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Abstract 10 

Primary alcohols such as methanol, ethanol, and butanol have exhibited excellent 11 

potential as possible alternative fuels for spark ignition (SI) engines because they are 12 

renewable, cleaner and safer to store and transport. However, it remains important to 13 

investigate the technical feasibility of adapting these primary alcohols in existing SI 14 

engines. In this research, a multi-point port fuel injection (MPFI) system equipped SI 15 

engine was used for assessing and comparing the combustion, performance, and emission 16 

characteristics of various alcohol-gasoline blends (gasohols) vis-à-vis baseline gasoline. 17 

The experiments were performed for different engine loads at rated engine speed. 18 

Experimental results exhibited relatively superior combustion characteristics of the 19 

engine fueled with gasohol than the baseline gasoline, especially at medium engine loads. 20 

Among different test fuels, the methanol-gasoline blend (GM10) exhibited relatively more 21 

stable combustion characteristics than the ethanol-gasoline blend (GE10) and butanol-22 

gasoline blend (GB10). In this study, relatively superior engine performance of the 23 

gasohol-fueled engine was observed at all engine loads and speeds. GB10 exhibited the 24 

highest brake thermal efficiency (BTE), followed by GM10 amongst all test fuels. The 25 
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effect of improved combustion was also reflected in the emission characteristics, which 26 

exhibited that GB10 emitted relatively lower carbon monoxide (CO) and hydrocarbons 27 

(HC) than other test fuels. GB10 emitted relatively higher nitrogen oxides (NOx) than 28 

GM10 and GE10. Unregulated emission results exhibited that the engine fueled with 29 

gasohols emitted relatively lower sulfur dioxide (SO2), ammonia (NH3), and various 30 

saturated and unsaturated HCs than the baseline gasoline. The GM10-fuelled engine was 31 

relatively more effective in reducing unregulated emissions among all test fuels. This 32 

study concluded that methanol and butanol blending with gasoline resulted in superior 33 

engine performance and reduced harmful emissions in MPFI transport engines. This 34 

offered an excellent option to displace fossil fuels partially and reduce emissions 35 

simultaneously. 36 

Keywords: Gasohol, Performance, Combustion, Unregulated Emissions, Spark Ignition 37 

Engine. 38 

1. Introduction 39 

Increasing demand for crude oil and deteriorating air quality has become the biggest 40 

global challenges in the 21st century. Limited resources of fossil fuels and growing energy 41 

demand call for exploration of newer non-fossil alternatives for powering internal 42 

combustion (IC) engines in various sectors of the economy. As per an estimate, oil, natural 43 

gas, and coal reserves will last for 41 years, 63 years, and 218 years respectively [1]. 44 

Depleting fossil fuel reserves are responsible for continuously increasing petroleum prices 45 

and greenhouse gaseous (GHG) emissions. Market necessity and emission restrictions 46 

promoted viable techniques to reduce emissions without compromising engine 47 

performance. Refinements in the engine designs, fuel pre-conditioning, alternative fuels, 48 

and exhaust gas after-treatment systems were explored to reduce the emissions from IC 49 

engines [2]. The catalytic converter was the most widely adopted technique to control 50 

engine emissions [3]. However, catalytic converters have several limitations, such as poor 51 
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efficiency in cold-start conditions and a long time required to activate the catalytic 52 

reactions for emission reduction. Several researchers proposed using alternative fuels in 53 

IC engines can reduce emissions and dependence on fossil fuels [4] [5]. Many alternative 54 

fuels, such as biogas, bio-alcohols, biodiesel, have been extensively investigated. These 55 

alternative fuels can be easily adapted in existing IC engines with some minor hardware/ 56 

software modifications.  57 

Primary alcohols exhibited significant potential for SI engines to partially displace 58 

gasoline [6]. Alcohols are reasonably low-priced and favourable fuels due to vast feedstock 59 

availability, safe storage, and easy transportation. Primary alcohols can be produced from 60 

agriculture residues, household waste, municipal solid waste, etc., e.g., methanol can be 61 

produced from coal, biomass [7], coke oven gas, natural gas [8], and hydrogen. The other 62 

advantages of methanol are its wider lean ignition limits and higher octane rating, 63 

making it a superior fuel for SI engines than gasoline [9]. Zhen and Wang [10] described 64 

methanol production methods systematically and its potential as a renewable fuel. They 65 

summarised 13 methanol applications in IC engines and provided suggestions on the 66 

weaknesses in the methanol engine research studies. Ethanol is primarily produced from 67 

biomass. Its important physical characteristics, such as fuel density and research octane 68 

number, make it appropriate for SI engines [11]. Ethanol reduces greenhouse gas (GHG) 69 

emissions. Studies have shown that ethanol-gasoline blends (gasohols) reduce carbon 70 

monoxide (CO) and hydrocarbon (HC) emissions drastically by promoting complete 71 

combustion [12] [11]. Butanol is another primary alcohol, having significant potential for 72 

use in SI engines. Relatively higher heating value, higher research octane number, and 73 

lower moisture affinity of butanol than other primary alcohols make it suitable as a SI 74 

engine fuel. Butanol has physical properties quite close to gasoline, leading to the higher 75 

thermal efficiency of butanol-gasoline blends [13]. However, butanol has lower oxygen 76 

content than methanol and ethanol, affecting fuel’s knock resistance. Higher oxygen 77 
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content in the test blend offers higher knock resistance. At higher blending ratios, butanol 78 

exhibits higher knocking than other primary alcohols. Butanol’s relatively higher 79 

reactivity and boiling point render it less preferred for SI engines [14]. Zhen et al. [15] 80 

introduced butanol in CI and SI engines and explored butanol-fueled engines’ future 81 

research and development.  82 

Many studies have demonstrated that gasohols resolve the issues of higher NOx and 83 

particulate matter (PM) emissions and incomplete combustion faced by SI engines due to 84 

their fuel-bound oxygen [16] [17] [18]. In another experimental study [19], alcohol-85 

gasoline blends impressively reduced regulated emissions of CO and HC by ~40% to 50%, 86 

respectively. In contrast, gasohols emitted higher unregulated emissions than baseline 87 

gasoline [19]. Experiments revealed that gasohol was a cost-effective and efficient 88 

alternative to reduce GHG emissions from the engines [20] [21]. SI engines fueled with 89 

gasohol exhibited reduced unregulated emissions without significant change in 90 

combustion characteristics [22]. However, primary alcohols, especially methanol, may 91 

corrode vital components of the fuel injection equipment (FIE) and other metallic engine 92 

components, limiting alcohol usage in IC engines. A moderate blending of methanol with 93 

gasoline improves combustion due to improved fuel evaporation characteristics. Abu-Zaid 94 

