mean effective pressure
BSFC brake specific fuel consumption
BTDC before top dead center
BTE brake thermal efficiency
BTEX benzene toluene ethylbenzene xylene
CO carbon monoxide
ECU engine control unit
FID flame ionization detector
GC gas chromatograph
LHV lower heating value
MBT maximum brake torque
MS mass spectrometer
NOx nitrogen oxide
PAH polycyclic aromatic hydrocarbon
PFI port fuel injection
RON research octane number
RPM revolutions per minute
SI spark ignition
UHC unburned hydrocarbons
ϕ equivalence ratio
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