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Abstract

Primary alcohols such as methanol, ethanol, and butanol have exhibited excellent
potential as possible alternative fuels for spark ignition (SI) engines because they are
renewable, cleaner and safer to store and transport. However, it remains important to
investigate the technical feasibility of adapting these primary alcohols in existing SI
engines. In this research, a multi-point port fuel injection (MPFI) system equipped SI
engine was used for assessing and comparing the combustion, performance, and emission
characteristics of various alcohol-gasoline blends (gasohols) vis-a-vis baseline gasoline.
The experiments were performed for different engine loads at rated engine speed.
Experimental results exhibited relatively superior combustion characteristics of the
engine fueled with gasohol than the baseline gasoline, especially at medium engine loads.
Among different test fuels, the methanol-gasoline blend (GM10) exhibited relatively more
stable combustion characteristics than the ethanol-gasoline blend (GE10) and butanol-
gasoline blend (GB10). In this study, relatively superior engine performance of the
gasohol-fueled engine was observed at all engine loads and speeds. GB10 exhibited the
highest brake thermal efficiency (BTE), followed by GM10 amongst all test fuels. The

1



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

effect of improved combustion was also reflected in the emission characteristics, which
exhibited that GB10 emitted relatively lower carbon monoxide (CO) and hydrocarbons
(HC) than other test fuels. GB10 emitted relatively higher nitrogen oxides (NOx) than
GM10 and GE10. Unregulated emission results exhibited that the engine fueled with
gasohols emitted relatively lower sulfur dioxide (SOg2), ammonia (NHs), and various
saturated and unsaturated HCs than the baseline gasoline. The GM10-fuelled engine was
relatively more effective in reducing unregulated emissions among all test fuels. This
study concluded that methanol and butanol blending with gasoline resulted in superior
engine performance and reduced harmful emissions in MPFI transport engines. This
offered an excellent option to displace fossil fuels partially and reduce emissions
simultaneously.

Keywords: Gasohol, Performance, Combustion, Unregulated Emissions, Spark Ignition
Engine.

1. Introduction

Increasing demand for crude oil and deteriorating air quality has become the biggest
global challenges in the 215t century. Limited resources of fossil fuels and growing energy
demand call for exploration of newer non-fossil alternatives for powering internal
combustion (IC) engines in various sectors of the economy. As per an estimate, oil, natural
gas, and coal reserves will last for 41 years, 63 years, and 218 years respectively [1].
Depleting fossil fuel reserves are responsible for continuously increasing petroleum prices
and greenhouse gaseous (GHG) emissions. Market necessity and emission restrictions
promoted viable techniques to reduce emissions without compromising engine
performance. Refinements in the engine designs, fuel pre-conditioning, alternative fuels,
and exhaust gas after-treatment systems were explored to reduce the emissions from IC
engines [2]. The catalytic converter was the most widely adopted technique to control

engine emissions [3]. However, catalytic converters have several limitations, such as poor
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efficiency in cold-start conditions and a long time required to activate the catalytic
reactions for emission reduction. Several researchers proposed using alternative fuels in
IC engines can reduce emissions and dependence on fossil fuels [4] [5]. Many alternative
fuels, such as biogas, bio-alcohols, biodiesel, have been extensively investigated. These
alternative fuels can be easily adapted in existing IC engines with some minor hardware/
software modifications.

Primary alcohols exhibited significant potential for SI engines to partially displace
gasoline [6]. Alcohols are reasonably low-priced and favourable fuels due to vast feedstock
availability, safe storage, and easy transportation. Primary alcohols can be produced from
agriculture residues, household waste, municipal solid waste, etc., e.g., methanol can be
produced from coal, biomass [7], coke oven gas, natural gas [8], and hydrogen. The other
advantages of methanol are its wider lean ignition limits and higher octane rating,
making it a superior fuel for SI engines than gasoline [9]. Zhen and Wang [10] described
methanol production methods systematically and its potential as a renewable fuel. They
summarised 13 methanol applications in IC engines and provided suggestions on the
weaknesses in the methanol engine research studies. Ethanol is primarily produced from
biomass. Its important physical characteristics, such as fuel density and research octane
number, make it appropriate for SI engines [11]. Ethanol reduces greenhouse gas (GHG)
emissions. Studies have shown that ethanol-gasoline blends (gasohols) reduce carbon
monoxide (CO) and hydrocarbon (HC) emissions drastically by promoting complete
combustion [12] [11]. Butanol is another primary alcohol, having significant potential for
use in SI engines. Relatively higher heating value, higher research octane number, and
lower moisture affinity of butanol than other primary alcohols make it suitable as a SI
engine fuel. Butanol has physical properties quite close to gasoline, leading to the higher
thermal efficiency of butanol-gasoline blends [13]. However, butanol has lower oxygen

content than methanol and ethanol, affecting fuel’s knock resistance. Higher oxygen
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content in the test blend offers higher knock resistance. At higher blending ratios, butanol
exhibits higher knocking than other primary alcohols. Butanol’s relatively higher
reactivity and boiling point render it less preferred for SI engines [14]. Zhen et al. [15]
introduced butanol in CI and SI engines and explored butanol-fueled engines’ future
research and development.

Many studies have demonstrated that gasohols resolve the issues of higher NOx and
particulate matter (PM) emissions and incomplete combustion faced by SI engines due to
their fuel-bound oxygen [16] [17] [18]. In another experimental study [19], alcohol-
gasoline blends impressively reduced regulated emissions of CO and HC by ~40% to 50%,
respectively. In contrast, gasohols emitted higher unregulated emissions than baseline
gasoline [19]. Experiments revealed that gasohol was a cost-effective and efficient
alternative to reduce GHG emissions from the engines [20] [21]. SI engines fueled with
gasohol exhibited reduced unregulated emissions without significant change in
combustion characteristics [22]. However, primary alcohols, especially methanol, may
corrode vital components of the fuel injection equipment (FIE) and other metallic engine
components, limiting alcohol usage in IC engines. A moderate blending of methanol with
gasoline improves combustion due to improved fuel evaporation characteristics. Abu-Zaid
[23] investigated the effect of various methanol-gasoline blends on SI engine performance.
They concluded that blends with 15% (v/v) methanol show improved engine performance
for power output and brake specific fuel consumption (BSFC). However, there are studies
on higher blending ratios of methanol in gasoline. M85 (85% methanol and 15% gasoline
v/v) usage led to 25% and 80% reductions in CO and NOx emissions, respectively, vis-a-
vis baseline gasoline. While, in a few studies, a slightly higher BSFC for methanol-
gasoline fueled engines was reported [24] [25]. Prasad et al. [26] investigated methanol-
gasoline blend fueled SI engine’s performance, combustion, and emission characteristics

by varying the compression ratio (CR) to 8, 9, and 10. They reported that methanol-