[23] investigated the effect of various methanol-gasoline blends on SI engine performance. 95 

They concluded that blends with 15% (v/v) methanol show improved engine performance 96 

for power output and brake specific fuel consumption (BSFC). However, there are studies 97 

on higher blending ratios of methanol in gasoline. M85 (85% methanol and 15% gasoline 98 

v/v) usage led to 25% and 80% reductions in CO and NOx emissions, respectively, vis-à-99 

vis baseline gasoline. While, in a few studies, a slightly higher BSFC for methanol-100 

gasoline fueled engines was reported [24] [25]. Prasad et al. [26] investigated methanol-101 

gasoline blend fueled SI engine’s performance, combustion, and emission characteristics 102 

by varying the compression ratio (CR) to 8, 9, and 10. They reported that methanol-103 
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gasoline fueled engines exhibited superior engine performance at higher CRs without 104 

knocking. Yucesu et al. [27] performed experiments on a single-cylinder SI engine fueled 105 

with ethanol-gasoline blends and reported significant reductions in regulated emissions. 106 

Similar studies [27] [28] on ethanol-gasoline-fueled SI engines also exhibited a major 107 

reduction in CO and HC emissions. Carbon dioxide (CO2) emission was reduced due to the 108 

leaning effect of ethanol addition (fuel oxygen), whereas NOx emissions didn’t correlate 109 

with the ethanol proportion in the test fuel. Introduction of 5-10-20-30% (v/v) ethanol in 110 

gasoline reduced CO and particulate number emissions, while the volatile organic 111 

compounds (VOCs) were not affected [28]. Researchers also explored alcohol blending of 112 

gasoline on unregulated emissions from SI engines [29]. Baseline gasoline-fueled engines 113 

produced higher unregulated emissions than gasohol fueled engines [30]. Bielaczyc et al. 114 

[11] studied the influence of physicochemical attributes on tailpipe emissions of light-duty 115 

SI engines fuelled with ethanol-gasoline blends. Unregulated emissions such as ethylene, 116 

carbonyl compounds, alcohols, acetaldehyde, and formaldehyde marginally increased due 117 

to ethanol blending with gasoline [31]. Poulopoulos et al. [32] reported higher 118 

acetaldehyde emissions from ethanol-gasoline blend fuelled engines; however, these 119 

emissions were reduced to negligible levels by a catalytic converter. However, the catalytic 120 

converter could not reduce ethanol, acetic acid, and hexane emissions. Unregulated 121 

emissions like ethanol and acetaldehyde increased with increasing ethanol fraction in the 122 

fuel and reduced with increasing engine speed/torque. Formaldehyde emissions increased 123 

significantly with increasing engine speed [33]. Gomez et al. [34] performed experiments 124 

on a single-cylinder port-injected engine fuelled with methanol-gasoline, ethanol-gasoline, 125 

and butanol-gasoline blends (20% v/v). They suggested using primary alcohols for the SI 126 

engine to allow a higher compression ratio, hence higher efficiency. The introduction of 127 

primary alcohols is a promising way to eliminate knocking in SI engines while allowing 128 

higher compression ratios. Kalwar et al. [35] utilised primary alcohols (methanol, ethanol, 129 
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butanol) in the dual-fuel gasoline direct injection (GDI) engine. They reported that port 130 

injection of primary alcohols reduced CO, PM, and NOx emissions, whereas HC emissions 131 

increased slightly from the baseline gasoline. The port induction of alcohols improved the 132 

engine combustion and performance characteristics. 133 

The literature review exhibits plenty of research has been done to adapt different gasohols 134 

in SI engines. However, most studies focused on combustion, performance, and emission 135 

(mostly regulated) characteristics of a specific alcohol-gasoline blend in new-generation 136 

engines. Very few studies are available in the literature that compares the combustion, 137 

performance, and emission characteristics of existing vehicles fuelled with different 138 

alcohol-gasoline blends. Therefore, in this study, experiments were conducted on a 139 

medium-duty SI engine fuelled with different alcohol-gasoline blends, namely GM10 (10% 140 

methanol and 90% gasoline on a volume basis), GE10 (10% ethanol and 90% gasoline on 141 

a volume basis), and GB10 (10% butanol and 90% gasoline on a volume basis) vis-à-vis 142 

baseline gasoline to compare the engine combustion, performance, regulated and 143 

unregulated emissions characteristics. The objective of this study was to explore the 144 

utilisation potential of different primary alcohols in existing SI engines of contemporary 145 

port fuel injection (PFI) engine technology used in the transport sector worldwide. 146 

Experiments were performed at different engine torques (0, 10, 20, 30, 40, and 50 Nm) at 147 

a constant engine speed of 2500 rpm (rated speed). All other variables, such as coolant 148 

temperature, intake air temperature, etc., were maintained constant during the 149 

experiment. Feasibility analysis of alcohol-gasoline blends based on combustion, 150 

performance, and emission characteristics is a novel aspect of this study. Another novel 151 

aspect of this experimental study was comparing the unregulated emission species and 152 

their relationship with combustion and performance characteristics of the engine fuelled 153 

with GM10, GE10, and GB10 vis-à-vis baseline gasoline. The detailed particulate 154 
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characterisation was also carried out and reported in the second part of this study to 155 

explore the suitability of different alcohols in SI engines. 156 

2. Experimental Setup and Methodology 157 

In this study, experiments were conducted using a medium-duty, multi-point port fuel 158 

injection (MPFI) automotive engine (Maruti Suzuki; Zen). Figure 1 shows the schematic 159 

of the experimental setup. 160 

 161 

Figure 1: Schematic of the experimental setup  162 

The engine test cell was equipped with several sub-systems: e.g. fuel flow-rate 163 

measurement system, combustion data acquisition system, emission measurement 164 

system, FTIR emission analyser, temperature measurement system, etc. An eddy current 165 

dynamometer (Dynalec; ECB50-200) and a dynamometer controller were used to load the 166 

engine and control the engine speed. Important technical specifications of the test engine 167 

and dynamometer are given in Table 1.  168 

Table 1: Technical specifications of the test engine and the dynamometer 169 

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 170 

intake air-flow rate. LFE addresses issues related to pulsating and turbulent flows. Test 171 

fuel was injected into the engine’s intake port using a low-pressure fuel injection system 172 

at 3 bar fuel injection pressure (FIP). This fuel injection system uses several components: 173 

a fuel tank, a fuel filter, an electric low-pressure fuel pump, a fuel rail, and a solenoid port 174 

fuel injector. Signals for controlling the fuel injection and spark timing were given by an 175 

electronic control unit (ECU). Combustion analysis was carried out using the in-cylinder 176 

pressure-crank angle data, measured using a piezoelectric pressure transducer (AVL; 177 