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

gasoline fueled engines exhibited superior engine performance at higher CRs without
knocking. Yucesu et al. [27] performed experiments on a single-cylinder SI engine fueled
with ethanol-gasoline blends and reported significant reductions in regulated emissions.
Similar studies [27] [28] on ethanol-gasoline-fueled SI engines also exhibited a major
reduction in CO and HC emissions. Carbon dioxide (CO2) emission was reduced due to the
leaning effect of ethanol addition (fuel oxygen), whereas NOx emissions didn’t correlate
with the ethanol proportion in the test fuel. Introduction of 5-10-20-30% (v/v) ethanol in
gasoline reduced CO and particulate number emissions, while the volatile organic
compounds (VOCs) were not affected [28]. Researchers also explored alcohol blending of
gasoline on unregulated emissions from SI engines [29]. Baseline gasoline-fueled engines
produced higher unregulated emissions than gasohol fueled engines [30]. Bielaczyc et al.
[11] studied the influence of physicochemical attributes on tailpipe emissions of light-duty
SI engines fuelled with ethanol-gasoline blends. Unregulated emissions such as ethylene,
carbonyl compounds, alcohols, acetaldehyde, and formaldehyde marginally increased due
to ethanol blending with gasoline [31]. Poulopoulos et al. [32] reported higher
acetaldehyde emissions from ethanol-gasoline blend fuelled engines; however, these
emissions were reduced to negligible levels by a catalytic converter. However, the catalytic
converter could not reduce ethanol, acetic acid, and hexane emissions. Unregulated
emissions like ethanol and acetaldehyde increased with increasing ethanol fraction in the
fuel and reduced with increasing engine speed/torque. Formaldehyde emissions increased
significantly with increasing engine speed [33]. Gomez et al. [34] performed experiments
on a single-cylinder port-injected engine fuelled with methanol-gasoline, ethanol-gasoline,
and butanol-gasoline blends (20% v/v). They suggested using primary alcohols for the SI
engine to allow a higher compression ratio, hence higher efficiency. The introduction of
primary alcohols is a promising way to eliminate knocking in SI engines while allowing

higher compression ratios. Kalwar et al. [35] utilised primary alcohols (methanol, ethanol,
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butanol) in the dual-fuel gasoline direct injection (GDI) engine. They reported that port
injection of primary alcohols reduced CO, PM, and NOx emissions, whereas HC emissions
increased slightly from the baseline gasoline. The port induction of alcohols improved the
engine combustion and performance characteristics.

The literature review exhibits plenty of research has been done to adapt different gasohols
in SI engines. However, most studies focused on combustion, performance, and emission
(mostly regulated) characteristics of a specific alcohol-gasoline blend in new-generation
engines. Very few studies are available in the literature that compares the combustion,
performance, and emission characteristics of existing vehicles fuelled with different
alcohol-gasoline blends. Therefore, in this study, experiments were conducted on a
medium-duty SI engine fuelled with different alcohol-gasoline blends, namely GM10 (10%
methanol and 90% gasoline on a volume basis), GE10 (10% ethanol and 90% gasoline on
a volume basis), and GB10 (10% butanol and 90% gasoline on a volume basis) vis-a-vis
baseline gasoline to compare the engine combustion, performance, regulated and
unregulated emissions characteristics. The objective of this study was to explore the
utilisation potential of different primary alcohols in existing SI engines of contemporary
port fuel injection (PFI) engine technology used in the transport sector worldwide.
Experiments were performed at different engine torques (0, 10, 20, 30, 40, and 50 Nm) at
a constant engine speed of 2500 rpm (rated speed). All other variables, such as coolant
temperature, intake air temperature, etc., were maintained constant during the
experiment. Feasibility analysis of alcohol-gasoline blends based on combustion,
performance, and emission characteristics is a novel aspect of this study. Another novel
aspect of this experimental study was comparing the unregulated emission species and
their relationship with combustion and performance characteristics of the engine fuelled

with GM10, GE10, and GB10 vis-a-vis baseline gasoline. The detailed particulate
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characterisation was also carried out and reported in the second part of this study to

explore the suitability of different alcohols in SI engines.
2. Experimental Setup and Methodology
In this study, experiments were conducted using a medium-duty, multi-point port fuel

injection (MPFI) automotive engine (Maruti Suzuki; Zen). Figure 1 shows the schematic

of the experimental setup.
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Figure 1: Schematic of the experimental setup
The engine test cell was equipped with several sub-systems: e.g. fuel flow-rate
measurement system, combustion data acquisition system, emission measurement
system, FTIR emission analyser, temperature measurement system, etc. An eddy current
dynamometer (Dynalec; ECB50-200) and a dynamometer controller were used to load the
engine and control the engine speed. Important technical specifications of the test engine
and dynamometer are given in Table 1.

Table 1: Technical specifications of the test engine and the dynamometer

Test Engine
Make/ Model Maruti Suzuki/ Zen
No. of Cylinders 4
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Engine displacement 993 cm3

Bore/ Stroke 72/ 61 mm

Rated Load 71 Nm @ 4500 rpm
Rated power 40 PS @ 6500 rpm
Compression ratio 8.8

Eddy Current Dynamometer

Make/ Model Dynalec Controls/ ECB-50-200
Maximum Torque 235 Nm @ 1500-3500 rpm
Maximum Power 120 HP @ 3500-10000 rpm
Uncertainty in torque +1 Nm

A U-tube manometer was installed across the laminar flow element (LFE) to measure the
intake air-flow rate. LFE addresses issues related to pulsating and turbulent flows. Test
fuel was injected into the engine’s intake port using a low-pressure fuel injection system
at 3 bar fuel injection pressure (FIP). This fuel injection system uses several components:
a fuel tank, a fuel filter, an electric low-pressure fuel pump, a fuel rail, and a solenoid port
fuel injector. Signals for controlling the fuel injection and spark timing were given by an
electronic control unit (ECU). Combustion analysis was carried out using the in-cylinder
pressure-crank angle data, measured using a piezoelectric pressure transducer (AVL;
GH13Z-24). A special spark-plug adaptor was used for housing the pressure transducer
in the engine cylinder head. Charge signals produced by the piezoelectric pressure
transducer were conditioned by the charge amplifier (AVL; 3066A02). In this charge
amplifier, low magnitude charge signals were converted into proportional voltage signals
and then amplified to a range of 0-5 V before acquisition by the high-speed combustion
analyser (AVL; 619 indimeter). A high-precision shaft encoder (AVL; 365CC) measured
the engine crankshaft rotation with high precision.

All signals were given to the high-speed combustion analyser, where software (AVL;
INDIWIN-2.2) was used to analyse and calculate combustion-related parameters. The
exhaust gas temperature (EGT) was measured using a K-type thermocouple mounted in
the exhaust manifold and displayed on a temperature indicator (Pedigree; DTI 4001T).
For measuring regulated emissions of HC, CO, and NOx, a raw exhaust gas emission

analyser (Horiba; EXSA-1500) was used. Exhaust gas was supplied via a heated exhaust
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sampling line, maintained at 191°C, to eliminate condensation of moisture and HCs
during the sample transport via the pipeline from the engine to the analyser. CO and CO:2
emissions were measured by a non-dispersive infrared (NDIR) analyser. Total
hydrocarbons (THC) measurements were done by a hot Flame Ionization Detector (HFID),
which could measure a high concentration of HCs with great precision. A
chemiluminescence analyser (CLD) was used to measure the engine exhaust’s NOx
emissions. Raw exhaust gas emission analyser had a wide range of measurements for
regulated emissions: 0-5000 ppm for CO; 0-20 vol% for COz2; 0-5000 ppm for NO/NOx; and
0-50000 ppm for THC. A Fourier transform infrared (FTIR) emission analyser (Horiba;
MEXA-6000FT-E) was used to measure the unregulated emissions in the exhaust. This
analyser could simultaneously determine 31 different unregulated emissions
concentrations using a ‘multivariate analysis algorithm.” Experiments were performed
using four test fuels, namely GM10, GE10, GB10, and baseline gasoline. All alcohol-
gasoline blends were prepared in the laboratory and kept for 48 h to ensure no phase
separation and chemical reactions. Important fuel properties of gasoline-alcohol blends
and baseline gasoline were measured and shown in Table 2.

Table 2: Important test fuel properties

G100 GM10 GE10 GB10
10% v/v Methanol 10% v/v Ethanol 10% v/v Butanol
Fuel Composition | Gasoline | blended with 90% blended with 90% blended with 90%
Gasoline Gasoline Gasoline
Lower Calorific
value (MJ/kg) 43.76 40.09 41.18 41.83
Viscosity (mm?/s)
@ 40° C 0.44 0.48 0.54 0.62
; 3
Density (gfem?) @ | ) 759 0.742 0.751 0.758
30° C
Oxygen content
(% wiw) 0 5.49 3.71 2.47

* Values available in the literature
The experiments were conducted for G100, GM10, GE10, and GB10 at various engine
loads and speeds. Experiments were conducted at six engine loads from 10 to 50 Nm in

the steps of 10 Nm at a constant engine speed of 2500 rpm. Also, experiments were
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performed at different engine speeds from 1500 to 3500 rpm in steps of 1000 rpm at a
constant torque of 30 Nm. The results of the engine speed variations are presented and
discussed comprehensively in the supporting information section. The objective of this
study was to compare the performance, combustion, and emission characteristics of all
test fuels. More emphasis has been given to unregulated emissions. Important details of

the experimental conditions and experimental methodology are shown in figure 2.

Gl et n-Cylinder Combustion analysis
GMIn st Performance Analysis
GB10 p Emisslon Analysis

GE10 {
Regulated Emission Unregulated Emission

Engine Speed=2500 rpm
Engine Joad m Nm= 11,
20, 30, 40, &

Figure 2: Experimental methodology
3. Results and Discussion

The results and discussion are divided into four sub-sections, covering (i) combustion
characteristics, (i1) performance characteristics, (i1i) regulated emissions, and (iv)
unregulated emissions. In each sub-section, results are discussed to present the effect of
engine load on engine combustion, performance, and emissions. The influence of engine
speed was insignificant on these parameters; therefore, the effect of engine speed is
included in the Supporting Information. Measurements were taken after the thermal
stabilisation of the engine to reduce the experimental errors. All experiments were
repeated thrice, and the root-of-the-sum-of-the-squares method was adapted for the
uncertainty analysis of the experimental data.

3.1 Combustion Characteristics

In this study, combustion characteristics of the SI engine fueled with gasohol vis-a-vis
baseline gasoline were assessed at various loads. All combustion characteristics were

assessed at a constant engine speed of 2500 rpm. Combustion characteristics included in-
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cylinder pressure analysis, heat release rate (HRR) analysis, and combustion timings
such as the start of combustion (SoC), combustion phasing (CP), and combustion duration
(CD). Figure 3(a) shows the in-cylinder pressure variations of gasohols (GM10, GE10,
GB10) and baseline gasoline-fueled engines at varying engine loads. The effect of engine
speed on variations in the cylinder pressure and HRR is included in the Supporting
information (figure S1). Cylinder pressure is greatly influenced by combustion efficiency,
which is affected by the rate of fuel-air mixing. Increasing engine load resulted in higher
maximum in-cylinder pressure (Pmax) for all test fuels since a higher fuel quantity was
injected in every engine thermodynamic cycle to meet the power demand (Figure 3a). The
higher fuel quantity burnt resulted in a higher peak in-cylinder pressure and
temperature. Relatively superior combustion of alcohol-gasoline blends than baseline
gasoline was a major finding. This could be due to the availability of fuel-bound oxygen in
alcohol molecules, leading to complete combustion. This was also visible in Pmax trends,
which exhibited relatively higher Pmaxfor gasohols than baseline gasoline. However, such
an effect was not noticeable at lower loads because of the lesser fuel quantity injected.
The lower cooling effect of alcohols at low engine loads resulted in minor variations in the

in-cylinder pressure compared to higher engine loads.
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Figure 3: (a) In-cylinder pressure rise and (b) heat release rate variations w.r.t. crank
angle at different engine loads at 2500 rpm
GM10 had slightly higher Pmax than other gasohols due to higher fuel-air mixture
reactivity and oxygen content in methanol. Gasohols exhibited superior combustion at a
medium engine load (30 Nm) than gasoline. GB10 exhibited the highest Pmax among
different test fuels, followed by GM10 and then GE10. Gasohols exhibited superior

combustion characteristics in the mid-load range due to relatively wider flammability
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limits and higher flame velocity than gasoline [36]. A relatively higher hydrophilic
tendency of ethanol might be another reason for the lowest in-cylinder pressure for GE10,
where moisture absorbed a fraction of combustion generated heat. At higher engine loads
(50 Nm), GB10 exhibited the highest Pmax due to higher calorific value and lower latent
heat of vaporisation of butanol among all primary alcohols. However, other test fuels
(GM10 and GE10) exhibited almost similar Pmax as gasoline. A richer gasohol-air mixture
at higher engine loads improved the combustion, leading to higher Pmax than baseline
gasoline [37]. Figure 3(b) exhibits HRR variations in the engine fueled with gasohols vis-
a-vis baseline gasoline at various loads. HRR was calculated by applying the first law of
thermodynamics to the in-cylinder pressure data [38]. For all test fuels, increasing engine
load (up to 30 Nm) resulted in advanced maximum HRR (HRRmax) due to rapid charge
combustion kinetics, which resulted in a shorter ignition delay. However, at 50 Nm engine
load, the dominant charge-cooling effect led to slightly retarded HRRmax than at 30 Nm.
HRR trends exhibited relatively higher HRRmax of GM10, GE10, and GB10 than gasoline
at most engine loads. This was due to inherent fuel oxygen in alcohols, which promoted
rapid heat release during combustion. Tian et al. [39] also reported a similar trend. This
effect was not noticeable at no load; however, it was significant at higher loads due to the
increased fuel quantity burned. At no load, all test fuels exhibited similar HRR trends
with comparable HRRmax. At no load, the HRRmax of GM10 shifted towards after top dead
centre (aTDC) side, which reflected slower charge combustion kinetics. However, GB10
exhibited the most advanced SoC with a shorter CD. At a higher engine load, the height
of the HRR curve increased, and its width decreased. Increasing the height of the HRR
curve exhibited relatively faster charge combustion kinetics, which supported the findings
of in-cylinder pressure analysis as well. Reduced width of the HRR curve with increasing
engine load exhibited somewhat shorter CD at higher engine loads. At mid-load (30 Nm),

GB10 exhibited the maximum HRRmax amongst all test fuels. Relatively lower latent heat
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of vaporisation of butanol and higher reactivity were the main reasons for these trends,
which became more dominant at higher loads. At medium loads, GM10 and GE10 showed
somewhat higher HRR than gasoline. However, at higher loads (50 Nm), GM10 and GE10
showed relatively lower HRRmax than baseline gasoline. A dominant effect of higher latent
heat of vaporisation of methanol and moisture availability in ethanol may be probable
reasons for this trend.

Figure 4 shows SoC, CP, and CD variations of gasohols and gasoline-fueled engines at
varying loads at 2500 rpm. Variations in SoC, CP, and CD of gasohols and gasoline-fueled
engines at various speeds at fixed engine load are given in the Supporting information
(Figure S2). These parameters were calculated from the mass fraction burned (MFB)
analyses. SoC was calculated from the cumulative heat release (CHR) curve as the crank
angle corresponding to 10% CHR. The crank angle corresponding to 90% CHR was defined
as the end of combustion (EoC). The crank angle degree difference between the EoC and
SoC was defined as the CD. Figure 4 shows that SoC advanced slightly with increasing
engine load (up to 30 Nm) and then retarded slightly with further increasing engine load.
At higher in-cylinder temperature conditions, relatively rapid charge combustion kinetics
resulted in advanced SoC up to medium loads. However, the charge cooling effect became
dominant at higher loads, leading to slightly retarded SoC. Relatively advanced SoC of
gasohols than baseline gasoline was another important observation. This showed
relatively superior combustion of gasohols due to its higher research octane number
(RON) and inherent fuel oxygen content than gasoline. Among different gasohols, GM10
and GE10 exhibited retarded SoC than GB10. Relatively higher latent heat of
vaporisation of methanol led to more significant charge cooling. The moisture in the