GH13Z-24). A special spark-plug adaptor was used for housing the pressure transducer 178 

in the engine cylinder head. Charge signals produced by the piezoelectric pressure 179 

transducer were conditioned by the charge amplifier (AVL; 3066A02). In this charge 180 

amplifier, low magnitude charge signals were converted into proportional voltage signals 181 

and then amplified to a range of 0-5 V before acquisition by the high-speed combustion 182 

analyser (AVL; 619 indimeter). A high-precision shaft encoder (AVL; 365CC) measured 183 

the engine crankshaft rotation with high precision.  184 

All signals were given to the high-speed combustion analyser, where software (AVL; 185 

INDIWIN-2.2) was used to analyse and calculate combustion-related parameters. The 186 

exhaust gas temperature (EGT) was measured using a K-type thermocouple mounted in 187 

the exhaust manifold and displayed on a temperature indicator (Pedigree; DTI 4001T). 188 

For measuring regulated emissions of HC, CO, and NOx, a raw exhaust gas emission 189 

analyser (Horiba; EXSA-1500) was used. Exhaust gas was supplied via a heated exhaust 190 
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sampling line, maintained at 191°C, to eliminate condensation of moisture and HCs 191 

during the sample transport via the pipeline from the engine to the analyser. CO and CO2 192 

emissions were measured by a non-dispersive infrared (NDIR) analyser. Total 193 

hydrocarbons (THC) measurements were done by a hot Flame Ionization Detector (HFID), 194 

which could measure a high concentration of HCs with great precision. A 195 

chemiluminescence analyser (CLD) was used to measure the engine exhaust’s NOx 196 

emissions. Raw exhaust gas emission analyser had a wide range of measurements for 197 

regulated emissions: 0-5000 ppm for CO; 0-20 vol% for CO2; 0-5000 ppm for NO/NOx; and 198 

0-50000 ppm for THC. A Fourier transform infrared (FTIR) emission analyser (Horiba; 199 

MEXA-6000FT-E) was used to measure the unregulated emissions in the exhaust. This 200 

analyser could simultaneously determine 31 different unregulated emissions 201 

concentrations using a ‘multivariate analysis algorithm.’ Experiments were performed 202 

using four test fuels, namely GM10, GE10, GB10, and baseline gasoline. All alcohol-203 

gasoline blends were prepared in the laboratory and kept for 48 h to ensure no phase 204 

separation and chemical reactions. Important fuel properties of gasoline-alcohol blends 205 

and baseline gasoline were measured and shown in Table 2.  206 

Table 2: Important test fuel properties  207 

 G100 GM10 GE10 GB10 

Fuel Composition Gasoline 

10% v/v Methanol 

blended with 90% 

Gasoline  

10% v/v Ethanol 

blended with 90% 

Gasoline  

10% v/v Butanol 

blended with 90% 

Gasoline  

Lower Calorific 

value (MJ/kg) 
43.76 40.09 41.18 41.83 

Viscosity (mm2/s) 

@ 40º C 
0.44 0.48 0.54 0.62 

Density (g/cm3) @ 

30º C 
0.738 0.742 0.751 0.758 

Oxygen content 

(% w/w) 
0 5.49 3.71 2.47 

* Values available in the literature 208 

The experiments were conducted for G100, GM10, GE10, and GB10 at various engine 209 

loads and speeds. Experiments were conducted at six engine loads from 10 to 50 Nm in 210 

the steps of 10 Nm at a constant engine speed of 2500 rpm. Also, experiments were 211 
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performed at different engine speeds from 1500 to 3500 rpm in steps of 1000 rpm at a 212 

constant torque of 30 Nm. The results of the engine speed variations are presented and 213 

discussed comprehensively in the supporting information section. The objective of this 214 

study was to compare the performance, combustion, and emission characteristics of all 215 

test fuels. More emphasis has been given to unregulated emissions. Important details of 216 

the experimental conditions and experimental methodology are shown in figure 2.  217 

 218 

Figure 2: Experimental methodology 219 

3. Results and Discussion 220 

The results and discussion are divided into four sub-sections, covering (i) combustion 221 

characteristics, (ii) performance characteristics, (iii) regulated emissions, and (iv) 222 

unregulated emissions. In each sub-section, results are discussed to present the effect of 223 

engine load on engine combustion, performance, and emissions. The influence of engine 224 

speed was insignificant on these parameters; therefore, the effect of engine speed is 225 

included in the Supporting Information. Measurements were taken after the thermal 226 

stabilisation of the engine to reduce the experimental errors. All experiments were 227 

repeated thrice, and the root-of-the-sum-of-the-squares method was adapted for the 228 

uncertainty analysis of the experimental data.  229 

3.1 Combustion Characteristics 230 

In this study, combustion characteristics of the SI engine fueled with gasohol vis-à-vis 231 

baseline gasoline were assessed at various loads. All combustion characteristics were 232 

assessed at a constant engine speed of 2500 rpm. Combustion characteristics included in-233 
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cylinder pressure analysis, heat release rate (HRR) analysis, and combustion timings 234 

such as the start of combustion (SoC), combustion phasing (CP), and combustion duration 235 

(CD). Figure 3(a) shows the in-cylinder pressure variations of gasohols (GM10, GE10, 236 