ethanol resulted in somewhat slower fuel-air combustion kinetics than GB10.
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Figure 4: SoC, CP, and CD at varying engine loads at 2500 rpm
CP was another combustion parameter that affected the combustion stability since too
advanced or retarded CP led to inferior engine performance and emissions. CP was
calculated using MFB analysis, where the crank angle position corresponding to 50% CHR
was considered CP. CP followed a trend similar to SoC for all test fuels, which advanced
with increasing engine load up to 30 Nm and then retarded with further increasing engine
load. Like SoC, the relative dominance of charge combustion kinetics and fuel properties
were important for this trend. CP of gasohols (except GB10) exhibited a close relationship
with load variations, slightly retarded at lower loads; however, CP of gasohols exhibited

relatively advanced CP at higher loads. The difference among CP of various test fuels was
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the maximum at 30 Nm due to a trade-off between charge combustion kinetics and test
fuel properties. Results showed that GM10 and GE10 exhibited relatively retarded CP
than GB10 and baseline gasoline. Relatively higher latent heat of vaporisation of
methanol and ethanol than butanol might be a vital reason for this behaviour, which led
to relatively slower charge combustion kinetics. GB10 exhibited relatively advanced CP
at all engine loads than other test fuels. This was mainly due to the relatively higher
reactivity of butanol (higher cetane number of butanol than methanol and ethanol). This
trend was reported by other researchers also [32]. CD was another important parameter
that affected the engine performance and emissions. With increasing engine load (up to
30 Nm), CD reduced and remained constant until the maximum engine load. Relatively
faster charge combustion kinetics in the presence of higher in-cylinder temperature might
be a probable reason for shorter CD at higher loads. However, at 40 and 50 Nm, more fuel
in the combustion chamber takes longer to burn completely, leading to a relatively longer
CD than lower engine loads. Due to the integrated impact of these two counter-effects,
charge combustion kinetics and the presence of higher fuel quantity, CD remained almost
constant (for gasoline and GE10) or slightly increased (for GM10 and GB10) at higher
loads. More heat losses from the cylinder walls at higher loads because of higher in-
cylinder temperatures may be another parameter accountable for a relatively higher CD.
Gasohols showed relatively lower CD than baseline gasoline. This was mainly because of
the integrated impact of higher flame speed of alcohols, faster charge combustion kinetics,
and fuel-bound oxygen, which resulted in rapid heat release from gasohols. Relatively
lower CD of gasohol results in lower soot formation, which is discussed in the second part
of this study. GM10 showed a relatively shorter CD than other gasohols and gasoline
among different gasohols. The faster flame speed of methanol than ethanol and butanol

may be responsible for this trend [40] [41]. However, at a lower load (10 Nm), the
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dominant influence of higher latent heat of vaporisation of methanol led to a slightly
longer CD of GM10 than other test fuels.

3.2 Performance Characteristics

Figure 5 shows the performance characteristics (BTE, BSEC, and EGT) of the engine
fueled with gasohols and baseline gasoline at varying engine loads. The effect of speed on
the performance characteristics is given in the supporting information (Figure S3).
Results showed that BTE improved with increasing engine load for all test fuels. A
possible reason may be higher in-cylinder temperature, which increased with increasing
injected fuel quantity. At higher loads, increased fuel quantity led to greater charge
cooling, resulting in slightly higher volumetric efficiency, which may be one more probable
reason for the higher BTE. This study exhibited that gasohols offer higher BTE than
baseline gasoline [42]. This trend resulted in superior fuel characteristics of alcohols, such
as higher latent heat of vaporisation and fuel-bound oxygen. The latent heat of
vaporisation directly affected the charge cooling in the intake manifold. Higher latent
heat of vaporisation resulted in increased intake charge density, leading to higher
volumetric efficiency. Improved volumetric efficiency also led to complete combustion and

higher BTE.
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Figure 5: BTE, BSEC, and EGT at varying engine loads at 2500 rpm
GB10 showed the highest BTE, and GE10 showed the lowest BTE among gasohols due to
relatively lower latent heat of vaporisation of butanol, higher charge reactivity, and
availability of fuel-bound oxygen. BTE of GM10 was lower due to relatively higher latent
heat of vaporisation of methanol; however, the moisture content of ethanol may be
accountable for the slightly lower BTE of GE10. BSEC trends were the reverse of BTE
trends for all test fuels. Gasohols exhibited relatively lower BSEC than gasoline. Among
various gasohols, GB10 showed the lowest BSEC. EGT is measured as a qualitative
parameter, which indicates the in-cylinder temperature. Higher in-cylinder temperature

restricts the condensation of volatile species. This resulted in a relatively lesser
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contribution of larger particles, leading to lower total particulate matter (TPM) emissions.
Higher EGT represents superior combustion, causing higher NOx and lower soot
formation. Other effects of EGT on particulate emissions have been discussed in detail in
the second part of this study. EGT trends were similar for all test fuels, and they increased
with increasing load. More fuel quantity burnt in the combustion chamber at higher loads
led to higher peak in-cylinder temperature, causing a higher EGT. At 10 Nm torque, the
EGT of gasohols was slightly lower than baseline gasoline. The combined effect of lower
in-cylinder temperature and charge cooling due to gasohols might be reasons for this
trend. At higher engine loads, GB10 exhibited the highest EGT due to superior
combustion, which could also be seen in BTE trends. GM10 showed relatively higher EGT
than GE10 and baseline gasoline at medium loads. Relatively higher oxygen content and
faster flame velocity might be probable reasons for this trend, which improved the
combustion more than GE10 and gasoline. At most test conditions, the impact of moisture
traces in ethanol was noticeable in the EGT trend of GE10, which absorbed a significant
fraction of combustion heat release, resulting in lower EGT than other gasohols.

3.3 Regulated Emissions Characteristics

Figure 6 shows CO, HC, and NOx emitted by gasohols fueled and gasoline engines at
varying loads. The effect of engine speed on emission characteristics is given in supporting
information (Figure S4). For emissions characterisation, unprocessed emission
concentrations of CO, HC, and NOx were obtained in ppm. Using established equations,

these emission concentrations were converted to mass emissions (g/kWh) [43].
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Figure 6: Mass emissions of CO, HC, and NOx at varying engine loads at 2500 rpm

CO emission was reduced with increasing engine load for all test fuels. More CO-to-CO2
oxidation due to comparatively higher in-cylinder temperature was a major cause for
lower CO emission at higher engine loads. At higher loads, gasohols emitted lower CO.
Higher loads improved CO-to-CO:2 oxidation due to the combined effect of higher in-
cylinder temperatures and inherent fuel oxygen, which reduced CO emission from
gasohols [44]. However, at lower loads, the dominant charge cooling effect of GM10 and
GE10 caused relatively lower in-cylinder temperatures, leading to higher CO emissions.
A relatively higher H/C ratio of gasohols compared to baseline gasoline might be another

reason for lower CO emission because test fuel with a higher H/C ratio emits lower CO.

Amongst different gasohols, GB10 fueled engines emitted significantly lower CO
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emission. This may be because of the lower latent heat of vaporisation and higher
chemical reactivity of butanol, among other alcohols, which resulted in superior
combustion of GB10.