GB10) and baseline gasoline-fueled engines at varying engine loads. The effect of engine 237 

speed on variations in the cylinder pressure and HRR is included in the Supporting 238 

information (figure S1). Cylinder pressure is greatly influenced by combustion efficiency, 239 

which is affected by the rate of fuel-air mixing. Increasing engine load resulted in higher 240 

maximum in-cylinder pressure (Pmax) for all test fuels since a higher fuel quantity was 241 

injected in every engine thermodynamic cycle to meet the power demand (Figure 3a). The 242 

higher fuel quantity burnt resulted in a higher peak in-cylinder pressure and 243 

temperature. Relatively superior combustion of alcohol-gasoline blends than baseline 244 

gasoline was a major finding. This could be due to the availability of fuel-bound oxygen in 245 

alcohol molecules, leading to complete combustion. This was also visible in Pmax trends, 246 

which exhibited relatively higher Pmax for gasohols than baseline gasoline. However, such 247 

an effect was not noticeable at lower loads because of the lesser fuel quantity injected. 248 

The lower cooling effect of alcohols at low engine loads resulted in minor variations in the 249 

in-cylinder pressure compared to higher engine loads.  250 
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 251 

(a)      (b) 252 

Figure 3: (a) In-cylinder pressure rise and (b) heat release rate variations w.r.t. crank 253 

angle at different engine loads at 2500 rpm 254 

GM10 had slightly higher Pmax than other gasohols due to higher fuel-air mixture 255 

reactivity and oxygen content in methanol. Gasohols exhibited superior combustion at a 256 

medium engine load (30 Nm) than gasoline. GB10 exhibited the highest Pmax among 257 

different test fuels, followed by GM10 and then GE10. Gasohols exhibited superior 258 

combustion characteristics in the mid-load range due to relatively wider flammability 259 
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limits and higher flame velocity than gasoline [36]. A relatively higher hydrophilic 260 

tendency of ethanol might be another reason for the lowest in-cylinder pressure for GE10, 261 

where moisture absorbed a fraction of combustion generated heat. At higher engine loads 262 

(50 Nm), GB10 exhibited the highest Pmax due to higher calorific value and lower latent 263 

heat of vaporisation of butanol among all primary alcohols. However, other test fuels 264 

(GM10 and GE10) exhibited almost similar Pmax as gasoline. A richer gasohol-air mixture 265 

at higher engine loads improved the combustion, leading to higher Pmax than baseline 266 

gasoline [37]. Figure 3(b) exhibits HRR variations in the engine fueled with gasohols vis-267 

à-vis baseline gasoline at various loads. HRR was calculated by applying the first law of 268 

thermodynamics to the in-cylinder pressure data [38]. For all test fuels, increasing engine 269 

load (up to 30 Nm) resulted in advanced maximum HRR (HRRmax) due to rapid charge 270 

combustion kinetics, which resulted in a shorter ignition delay. However, at 50 Nm engine 271 

load, the dominant charge-cooling effect led to slightly retarded HRRmax than at 30 Nm. 272 

HRR trends exhibited relatively higher HRRmax of GM10, GE10, and GB10 than gasoline 273 

at most engine loads. This was due to inherent fuel oxygen in alcohols, which promoted 274 

rapid heat release during combustion. Tian et al. [39] also reported a similar trend. This 275 

effect was not noticeable at no load; however, it was significant at higher loads due to the 276 

increased fuel quantity burned. At no load, all test fuels exhibited similar HRR trends 277 

with comparable HRRmax. At no load, the HRRmax of GM10 shifted towards after top dead 278 

centre (aTDC) side, which reflected slower charge combustion kinetics. However, GB10 279 

exhibited the most advanced SoC with a shorter CD. At a higher engine load, the height 280 

of the HRR curve increased, and its width decreased. Increasing the height of the HRR 281 

curve exhibited relatively faster charge combustion kinetics, which supported the findings 282 

of in-cylinder pressure analysis as well. Reduced width of the HRR curve with increasing 283 

engine load exhibited somewhat shorter CD at higher engine loads. At mid-load (30 Nm), 284 

GB10 exhibited the maximum HRRmax amongst all test fuels. Relatively lower latent heat 285 
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of vaporisation of butanol and higher reactivity were the main reasons for these trends, 286 

which became more dominant at higher loads. At medium loads, GM10 and GE10 showed 287 

somewhat higher HRR than gasoline. However, at higher loads (50 Nm), GM10 and GE10 288 

showed relatively lower HRRmax than baseline gasoline. A dominant effect of higher latent 289 

heat of vaporisation of methanol and moisture availability in ethanol may be probable 290 

reasons for this trend.  291 

Figure 4 shows SoC, CP, and CD variations of gasohols and gasoline-fueled engines at 292 

varying loads at 2500 rpm. Variations in SoC, CP, and CD of gasohols and gasoline-fueled 293 

engines at various speeds at fixed engine load are given in the Supporting information 294 

(Figure S2). These parameters were calculated from the mass fraction burned (MFB) 295 

analyses. SoC was calculated from the cumulative heat release (CHR) curve as the crank 296 

angle corresponding to 10% CHR. The crank angle corresponding to 90% CHR was defined 297 

as the end of combustion (EoC). The crank angle degree difference between the EoC and 298 

SoC was defined as the CD. Figure 4 shows that SoC advanced slightly with increasing 299 

engine load (up to 30 Nm) and then retarded slightly with further increasing engine load. 300 

At higher in-cylinder temperature conditions, relatively rapid charge combustion kinetics 301 

resulted in advanced SoC up to medium loads. However, the charge cooling effect became 302 

dominant at higher loads, leading to slightly retarded SoC. Relatively advanced SoC of 303 

gasohols than baseline gasoline was another important observation. This showed 304 

relatively superior combustion of gasohols due to its higher research octane number 305 

(RON) and inherent fuel oxygen content than gasoline. Among different gasohols, GM10 306 

and GE10 exhibited retarded SoC than GB10. Relatively higher latent heat of 307 

vaporisation of methanol led to more significant charge cooling. The moisture in the 308 

ethanol resulted in somewhat slower fuel-air combustion kinetics than GB10. 309 
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 310 

Figure 4: SoC, CP, and CD at varying engine loads at 2500 rpm 311 

CP was another combustion parameter that affected the combustion stability since too 312 

advanced or retarded CP led to inferior engine performance and emissions. CP was 313 

calculated using MFB analysis, where the crank angle position corresponding to 50% CHR 314 

was considered CP. CP followed a trend similar to SoC for all test fuels, which advanced 315 

with increasing engine load up to 30 Nm and then retarded with further increasing engine 316 

load. Like SoC, the relative dominance of charge combustion kinetics and fuel properties 317 

were important for this trend. CP of gasohols (except GB10) exhibited a close relationship 318 

with load variations, slightly retarded at lower loads; however, CP of gasohols exhibited 319 

relatively advanced CP at higher loads. The difference among CP of various test fuels was 320 
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the maximum at 30 Nm due to a trade-off between charge combustion kinetics and test 321 

fuel properties. Results showed that GM10 and GE10 exhibited relatively retarded CP 322 

than GB10 and baseline gasoline. Relatively higher latent heat of vaporisation of 323 

methanol and ethanol than butanol might be a vital reason for this behaviour, which led 324 

to relatively slower charge combustion kinetics. GB10 exhibited relatively advanced CP 325 

at all engine loads than other test fuels. This was mainly due to the relatively higher 326 

reactivity of butanol (higher cetane number of butanol than methanol and ethanol). This 327 

trend was reported by other researchers also [32]. CD was another important parameter 328 

that affected the engine performance and emissions. With increasing engine load (up to 329 

30 Nm), CD reduced and remained constant until the maximum engine load. Relatively 330 

faster charge combustion kinetics in the presence of higher in-cylinder temperature might 331 

be a probable reason for shorter CD at higher loads. However, at 40 and 50 Nm, more fuel 332 

in the combustion chamber takes longer to burn completely, leading to a relatively longer 333 

CD than lower engine loads. Due to the integrated impact of these two counter-effects, 334 

charge combustion kinetics and the presence of higher fuel quantity, CD remained almost 335 

constant (for gasoline and GE10) or slightly increased (for GM10 and GB10) at higher 336 

loads. More heat losses from the cylinder walls at higher loads because of higher in-337 

cylinder temperatures may be another parameter accountable for a relatively higher CD. 338 

Gasohols showed relatively lower CD than baseline gasoline. This was mainly because of 339 

the integrated impact of higher flame speed of alcohols, faster charge combustion kinetics, 340 

and fuel-bound oxygen, which resulted in rapid heat release from gasohols. Relatively 341 

lower CD of gasohol results in lower soot formation, which is discussed in the second part 342 

of this study. GM10 showed a relatively shorter CD than other gasohols and gasoline 343 

among different gasohols. The faster flame speed of methanol than ethanol and butanol 344 

may be responsible for this trend [40] [41]. However, at a lower load (10 Nm), the 345 



 

17 
 

dominant influence of higher latent heat of vaporisation of methanol led to a slightly 346 

longer CD of GM10 than other test fuels. 347 

3.2 Performance Characteristics 348 

Figure 5 shows the performance characteristics (BTE, BSEC, and EGT) of the engine 349 

fueled with gasohols and baseline gasoline at varying engine loads. The effect of speed on 350 

the performance characteristics is given in the supporting information (Figure S3). 351 

Results showed that BTE improved with increasing engine load for all test fuels. A 352 

possible reason may be higher in-cylinder temperature, which increased with increasing 353 

injected fuel quantity. At higher loads, increased fuel quantity led to greater charge 354 

cooling, resulting in slightly higher volumetric efficiency, which may be one more probable 355 

reason for the higher BTE. This study exhibited that gasohols offer higher BTE than 356 

baseline gasoline [42]. This trend resulted in superior fuel characteristics of alcohols, such 357 

as higher latent heat of vaporisation and fuel-bound oxygen. The latent heat of 358 

vaporisation directly affected the charge cooling in the intake manifold. Higher latent 359 

heat of vaporisation resulted in increased intake charge density, leading to higher 360 

volumetric efficiency. Improved volumetric efficiency also led to complete combustion and 361 

higher BTE.  362 
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 363 

 Figure 5: BTE, BSEC, and EGT at varying engine loads at 2500 rpm  364 

GB10 showed the highest BTE, and GE10 showed the lowest BTE among gasohols due to 365 

relatively lower latent heat of vaporisation of butanol, higher charge reactivity, and 366 

availability of fuel-bound oxygen. BTE of GM10 was lower due to relatively higher latent 367 

heat of vaporisation of methanol; however, the moisture content of ethanol may be 368 

accountable for the slightly lower BTE of GE10. BSEC trends were the reverse of BTE 369 

trends for all test fuels. Gasohols exhibited relatively lower BSEC than gasoline. Among 370 

various gasohols, GB10 showed the lowest BSEC. EGT is measured as a qualitative 371 

parameter, which indicates the in-cylinder temperature. Higher in-cylinder temperature 372 

restricts the condensation of volatile species. This resulted in a relatively lesser 373 
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contribution of larger particles, leading to lower total particulate matter (TPM) emissions. 374 

Higher EGT represents superior combustion, causing higher NOx and lower soot 375 

formation. Other effects of EGT on particulate emissions have been discussed in detail in 376 

the second part of this study. EGT trends were similar for all test fuels, and they increased 377 

with increasing load. More fuel quantity burnt in the combustion chamber at higher loads 378 

led to higher peak in-cylinder temperature, causing a higher EGT. At 10 Nm torque, the 379 

EGT of gasohols was slightly lower than baseline gasoline. The combined effect of lower 380 

in-cylinder temperature and charge cooling due to gasohols might be reasons for this 381 

trend. At higher engine loads, GB10 exhibited the highest EGT due to superior 382 

combustion, which could also be seen in BTE trends. GM10 showed relatively higher EGT 383 

than GE10 and baseline gasoline at medium loads. Relatively higher oxygen content and 384 

faster flame velocity might be probable reasons for this trend, which improved the 385 

combustion more than GE10 and gasoline. At most test conditions, the impact of moisture 386 

traces in ethanol was noticeable in the EGT trend of GE10, which absorbed a significant 387 

fraction of combustion heat release, resulting in lower EGT than other gasohols.  388 

3.3 Regulated Emissions Characteristics 389 

Figure 6 shows CO, HC, and NOx emitted by gasohols fueled and gasoline engines at 390 

varying loads. The effect of engine speed on emission characteristics is given in supporting 391 

information (Figure S4). For emissions characterisation, unprocessed emission 392 

concentrations of CO, HC, and NOx were obtained in ppm. Using established equations, 393 

these emission concentrations were converted to mass emissions (g/kWh) [43]. 394 
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  395 

 Figure 6: Mass emissions of CO, HC, and NOx at varying engine loads at 2500 rpm  396 

CO emission was reduced with increasing engine load for all test fuels. More CO-to-CO2 397 

oxidation due to comparatively higher in-cylinder temperature was a major cause for 398 

lower CO emission at higher engine loads. At higher loads, gasohols emitted lower CO. 399 