At lower loads, the dominant charge cooling effect of GM10 and GE10 further reduced the
in-cylinder temperatures, hence increasing the CO emission. However, this effect was not
as dominant as the engine load due to the higher in-cylinder temperature and increased
injected fuel quantity for meeting the load requirement. For all test fuels, HC emissions
were also reduced with increasing load. Among various HC sources, incomplete
combustion of fuel and fuel trapped in crevices were the main source in the SI engines.
Higher in-cylinder temperature resulted in superior combustion, reducing HC emissions
at higher loads. Results showed that GM10 and GE10 produced higher HC emissions than
baseline gasoline, especially at lower loads. However, HC emissions from the engine
fueled with GB10 were relatively lower than baseline gasoline. This may be due to the
lower heat of vaporisation and higher heating value of butanol than methanol and
ethanol. Relatively lower in-cylinder temperature because of the cooling effect of GM10
and GE10 was the main reason for incomplete combustion, resulting in higher HC
emissions. HC emissions from GM10, GE10, and gasoline-fueled engines were almost
similar at higher loads. GB10 showed the lowest HC emissions due to advanced CP
compared to other test fuels. Figure 6 shows the NOx emissions, which depend on three
factors: oxygen availability, peak combustion temperature, and the time available at high-
temperature conditions. Increasing load led to relatively higher NOx emissions. This was
because of relatively higher in-cylinder temperature at higher loads, which provided more
favourable conditions for NOx emission formation. However, higher in-cylinder
temperature improved the soot oxidation. It showed no increment in soot emission at
higher engine loads, presented in detail in the second part of this study. At the highest

engine load (50 Nm), NOx emissions remained almost constant because of a trade-off
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between higher in-cylinder temperatures and lower oxygen presence (due to fuel-rich
combustion). Relatively lower NOx emissions from gasohols than baseline gasoline was a
major finding of this study. This was more prominent at higher loads due to the dominant
charge cooling nature of alcohol, which reduced the peak in-cylinder temperature [45]. As
the laminar flame speed of alcohols is higher, blending alcohols to gasoline shortens the
CD, reducing the NOx formation. GB10 exhibited relatively higher NOx emissions among
different gasohols than GM10 and GE10. Relatively lower latent heat of vaporisation and
higher reactivity of butanol were possible factors for relatively lower NOx emissions from
GB10. This can also be observed in engine performance trends, where GB10 exhibited
higher BTE and EGT (Figure 5).

3.4 Unregulated Emission Characteristics

Unregulated emission species are the intermediate incomplete combustion products of
saturated HCs and oxygenated compounds of the test fuels. These unregulated species
are extremely harmful to human health upon prolonged exposure [11]. Hence it is
important to investigate the emission of unregulated species from the engine using
alternative fuels such as primary alcohols on a large scale. An FTIR emission analyser
was used to measure unregulated emission species in this study. The FTIR emission
analyser can measure 31 unregulated emission species, out of which 14 species are
reported in this paper. The remaining 17 species are not discussed because those species
were below the detection limit of the analyser.

3.4.1 Emissions of various Oxides of Nitrogen, Sulphur, and Ammonia

The first group of unregulated emission species included different oxides of nitrogen,
namely nitric oxide (NO), nitrogen dioxide (NOz2), nitrous oxide (N2O) emitted by gasohols,
and gasoline-fueled engines (Figure 7). NO, NOgz, and N20 are cumulatively known as
NOx, a regulated emission. However, they are unregulated emissions when each species

is measured separately. NO, contribute to a large fraction of NOx. NO2 is a more toxic
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gaseous species than NO, and its exposure leads to respiratory diseases. N20, also known
as “laughing gas,” is a strong greenhouse gas that destroys the ozone layer and affects the
human body adversely. Figure 7(a) shows NO, NOz, and N20 emissions from gasohols and
gasoline-fueled engines at varying engine loads at 2500 rpm. The effect of engine speed
on NO, NO2, and N:20 emissions is given in supporting information (Figure S5). It was
found that a significant amount of NO was emitted from all test fuels. NO emission
increased with increasing engine load due to increasing peak in-cylinder temperature.
Each test fuel exhibited similar NO emissions trends at lower loads, while the gasohols-
fueled engine produced lower NO emissions at higher loads. This was because of the
dominant effect of peak in-cylinder temperature on NO formation [38]. Similar findings

were reported by Agarwal et al. [30].
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for this trend, which absorbed a significant fraction of combustion energy, leading to lower

than GM10 and GB10. The availability of moisture in the ethanol may be a possible reason
peak in-cylinder temperature. GM10 and GB10 have almost identical NO em
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are relatively lower than gasoline. NO2 and N20 emissions were relatively insignificant,
and they were reduced with increasing engine load for all test fuels. NOz is formed during
combustion via several chemical mechanisms, in which oxidation of existing NO might be
an important one [46]. NOz was formed mainly at lower in-cylinder temperatures, and
reverse conversion of NO:z to NO took place at a temperature >1200 K in the engine
combustion chamber [47]. This reduced the NOz emission and increased the NO emission
with increasing engine load. Gasohols showed relatively lower NO:z emissions than
gasoline due to lower NO formation. Gasohols exhibited higher N2O emissions than
baseline gasoline; however, the difference was statistically insignificant. The higher
cooling effect of gasohols provided favourable conditions for N2O formation.

Figure 7(b) shows a comparison of Sulphur dioxide (SOz) and ammonia (NHs) emissions
for gasohols and gasoline-fueled engines at varying engine loads. The effect of engine
speed on SO2 and NHs emissions is given in supporting information (Figure S5). SO2 is
formed in the engine cylinder during combustion because of reactions between fuel
Sulphur and atmospheric oxygen. Sometimes lubricating oil leaks into the combustion
chamber and thio-compounds in lubricating oil contributes to SO2 emission. NH3 is a toxic
gas that affects human health adversely. It also acts as a secondary particulate matter
precursor. A higher concentration of these species deteriorates the urban air quality and
is hazardous to human health; however, concentrations of these species reported in this
study were negligible. For all test fuels, SOz emissions decreased with increasing engine
load. A previous study reported a similar observation that SOz emission was reduced for
richer fuel-air mixtures and vice-versa [48].

At 50 Nm engine load, a higher burning/ pyrolysis of lubricating oil in the engine
combustion chamber resulted in higher SOz emission. Fuels such as gasoline having
higher Sulphur content emit more SOz in the engine exhaust. Results show that gasohols

emitted relatively lower SO2 emissions due to reduced Sulphur content because of alcohol
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blending to gasoline. GE10 shows the lowest SO2 emission among different gasohols. NH3
emission showed a similar trend to SOz emission for all test fuels. NH3s emission was
significant at lower loads, which reduced with increasing load (Figure 7b). Gasohols
showed relatively lower NH3s emissions. GE10 exhibited the lowest NH3 emission at all
gasohols at all loads, although the difference was insignificant.

3.4.2 Emissions of Formaldehyde, Formic acid, and Isocyanic acid

The second group of unregulated species included Formaldehyde (HCHO), Formic acid
(HCOOH), and Isocyanic acid (HNCO) emitted by gasoline and gasohol-fueled engine at
varying loads (Figure 8). The effect of engine speed on HCHO, HCOOH, and HNCO
emissions is given in supporting information (Figure S6). HCHO, an intermediate
combustion product, is a carcinogenic air pollutant. HCHO formation depends on several
factors, such as in-cylinder temperature and residence time of HCs in the exhaust [49].
HCOOH is another harmful unregulated emission species, damaging the central nervous
system leading to coma and death [32]. The presence of oxygen in the engine exhaust in
lean conditions and EGT has a major impact on the formation of HCOOH. HCOOH
formation is independent of EGT under fuel-rich conditions [32]. Literature shows that
EGT has an inverse relationship with HCOOH formation under lean and stoichiometric
in-cylinder conditions [33], indicating that oxygen in the engine exhaust affects the
HCOOH formation. When EGT is low, HCOOH emissions are generally high. The
presence of higher temperatures promotes the decomposition of HCOOH into other by-
products. It was also observed that oxygenated fuel enhances HCOOH formation because
they allow HCOOH precursors to originate from HCs [32]. HNCO is formed by

photochemical ageing of exhaust under idle and high load conditions.
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Figure 8: Formaldehyde, formic acid, and isocyanic acid emitted at different engine
loads at 2500 rpm

It was observed that as engine load increased, HCHO emission reduced up to a certain
extent and then increased with a further increase in load [50]. This showed that in-
cylinder temperature has a dominant effect on HCHO formation at lower engine loads.
HCHO emission reduces due to complete combustion at medium engine loads. However,
lack of oxygen under high engine load conditions hinders combustion, leading to higher
HCHO emissions. The cooling effect of gasohols was also visible in the HCHO trends,
which exhibited that the gasohol-fueled engine produced somewhat higher HCHO than
the baseline gasoline-fueled engine [51]. Among different gasohols, the GM10-fueled
engine emitted the highest traces of HCHO because of the higher latent heat of

vaporisation of methanol, among other alcohols. Trends of HCOOH emission were similar

to HCHO emission because HCOOH was mainly produced by OH radicals [36]. Similar to
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HCHO emission, the GB10-fuelled engine emitted the lowest HCOOH. The reason behind
such a trend was higher EGT, which promoted the decomposition of HCOOH into other
by-products. GE10 emitted comparatively higher HCOOH because of moisture traces in
ethanol. HNCO emission increased slightly with increasing engine load and then
decreased with a further increase in the engine load. HNCO was mainly formed due to
reaction with CO and NO in high-temperature conditions and noble metal-based catalysts
used in the emission after-treatment/control devices. At most loads, the gasohol-fueled
engine produced lower HNCO than baseline gasoline. HNCO emission was dominantly
affected by the EGT, which was also seen in HNCO trends of different gasohols. Among
other test fuels, GE10 emitted the lowest HNCO emission due to relatively lower EGT,
which promoted the formation of HNCO.

3.4.3 Emissions of Unsaturated and Aromatic HCs

Figure 9(a) shows the concentrations of unsaturated HCs produced from gasohol- and
gasoline-fueled engines at varying loads. The effect of engine speed on Acetylene (C2Hb),
Ethylene (C2H4), and Propene (CsHe) emissions is given in supporting information (Figure
S7). Incomplete fuel combustion is the main source of emissions of unsaturated HCs such
as CeHsz, C2H4, CsHs, ete. It 1s desirable to have low CzH2 emissions because it acts as a
soot precursor. C2Hz originates from CzH4, a volatile organic carbon (VOC) [11]. C2H4 leads
to the formation of smog after reacting with NOx. For all test fuels, C2H2 emission
decreased with increasing engine load. This may be because of higher in-cylinder
temperature, which promoted the oxidation of these intermediate combustion products,
leading to lower C2H2. The gasohol-fueled engine produced somewhat lower traces of C2Hz
than baseline gasoline. The possible reason could be a smaller carbon chain in gasohols
[7]. Lower CzHz: results in lower soot formation for gasohol fuelled engines because C2Hz
acts as a precursor during soot formation. Similar to C2Hz2, C2Hs and CsHes emissions were

also reduced with increasing engine load. The gasoline-fueled engine emitted a relatively
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566  higher C:H: and CsHs than gasohols, leading to higher soot emissions. Complete
567 combustion due to inherent fuel oxygen and faster fame velocity might be possible reasons
568 for lower emissions of unsaturated HCs [11]. The trend of C2H4emission from GM10 also

569 validated the reason mentioned above, which exhibited the lowest C2H4emission.
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Figure 9b shows the Benzene (CséHes) and Toluene (C7Hs) emissions from gasohols and
gasoline-fueled engines at various loads at a constant speed of 2500 rpm. The effect of
engine speed on CeéHs and C7Hs emissions is given in supporting information (Figure S7).
Benzene and Toluene are reactive organic compounds, mainly originating from unburnt
fuel and pyro-synthesis processes during combustion [52]. Benzene is formed due to
unburnt fuel and reactions between the aromatic and non-aromatic compounds formed
during combustion. An increasing load produced comparatively lower benzene emission;
however, benzene emission concentration increased slightly at the highest engine load.
Gasohol-fueled engines emitted relatively lower benzene traces compared to baseline
gasoline. This was mainly due to gasoline substitution by alcohol, which does not contain
benzene [7]. Gasohols accelerated the conversion of CO to CO2 because of fuel oxygen and
reduced benzene emissions [53]. GM10 showed the lowest benzene emissions among
different test fuels due to the highest fuel oxygen content in methanol, which hampered
benzene ring formation in oxygen (O2) deficient zones of the combustion chamber.
Unsaturated HCs constituents of fuel are also accountable for producing CéHs and C7Hs.
Methanol does not contain these compounds, and the same results can be seen in benzene
and toluene emission trends [51]. Engine emitted higher C7Hs emissions with increasing
load up to medium loads, which reduced with further increasing load [51]. C7Hs emissions
increased slightly because of the higher fuel quantity injected with increasing engine load
[63]. GM10 exhibited the lowest C7Hs emissions for all engine loads among different

gasohols due to methanol’s highest fuel oxygen content.

Conclusions

In this study, experiments were carried out to compare the combustion, performance, and
emission characteristics of a SI engine fueled with different gasoline-alcohol blends

(GM10, GE10, and GB10) vis-a-vis baseline gasoline. Combustion results exhibited that

the gasohol-fueled engine had relatively higher in-cylinder pressure than baseline
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gasoline. GB10 showed the highest BTE amongst all test fuels, dominant at higher loads.
BSEC was the lowest for GB10 and the highest for gasoline. Regulated emissions of CO,
HC, and NOx were lower from gasohols compared to gasoline. HCHO emission of the
gasohol-fueled engine was relatively lower than gasoline due to improved combustion and
oxidation. HCOOH and HNCO emissions were insignificant for all test fuels. NO emission
trends of gasohol and baseline gasoline exhibited a significant difference because of
relatively higher latent heat of vaporisation of gasohols, which lowered the peak in-
cylinder temperature, leading to lower NO emission than gasoline. NO2 and N:20
emissions are insignificant for all test fuels. NHs and SO:2 emissions emitted by the
gasohol-fueled engine were also relatively lower than gasoline. Gasohols showed lower
unsaturated HC and aromatic HC emissions. Alcohols have a bright future for their use
in SI engines, and they can partially replace gasoline. The GB10-fuelled engine showed
significant improvement in engine performance and combustion characteristics, and it
can reduce regulated emissions than other test fuels. Overall, this study demonstrated

that butanol has significant potential to displace gasoline partially.
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S1. Combustion Characteristics at Different Engine Speeds

Figure S1(a) shows the effect of engine speed on the in-cylinder pressure variation of the
engine fueled with different gasohol vis-a-vis baseline gasoline at a fixed engine torque of
30 Nm. At lower engine speed (1500 rpm), flame velocity was relatively lower due to a
lack of turbulence in the combustion chamber, leading to a relatively slower heat release.
This resulted in two peaks in the in-cylinder pressure curve corresponding to motoring
(without combustion) and combustion, respectively. Turbulence in the engine combustion
chamber increased with increasing engine speed, which improved fuel-air mixing, leading
to faster combustion and heat release. This could also be seen in the P-0 curves, where
Pmax increased with increasing engine speed up to medium engine speed (2500 rpm). At
higher engine speed (3500 rpm), less time available for fuel-air mixing, especially in GM10
and GE10, led to relatively lower Pmax. Higher latent heat of vaporization and the presence
of moisture traces might be the reasons for the slower chemical kinetics of gasohol-air
mixtures. Figure S1(a) showed that the Pmax of gasohol was relatively higher than

gasoline. Improved combustion due to contributions of fuel oxygen present in gasohol was



the main reason for this trend, which was dominant up to medium engine speeds.
However, other fuel properties such as latent heat of vaporization (in GM10) and moisture
content (in GE10) became more dominant at higher engine speeds, leading to relatively
lower Pumax [S1]. Relatively higher research octane number (RON) of alcohols than gasoline
resulted in quicker heat release and pressure rise without knocking. The slightly different
combustion behavior of GB10 was another important observation of this study. Relatively
lower in-cylinder charge cooling effect of GB10 resulted in higher Pmax compared to other
test fuels. GM10 exhibited second-highest Pmax due to the combined effect of higher flame

speed and oxygen content of methanol [S2].
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Figure S1: (a) In-cylinder pressure and (b) heat release rate variations w.r.t. crank angle

position at different engine speeds at 30 Nm



Figure S1(b) shows that HRRmax increased with increasing engine speed from 1500 rpm
to 2500 rpm. However, a further increase in engine speed resulted in relatively lower
HRRmax. Due to increased turbulence at higher engine speeds, dominant heat transfer
might be a possible reason for relatively lower HRRmax. The effect of improved fuel-air
mixing was also visible in the HRR trends, which showed relatively advanced HRRmax at
2500 rpm. However, the HRR curve exhibited a slightly retarded peak at 3500 rpm. At
low engine speed, gasohol exhibited a similar HRR pattern with the same HRRmax as
gasoline. GB10 exhibited relatively superior combustion at higher engine speeds
compared to gasohol, and HRR trends of GM10 and GE10 were almost similar. HRRmax of
all gasohol was slightly shifted toward the bTDC compared to gasoline. Relatively higher
flame speed of alcohol present in gasohol was the main reason for this behavior, resulting
in relatively quicker heat release and faster combustion than gasoline.