Higher loads improved CO-to-CO2 oxidation due to the combined effect of higher in-400 

cylinder temperatures and inherent fuel oxygen, which reduced CO emission from 401 

gasohols [44]. However, at lower loads, the dominant charge cooling effect of GM10 and 402 

GE10 caused relatively lower in-cylinder temperatures, leading to higher CO emissions. 403 

A relatively higher H/C ratio of gasohols compared to baseline gasoline might be another 404 

reason for lower CO emission because test fuel with a higher H/C ratio emits lower CO. 405 

Amongst different gasohols, GB10 fueled engines emitted significantly lower CO 406 
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emission. This may be because of the lower latent heat of vaporisation and higher 407 

chemical reactivity of butanol, among other alcohols, which resulted in superior 408 

combustion of GB10. 409 

At lower loads, the dominant charge cooling effect of GM10 and GE10 further reduced the 410 

in-cylinder temperatures, hence increasing the CO emission. However, this effect was not 411 

as dominant as the engine load due to the higher in-cylinder temperature and increased 412 

injected fuel quantity for meeting the load requirement. For all test fuels, HC emissions 413 

were also reduced with increasing load. Among various HC sources, incomplete 414 

combustion of fuel and fuel trapped in crevices were the main source in the SI engines. 415 

Higher in-cylinder temperature resulted in superior combustion, reducing HC emissions 416 

at higher loads. Results showed that GM10 and GE10 produced higher HC emissions than 417 

baseline gasoline, especially at lower loads. However, HC emissions from the engine 418 

fueled with GB10 were relatively lower than baseline gasoline. This may be due to the 419 

lower heat of vaporisation and higher heating value of butanol than methanol and 420 

ethanol. Relatively lower in-cylinder temperature because of the cooling effect of GM10 421 

and GE10 was the main reason for incomplete combustion, resulting in higher HC 422 

emissions. HC emissions from GM10, GE10, and gasoline-fueled engines were almost 423 

similar at higher loads. GB10 showed the lowest HC emissions due to advanced CP 424 

compared to other test fuels. Figure 6 shows the NOx emissions, which depend on three 425 

factors: oxygen availability, peak combustion temperature, and the time available at high-426 

temperature conditions. Increasing load led to relatively higher NOx emissions. This was 427 

because of relatively higher in-cylinder temperature at higher loads, which provided more 428 

favourable conditions for NOx emission formation. However, higher in-cylinder 429 

temperature improved the soot oxidation. It showed no increment in soot emission at 430 

higher engine loads, presented in detail in the second part of this study. At the highest 431 

engine load (50 Nm), NOx emissions remained almost constant because of a trade-off 432 
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between higher in-cylinder temperatures and lower oxygen presence (due to fuel-rich 433 

combustion). Relatively lower NOx emissions from gasohols than baseline gasoline was a 434 

major finding of this study. This was more prominent at higher loads due to the dominant 435 

charge cooling nature of alcohol, which reduced the peak in-cylinder temperature [45]. As 436 

the laminar flame speed of alcohols is higher, blending alcohols to gasoline shortens the 437 

CD, reducing the NOx formation. GB10 exhibited relatively higher NOx emissions among 438 

different gasohols than GM10 and GE10. Relatively lower latent heat of vaporisation and 439 

higher reactivity of butanol were possible factors for relatively lower NOx emissions from 440 

GB10. This can also be observed in engine performance trends, where GB10 exhibited 441 

higher BTE and EGT (Figure 5).  442 

3.4 Unregulated Emission Characteristics 443 

Unregulated emission species are the intermediate incomplete combustion products of 444 

saturated HCs and oxygenated compounds of the test fuels. These unregulated species 445 

are extremely harmful to human health upon prolonged exposure [11]. Hence it is 446 

important to investigate the emission of unregulated species from the engine using 447 

alternative fuels such as primary alcohols on a large scale. An FTIR emission analyser 448 

was used to measure unregulated emission species in this study. The FTIR emission 449 

analyser can measure 31 unregulated emission species, out of which 14 species are 450 

reported in this paper. The remaining 17 species are not discussed because those species 451 

were below the detection limit of the analyser.  452 

3.4.1 Emissions of various Oxides of Nitrogen, Sulphur, and Ammonia 453 

The first group of unregulated emission species included different oxides of nitrogen, 454 

namely nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O) emitted by gasohols, 455 

and gasoline-fueled engines (Figure 7). NO, NO2, and N2O are cumulatively known as 456 

NOx, a regulated emission. However, they are unregulated emissions when each species 457 

is measured separately. NO, contribute to a large fraction of NOx. NO2 is a more toxic 458 
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gaseous species than NO, and its exposure leads to respiratory diseases. N2O, also known 459 

as “laughing gas,” is a strong greenhouse gas that destroys the ozone layer and affects the 460 

human body adversely. Figure 7(a) shows NO, NO2, and N2O emissions from gasohols and 461 

gasoline-fueled engines at varying engine loads at 2500 rpm. The effect of engine speed 462 

on NO, NO2, and N2O emissions is given in supporting information (Figure S5). It was 463 

found that a significant amount of NO was emitted from all test fuels. NO emission 464 

increased with increasing engine load due to increasing peak in-cylinder temperature. 465 

Each test fuel exhibited similar NO emissions trends at lower loads, while the gasohols-466 

fueled engine produced lower NO emissions at higher loads. This was because of the 467 

dominant effect of peak in-cylinder temperature on NO formation [38]. Similar findings 468 

were reported by Agarwal et al. [30].  469 
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 470 

 Figure 7: (a) Various oxides of nitrogen, (b) sulfur dioxide, and ammonia traces emitted 471 

at varying engine loads at 2500 rpm  472 

Among different gasohols, the GE10-fuelled engine produced significantly reduced NO 473 

than GM10 and GB10. The availability of moisture in the ethanol may be a possible reason 474 

for this trend, which absorbed a significant fraction of combustion energy, leading to lower 475 

peak in-cylinder temperature. GM10 and GB10 have almost identical NO emissions but 476 
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are relatively lower than gasoline. NO2 and N2O emissions were relatively insignificant, 477 

and they were reduced with increasing engine load for all test fuels. NO2 is formed during 478 

combustion via several chemical mechanisms, in which oxidation of existing NO might be 479 

an important one [46]. NO2 was formed mainly at lower in-cylinder temperatures, and 480 

reverse conversion of NO2 to NO took place at a temperature >1200 K in the engine 481 

combustion chamber [47]. This reduced the NO2 emission and increased the NO emission 482 

with increasing engine load. Gasohols showed relatively lower NO2 emissions than 483 

gasoline due to lower NO formation. Gasohols exhibited higher N2O emissions than 484 

baseline gasoline; however, the difference was statistically insignificant. The higher 485 

cooling effect of gasohols provided favourable conditions for N2O formation. 486 

Figure 7(b) shows a comparison of Sulphur dioxide (SO2) and ammonia (NH3) emissions 487 

for gasohols and gasoline-fueled engines at varying engine loads. The effect of engine 488 

speed on SO2 and NH3 emissions is given in supporting information (Figure S5). SO2 is 489 

formed in the engine cylinder during combustion because of reactions between fuel 490 