Figure S2 showed SoC, CP, and CD variations of gasoline and gasohol-fueled engine at
varying engine speeds and at a constant engine load of 30 Nm. Results showed that SoC
advanced with increasing engine speed up to 2500 rpm and remained constant at higher
engine speeds. At higher engine speeds, SoC advanced mainly due to increased turbulence
and in-cylinder temperature, which resulted in faster fuel-air combustion kinetics. Higher
turbulence in the combustion chamber improved the charge formation and shortened the
physical ignition delay. At higher speeds, increased fuel quantity in the fuel-air mixture
also affected the combustion kinetics and advanced SOC up to medium engine loads (30
Nm). Higher engine loads, dominant in-cylinder cooling effects of test fuels reduced the
fuel-air chemical kinetics, leading to slightly retarded SoC of all test fuels. Results show
that gasohol resulted in relatively advanced SoC compared to gasoline. Among different
gasohol, GB10 exhibited the most advanced SoC. However, GM10 exhibited the most
retarded SoC. The relatively higher reactivity of butanol and higher latent heat of

vaporization were the responsible factors for the SoC trends of GB10 and GM]10,



respectively. The differences between SoC of test fuels at different engine speeds were
relatively lower than SoC’s differences at various engine loads. This was an important
observation, which shows that fuel-air chemical kinetics was more sensitive to engine

load.
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Figure S2: SoC, CP, and CD at different engine speeds at 30 Nm
Figure S2 shows that CP has followed a similar trend as that of SoC at different engine
speeds. For all test fuels, CP advanced with increasing engine speed. Relatively faster
fuel-air chemical kinetics due to higher in-cylinder temperature and higher flame speed
due to increased turbulence were the main reasons for this trend. Relatively advanced CP
of gasohol compared to baseline gasoline was another important observation. Relatively

4



higher flame speed of alcohol than baseline gasoline was the main reason for these trends,
resulting in more rapid combustion. Among different gasohol, GB10 exhibited relatively
advanced CP compared to other test fuels. However, the difference between CP of all
gasohol was insignificant (except at 3500 rpm). CD trends showed a slightly random
pattern at different engine loads, which decreased up to 3000 rpm and then suddenly
increased at 3500 rpm. This might be due to the relative dominance between heat loss
and turbulence. At 3500 rpm, more heat loss due to both increased in-cylinder
temperature and turbulence resulted in more CD compared to other lower engine speeds.
At all engine speeds, gasohol exhibited a relatively shorter CD compared to baseline
gasoline. Relatively superior combustion due to the higher flame speed of alcohol and fuel-
bound oxygen were the important factors responsible for this trend. Among different
gasohol, GM20 exhibited the shortest CD followed by GB10. This was mainly due to faster
flame propagation and fuel-air chemical kinetics of GM10 and GB10, respectively. GM 10

shows the shortest CD due to the higher flame velocity and reactivity nature of methanol.



S2. Performance Characteristics at Different Engine Speeds
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Figure S3: BTE, BSEC, and EGT at different engine speeds and 30 Nm
In the figure, S3 shows that the BTE variation at different engine speeds flowed a random
pattern, increasing and decreasing up to 2500 rpm, and then exhibited a sudden increase
at 3000 rpm. Increasing engine speed resulted in more turbulence, which affects both heat
loss from cylinder walls and flame velocity. BTE variations at different engine speeds
were mainly due to the relative dominance of increased heat loss and increased flame
velocity at higher engine speeds. Reduced volumetric efficiency at higher engine speeds

might be another important factor for relatively lower constant BTE at too high an engine



speed (3500 rpm). Gasohol showed relatively higher BTE compared to baseline gasoline.
Higher volumetric efficiency of the gasohol-fueled engine due to charge cooling effect, the
higher flame velocity of gasohol, and the presence of fuel-bound oxygen might be the
possible reasons for better performance of gasohol compared to gasoline. Among different
gasohol, GB10 exhibited the highest BTE, followed by GM10. Relatively more reactivity
of butanol and higher flame speed of methanol were the main reasons for the higher BTE
of GB10 and GM10, respectively. Among different gasohol, GE10 exhibited the lowest
BTE. The presence of moisture traces might be the possible reason for this. BSEC followed
a random decreasing trend with increasing engine speed.

Gasohol exhibited relatively lower BSEC compared to baseline gasoline. Among different
test fuels, the BSEC of the GB10-fuelled engine was lowest at most of the engine speeds
(except 3000 rpm). Similar to other performance parameters, EGT also followed a
randomly increasing pattern with increasing engine speed. Results show that the EGT of
GM10 and GB10 first increased (up to 2000 rpm) and then decreased upon a further
increase in speed (up to 2500 rpm). However, the EGTs of GE10 and baseline gasoline
was almost constant up to 2500 rpm. After 2500 rpm, EGTs of all test fuels increased
drastically and reached up to ~800°C at 3500 rpm. At lower engine speeds ( up to 2500
rpm), the relative dominance of heat transfer and increased in-cylinder temperature
might be responsible for this trend. However, at higher engine speeds, a dominant
increase in in-cylinder temperature due to more fuel quantity and less time available for
heat transfer might be the important reasons for higher EGT. Among different test fuels,
GM10 and GB10 exhibited relatively higher EGT compared to GE10 and baseline
gasoline. Improved combustion characteristics of these test fuels were the main reason
for this trend [S3]. At all engine speeds, GE10 exhibited the lowest EGT due to the small
content of moisture traces in ethanol, which absorbed a fraction of combustion energy,

leading to inferior engine performance and lower EGT. Overall, figure S3 shows that all



performance parameters exhibited a trade-off between governing parameters such as in-
cylinder temperature, heat transfer, flame speed, charge cooling effect, volumetric
efficiency at ~2500 rpm.

S3. Emission Characteristics at Different Engine Speeds
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Figure S4: CO, HC, and NOx emitted at different engine speeds and 30 Nm
Figure S4 shows regulated emission characteristics of gasohol and gasoline-fueled engine
at engine speeds and at constant engine load (30 Nm). Results show that CO emission
decreased slightly up to medium engine speed and then exhibited a slight increase at
higher engine speeds. With increasing engine speed, increasing in-cylinder temperature
promoted CO-to-CO:z oxidation, leading to lower CO emission. However, at too high engine

speed, increased heat loss due to higher peak in-cylinder temperature and more



turbulence reduced the bulk in-cylinder temperature, which promoted the CO emission.
At higher engine speed, relatively lesser time available to complete the CO-to-COq
conversion might be another responsible factor for higher CO emission. The effect of fuel-
bound oxygen in gasohol was visible in CO emissions trends, which exhibited the gasohol
emitted relatively lower CO than baseline gasoline. At lower engine speed, slightly higher
CO emissions from GM10 and GE10-fuelled engines might be attributed to methanol and
ethanol’s dominant charge cooling effect. GB10 emitted relatively lower CO compared to
GM10 and GE10. Advanced SoC and CP of GB10 were the main reason for this behavior,
ensuring complete combustion. HC emissions trends of different test fuels at different
engine speeds followed similar CO emissions, which slightly reduced with increasing
engine speed.

At lower engine speed, HC emissions were slightly higher due to the too lean fuel-air
mixture, which led to incomplete combustion in the presence of lower in-cylinder
temperature. With increasing engine speed, increased in-cylinder temperature promoted
faster fuel-air chemical kinetics, and higher turbulence increased the flame speed, leading
to complete combustion of fuel. This resulted in slightly lower HC emissions at higher
engine speeds; however, at too high engine speed, a trade-off between increased heat
transfer due to turbulence and increased in-cylinder temperature due to more fuel
quantity led to insignificant variation in HC emissions at higher engine speed. Figure S4
shows that GM10 and GE10 emitted relatively higher HC emissions than baseline
gasoline; however, HC emissions from the GB10-fuelled engine were relatively lower than
baseline gasoline. More charge cooling of GM10 and GE10 due to higher latent heat of
vaporization of methanol and ethanol might be the possible reason for this trend, which
resulted in lower in-cylinder temperature, leading to incomplete combustion. The higher
reactivity of butanol and lower latent heat of vaporization promoted the combustion of

GB10, leading to relatively lower HC emissions compared to other test fuels. Figure S4



shows that NOx emissions increased with increasing engine speed; however, at higher
engine speeds, NOx emission remained constant. The increased in-cylinder temperature
at higher engine speeds might be the possible reason for higher NOx emissions; however,
increased turbulence at too high engine speed led to excessive heat loss from the cylinder
walls, which resulted in lower NOx formation. The lesser time available to complete the
NOx formation reactions at higher engine speeds might be another reason for
insignificant variation in NOx emissions at higher engine speed. At higher engine speeds,
all gasohol emitted relatively lower NOx compared to baseline gasoline. However, at lower
engine speeds, NOx emissions from the GB10-fuelled engine were slightly higher than
baseline gasoline. The dominant charge cooling effect of alcohols compared to gasoline
might be the main reason for lower NOx emissions from gasohol, especially at higher
speeds. Relatively slower fuel-air chemical kinetics also affected the NOx formation
mechanism, leading to lesser NOx formation. The effect of in-cylinder cooling due to the
presence of moisture traces in GE10 was visible in NOx trends of GE10, which emitted
the lowest NOx at all engine speeds.

S4. Unregulated Emission Characteristics at different Engine Speeds

S4.1 Emission of oxides of nitrogen, sulfur dioxide, and ammonia
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temperature due to more cooling effects caused by alcohol might be possible for this trend.
GE10 showed the lowest NO emission at higher engine speed among different gasohol due
to the presence of small moisture content in ethanol, which reduced peak in-cylinder
temperature. GM10 emitted relatively lower NO emission at low engine speed due to
higher latent heat of vaporization of methanol compared to other alcohols. NO
concentrations were significant for all test fuel and contributed to a major portion of NOx.
For all test fuels, NO2 Emission is reduced with increasing engine speed.

Gasohol exhibited relatively lower NO2 emissions compared to baseline gasoline. For all
test fuels, N2O Emission is reduced with increasing engine speed. The availability of less
oxygen at higher engine speed might be the possible reason for this trend. Gasoline shows
lower N2O emissions compared to gasohol due to more oxygen deficiency. Figure S5(b)
shows the variation of SOz and NHs emitted from gasoline and gasohol-fueled engine at
different engine speeds and at constant engine load (30 Nm). For all test fuels, SO:
decreased with an increase in engine speed. This might be mainly due to improved
combustion at higher engine speeds. Similar to engine load variation, the gasohol-fueled
engine emitted relatively lower SO: compared to baseline gasoline. However, the
difference between the concentrations of SOz from different test fuels was not significant.
Among different gasohol, GE10 showed the lowest SO2 Emission. NHs Emission was
observed to be almost constant with variation in engine speed. Gasohol showed lower NH3
Emission compared to gasoline at all engine speed. Amongst all gasohol, GE10 exhibited
the lowest NHs Emission at all engine speed.

S4.2 Emissions of formaldehyde, formic acid, and isocyanic acid
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Figure S6: Formaldehyde, formic acid, and isocyanic acid emitted at different engine
speeds and 30 Nm
Figure S6 shows the variation of HCHO, HCOOH, and HNCO emitted from gasoline and
gasohol-fueled engine at different engine speeds and at constant engine load (30Nm). The
result shows that as engine speed increased, HCHO emission reduced slightly and then
increased with further increasing engine speed. The increased in-cylinder temperature at
higher engine speeds was the main reason for lower HCHO emissions. However, a further
increase in engine speed led to incomplete combustion of the fuel-air mixture due to less
time available to complete the reactions and less oxygen availability. This resulted in
more incomplete combustion products such as HCHO and HCOOH at higher engine
speeds. Above 2500 rpm, increased turbulence inside the combustion chamber promoted
heat losses to the surrounding, leading to lower in-cylinder temperature and higher

HCHO emission. Gasohol shows a comparable HCHO emission at lower engine speeds,
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which increased at higher engine speeds. At higher engine speeds, the presence of
inherent oxygen led to superior combustion, leading to lesser HCHO formation for the
GB10-fuelled engine; however, the dominant charge cooling effect of methanol and
ethanol hampered the completeness of reaction, leading to more HCHO emission at higher
engine speed. Among different gasohol, GE10 exhibited the highest HCHO emission at
higher engine speed. HCOOH emission has a random trend in engine speed variation, and
the difference between HCCO emissions from gasohol and the gasoline-fueled engine was
also not significant. The effect of higher in-cylinder temperature was visible in HCHO
emissions, which exhibited that GB 10 has the lowest HCOOH emission. For all test fuels,
HNCO emission was almost constant at different engine speeds. Among different test
fuels, GE10 showed the lowest HNCO emission, followed by GM10. This clearly shows the
dominant effect of in-cylinder temperature (EGT) on HNCO formation.

S4.3 Emission of unsaturated and aromatic hydrocarbons
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Figure S7: (a) Unsaturated and (b) aromatic hydrocarbons emitted at different engine
speeds and 30 Nm
Figure S7(a) shows the concentration of unsaturated hydrocarbons emitted from gasoline
and gasohol-fueled engine at different engine speeds and at constant engine load (30 Nm).
Results show that the Emission of unsaturated hydrocarbons (C2Hz, C2Hs, and CsHe)
reduced with an increased engine speed for all test fuels. Relatively superior combustion
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due to more turbulence and increased in-cylinder at higher engine speed were the main
reasons for lower Emissions of C2H2, C2H4, and CsHe at higher engine speeds. In addition,
the presence of higher in-cylinder temperature promoted the oxidation of intermediate
combustion products, leading to lower emissions of C2Hz, C2H4, and CsHs. Among different
test fuels, GM10 and GE10 emitted relatively lower C2H2, C2H4, and CsHes compared to
gasoline. However, unsaturated hydrocarbons emitted from GB10-fuelled engines were
almost equivalent to baseline gasoline. The presence of oxygen might be another factor
responsible for these trends, which promoted the oxidation of these unsaturated
hydrocarbons. Figure S7(b) showed the variation of aromatic species emitted from
gasoline and gasohol-fueled engine at different engine speeds and at constant engine load
(30Nm). Results show that CeHs Emission was almost constant with variation in engine
speed for all test fuel. At all engine speeds, gasohol exhibited relatively lower benzene
emissions compared to gasoline. Among different gasohol, GM10 exhibited the lowest
benzene emission, followed by GE10. The concentration of benzene emitted from GB10
was almost similar to that of gasoline. These trends show that benzene formation was
dominantly affected by inherent oxygen present in the test fuels. C7TH8 Emission
exhibited a similar trend for all test fuels as CéHs Emission with a variation of engine

speed.
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