Sulphur and atmospheric oxygen. Sometimes lubricating oil leaks into the combustion 491 

chamber and thio-compounds in lubricating oil contributes to SO2 emission. NH3 is a toxic 492 

gas that affects human health adversely. It also acts as a secondary particulate matter 493 

precursor. A higher concentration of these species deteriorates the urban air quality and 494 

is hazardous to human health; however, concentrations of these species reported in this 495 

study were negligible. For all test fuels, SO2 emissions decreased with increasing engine 496 

load. A previous study reported a similar observation that SO2 emission was reduced for 497 

richer fuel-air mixtures and vice-versa [48]. 498 

At 50 Nm engine load, a higher burning/ pyrolysis of lubricating oil in the engine 499 

combustion chamber resulted in higher SO2 emission. Fuels such as gasoline having 500 

higher Sulphur content emit more SO2 in the engine exhaust. Results show that gasohols 501 

emitted relatively lower SO2 emissions due to reduced Sulphur content because of alcohol 502 
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blending to gasoline. GE10 shows the lowest SO2 emission among different gasohols. NH3 503 

emission showed a similar trend to SO2 emission for all test fuels. NH3 emission was 504 

significant at lower loads, which reduced with increasing load (Figure 7b). Gasohols 505 

showed relatively lower NH3 emissions. GE10 exhibited the lowest NH3 emission at all 506 

gasohols at all loads, although the difference was insignificant. 507 

3.4.2 Emissions of Formaldehyde, Formic acid, and Isocyanic acid 508 

The second group of unregulated species included Formaldehyde (HCHO), Formic acid 509 

(HCOOH), and Isocyanic acid (HNCO) emitted by gasoline and gasohol-fueled engine at 510 

varying loads (Figure 8). The effect of engine speed on HCHO, HCOOH, and HNCO 511 

emissions is given in supporting information (Figure S6). HCHO, an intermediate 512 

combustion product, is a carcinogenic air pollutant. HCHO formation depends on several 513 

factors, such as in-cylinder temperature and residence time of HCs in the exhaust [49]. 514 

HCOOH is another harmful unregulated emission species, damaging the central nervous 515 

system leading to coma and death [32]. The presence of oxygen in the engine exhaust in 516 

lean conditions and EGT has a major impact on the formation of HCOOH. HCOOH 517 

formation is independent of EGT under fuel-rich conditions [32]. Literature shows that 518 

EGT has an inverse relationship with HCOOH formation under lean and stoichiometric 519 

in-cylinder conditions [33], indicating that oxygen in the engine exhaust affects the 520 

HCOOH formation. When EGT is low, HCOOH emissions are generally high. The 521 

presence of higher temperatures promotes the decomposition of HCOOH into other by-522 

products. It was also observed that oxygenated fuel enhances HCOOH formation because 523 

they allow HCOOH precursors to originate from HCs [32]. HNCO is formed by 524 

photochemical ageing of exhaust under idle and high load conditions.  525 
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 526 

Figure 8: Formaldehyde, formic acid, and isocyanic acid emitted at different engine 527 

loads at 2500 rpm  528 

It was observed that as engine load increased, HCHO emission reduced up to a certain 529 

extent and then increased with a further increase in load [50]. This showed that in-530 

cylinder temperature has a dominant effect on HCHO formation at lower engine loads. 531 

HCHO emission reduces due to complete combustion at medium engine loads. However, 532 

lack of oxygen under high engine load conditions hinders combustion, leading to higher 533 

HCHO emissions. The cooling effect of gasohols was also visible in the HCHO trends, 534 

which exhibited that the gasohol-fueled engine produced somewhat higher HCHO than 535 

the baseline gasoline-fueled engine [51]. Among different gasohols, the GM10-fueled 536 

engine emitted the highest traces of HCHO because of the higher latent heat of 537 

vaporisation of methanol, among other alcohols. Trends of HCOOH emission were similar 538 

to HCHO emission because HCOOH was mainly produced by OH radicals [36]. Similar to 539 
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HCHO emission, the GB10-fuelled engine emitted the lowest HCOOH. The reason behind 540 

such a trend was higher EGT, which promoted the decomposition of HCOOH into other 541 

by-products. GE10 emitted comparatively higher HCOOH because of moisture traces in 542 

ethanol. HNCO emission increased slightly with increasing engine load and then 543 

decreased with a further increase in the engine load. HNCO was mainly formed due to 544 

reaction with CO and NO in high-temperature conditions and noble metal-based catalysts 545 

used in the emission after-treatment/control devices. At most loads, the gasohol-fueled 546 

engine produced lower HNCO than baseline gasoline. HNCO emission was dominantly 547 

affected by the EGT, which was also seen in HNCO trends of different gasohols. Among 548 

other test fuels, GE10 emitted the lowest HNCO emission due to relatively lower EGT, 549 

which promoted the formation of HNCO. 550 

3.4.3 Emissions of Unsaturated and Aromatic HCs  551 

Figure 9(a) shows the concentrations of unsaturated HCs produced from gasohol- and 552 

gasoline-fueled engines at varying loads. The effect of engine speed on Acetylene (C2H2), 553 

Ethylene (C2H4), and Propene (C3H6) emissions is given in supporting information (Figure 554 

S7). Incomplete fuel combustion is the main source of emissions of unsaturated HCs such 555 

as C2H2, C2H4, C3H6, etc. It is desirable to have low C2H2 emissions because it acts as a 556 

soot precursor. C2H2 originates from C2H4, a volatile organic carbon (VOC) [11]. C2H4 leads 557 

to the formation of smog after reacting with NOx. For all test fuels, C2H2 emission 558 

decreased with increasing engine load. This may be because of higher in-cylinder 559 

temperature, which promoted the oxidation of these intermediate combustion products, 560 

leading to lower C2H2. The gasohol-fueled engine produced somewhat lower traces of C2H2 561 

than baseline gasoline. The possible reason could be a smaller carbon chain in gasohols 562 

[7]. Lower C2H2 results in lower soot formation for gasohol fuelled engines because C2H2 563 

acts as a precursor during soot formation. Similar to C2H2, C2H4 and C3H6 emissions were 564 

also reduced with increasing engine load. The gasoline-fueled engine emitted a relatively 565 
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higher C2H4 and C3H6 than gasohols, leading to higher soot emissions. Complete 566 

combustion due to inherent fuel oxygen and faster fame velocity might be possible reasons 567 

for lower emissions of unsaturated HCs [11]. The trend of C2H4 emission from GM10 also 568 

validated the reason mentioned above, which exhibited the lowest C2H4 emission.  569 

 570 

 Figure 9: (a) Unsaturated and (b) aromatic HCs emitted at varying engine loads at 2500 571 

rpm  572 
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Figure 9b shows the Benzene (C6H6) and Toluene (C7H8) emissions from gasohols and 573 

gasoline-fueled engines at various loads at a constant speed of 2500 rpm. The effect of 574 

engine speed on C6H6 and C7H8 emissions is given in supporting information (Figure S7). 575 

Benzene and Toluene are reactive organic compounds, mainly originating from unburnt 576 

fuel and pyro-synthesis processes during combustion [52]. Benzene is formed due to 577 

unburnt fuel and reactions between the aromatic and non-aromatic compounds formed 578 

during combustion. An increasing load produced comparatively lower benzene emission; 579 

however, benzene emission concentration increased slightly at the highest engine load. 580 

Gasohol-fueled engines emitted relatively lower benzene traces compared to baseline 581 

gasoline. This was mainly due to gasoline substitution by alcohol, which does not contain 582 

benzene [7]. Gasohols accelerated the conversion of CO to CO2 because of fuel oxygen and 583 

reduced benzene emissions [53]. GM10 showed the lowest benzene emissions among 584 

different test fuels due to the highest fuel oxygen content in methanol, which hampered 585 

benzene ring formation in oxygen (O2) deficient zones of the combustion chamber. 586 

Unsaturated HCs constituents of fuel are also accountable for producing C6H6 and C7H8. 587 

Methanol does not contain these compounds, and the same results can be seen in benzene 588 

and toluene emission trends [51]. Engine emitted higher C7H8 emissions with increasing 589 

load up to medium loads, which reduced with further increasing load [51]. C7H8 emissions 590 

increased slightly because of the higher fuel quantity injected with increasing engine load 591 

[53]. GM10 exhibited the lowest C7H8 emissions for all engine loads among different 592 

gasohols due to methanol’s highest fuel oxygen content. 593 

Conclusions 594 

In this study, experiments were carried out to compare the combustion, performance, and 595 

emission characteristics of a SI engine fueled with different gasoline-alcohol blends 596 

(GM10, GE10, and GB10) vis-à-vis baseline gasoline. Combustion results exhibited that 597 

the gasohol-fueled engine had relatively higher in-cylinder pressure than baseline 598 
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gasoline. GB10 showed the highest BTE amongst all test fuels, dominant at higher loads. 599 

BSEC was the lowest for GB10 and the highest for gasoline. Regulated emissions of CO, 600 

HC, and NOx were lower from gasohols compared to gasoline. HCHO emission of the 601 

gasohol-fueled engine was relatively lower than gasoline due to improved combustion and 602 

oxidation. HCOOH and HNCO emissions were insignificant for all test fuels. NO emission 603 

trends of gasohol and baseline gasoline exhibited a significant difference because of 604 

relatively higher latent heat of vaporisation of gasohols, which lowered the peak in-605 

cylinder temperature, leading to lower NO emission than gasoline. NO2 and N2O 606 

emissions are insignificant for all test fuels. NH3 and SO2 emissions emitted by the 607 

gasohol-fueled engine were also relatively lower than gasoline. Gasohols showed lower 608 

unsaturated HC and aromatic HC emissions. Alcohols have a bright future for their use 609 

in SI engines, and they can partially replace gasoline. The GB10-fuelled engine showed 610 

significant improvement in engine performance and combustion characteristics, and it 611 

can reduce regulated emissions than other test fuels. Overall, this study demonstrated 612 

that butanol has significant potential to displace gasoline partially. 613 
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Supporting Information 

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-à-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- 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 
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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 Pmax [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].  

   

(a)        (b) 

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 
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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 GM10, 
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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. 

 

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 
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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. 
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S2. Performance Characteristics at Different Engine Speeds 

 

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 
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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 
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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 

 

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-CO2 oxidation, leading to lower CO emission. However, at too high engine 

speed, increased heat loss due to higher peak in-cylinder temperature and more 
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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-CO2 

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 
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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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Figure S5: (a) Oxides of nitrogen, (b) sulfur dioxide, and ammonia emitted t different 

engine speeds and 30 Nm 

Figure S5(a) shows the variation in nitrogen oxides with an engine speed for gasohol and 

gasoline-fueled engine at 30 Nm. NO emission increased with an increase in engine speed 

due to a rise in peak in-cylinder temperature [S4]. Gasohol-fueled engine emitted a 

relatively lower NO compared to baseline gasoline. Relatively lower in-cylinder 
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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 SO2 and NH3 emitted from gasoline and gasohol-fueled engine at 

different engine speeds and at constant engine load (30 Nm). For all test fuels, SO2 

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 SO2 compared to baseline gasoline. However, the 

difference between the concentrations of SO2 from different test fuels was not significant. 

Among different gasohol, GE10 showed the lowest SO2 Emission. NH3 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 NH3 Emission at all engine speed. 

S4.2 Emissions of formaldehyde, formic acid, and isocyanic acid 



13 
 

 

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 (C2H2, C2H4, and C3H6) 

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 C3H6 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 C2H2, C2H4, and C3H6. Among different 

test fuels, GM10 and GE10 emitted relatively lower C2H2, C2H4, and C3H6 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 C6H6 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. C7H8 Emission 

exhibited a similar trend for all test fuels as C6H6 Emission with a variation of engine 

speed. 
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