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Abstract: With the increasing shortage of fossil energy, the development of engines urgently requires 
alternative fuels. Gaseous emissions of a gasoline direct injection spark ignition engine fueled with blends of 
2-methylfuran (MF 20% vol. and gasoline 80% vol.) and 2-methyltetrahydrofuran (MTHF 20% vol. and 
gasoline 80% vol.) were experimentally investigated using Gasmeth FTIR. Experiments were conducted at 
air-fuel ratio (λ = 1) and at engine speed of 1500 rpm using the fuels optimised spark timing. Effects of fuel 
injection sweeps (180–280 °CA BTDC) on the emission characteristics of blends were investigated at the 
intermediate load of 5.5 bar IMEP. Hydrocarbon emission (HC) for gasoline is about 41% and 16% higher 
compared to MF20 and MTHF20 respectively. Carbon monoxide emission for the fuels increases as the 
injection timing is retarded but the Nitrogen oxide (NOx) emissions was observed to reduce with the retarded 
injection timing. Both MF20 and MTHF20 recorded high NOx emissions compared to gasoline. The results 
indicated ethylene (25–26%) as the major component of the HC speciation in the fuels investigated. The 
unburnt furan samples for blend fuels were determined to be less than 3% of HC emissions, which could be 
considered a safe level for exposure.

Keywords: 2-methylfuran (MF); 2-methyltetrahydrofuran (MTHF); un-leaded gasoline (ULG); direct-
injection spark ignition (DISI); hydrocarbon speciation

1. Introduction

After 2010s, fuel researchers shifted focused to furan-based fuels as alternative engine fuels due to the 
breakthrough recorded in its method of production, which were reported by the Nature and Science [1–3]. 
Dumesic, Román, and Zhao have independently developed a highly efficient approach of converting fructose 
into furan-based fuels [4 – 6]. Ethanol that is hitherto premium as a renewable engine fuels suffers from 
several limitations, including high water solubility, high volatility and low energy density [7–9]. This is the 
motivation for the extensive research on furan fuels as a substitute to ethanol as alternative engine fuel. It was 
established that 2-methylfuran (MF) and 2-methylfurantetrahydrofuran (MTHF) have some properties that 
are more favourable for SI engines compares to ethanol.

MF has a low water solubility, which makes its gasoline blend more stable. The heat of vaporization of 
MF is low (358.4 kJ/kg) compared to gasoline (373 kJ/kg) [10, 11]. The volumetric energy density of MF 
(913.2 kg/m3) is almost 23% higher than gasoline (744.6 kg/m3) [1,12–14]. Most significantly, MF can avoid 
the engine cold-start problem than Ethanol due to its higher combustion stabilities and higher rates of 
vaporization. The in-cylinder spray formation and evaporation process indicates quicker evaporation of MF 
compared to ethanol [14]. Thewes et. al, reported that MF has a better knock resistance and higher 
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compression ratio than gasoline at full load leading to recorded efficiency improvements of up to 9.9% [8]. 
The hydrocarbon emissions (HC) from MF are at least 61% lower than gasoline [15,16]. In an investigation 
by Wang et. al on the Impacts of low-Level 2-methyl furan contents in gasoline, the low blend of MF 
consistently has lower HC emissions than gasoline. It was reported that Fuels such as MF with oxygenated 
molecules produce lower HC emissions due to the availability of more oxygen for combustion [15]. Nitrogen 
dioxides emissions (NOx) and Carbon monoxide emissions (CO) emissions level of low blends of MF was 
found to increases with load because of the increasing combustion flame temperature [17]. Haigio et.al found 
that for low blends of MF variation of NOx emissions with engine speeds increases exponentially with in-
cylinder combustion temperature. It was however, reported that the NOx emission by the low blends of 
ethanol was significantly low due to the cooling effect of ethanol which is the major merit of ethanol over the 
furan based fuels [18]. Pan et. al has used low Exhaust Gas Recirculation (EGR) rate conditions to solve the 
problem of high NOx emissions from the combustion of MF. A significant downward trend in NOx emissions was 
observed most especially after introducing appropriate EGR rates [14]. Gasoline and Ethanol has lower CO 
emissions compares to MF. The CO emissions are significantly influence by fuel/air equivalence ratio [15,19].

2-methyltetrahydrofuran is a component of P-series fuels. Analysts do not actually expect P-series 
fuels to replace gasoline, but its sales were expected to grow rapidly in the next 10 years [20]. Motivation 
for the use of MTHF as engine fuel is in its low cost of production. It can be produced from waste 
cellulose at a cost as low as US$ 0.60 per gallon [6]. MTHF-gasoline blends in a spark ignition engine, 
and the fuel containing 10% MTHF has comparable power outputs and CO, NOx and HC emissions 
compared to unleaded gasoline [21]. The blend with a higher MTHF percentage (40%) could produce 
significant reductions in HC and benzene emissions and increases in NOx [22]. Investigation of pollutants 
formation of MTHF in laminar premixed flames using molecular beam mass spectrometry (MBMS) and gas 
chromatograph (GC) revealed that ethylene is the largest production for MTHF, instead of acetylene or 
unsaturated furan family fuels [23].

The injection timing significantly affects fuel-air mixing procedure and the mixture quality in the combustion 
chamber. This also influences the combustion and emissions characteristics of the engine. In addition, the 
combustion stability, in DISI engine, is very sensitive to the fuel distribution near the spark plug [24,25]. The crank 
angle at which combustion starts is significantly influence by fuel injection timing. As the fuel injection 
timing varies the state of the air into which the fuel is injected also changes and this also varies the ignition 
delay. NOx emissions for direct injection engines are strongly influence by fuel injection timing. NOx 
emissions are commonly reduced by retarded injection timing. When the fuel injection timing is retarded, the 
combustion chamber temperatures dropped, thereby reducing NOx by controlling spatial development of 
localized high temperature regions [26]. Although, many reports have investigated the combustion of low 
blends of MF and MTHF in gasoline, none has actually reported the HC speciation of MF20 and MTHF20 
and the percentage of the unburned furan samples in the total organic compound emission of both MF20 and 
MTHF20.

In this study, the gaseous emissions characteristics of MF20 (MF 20% vol. and gasoline 80% vol.) and 
MTHF20 (MTHF 20% vol. and gasoline 80% vol.) were investigated in a single cylinder spray guided DISI 
engine using Gasmeth Fourier-Transform Infrared Spectroscopy (FTIR) as the emission measuring devise. 
Experiments were conducted at stoichiometric specific air–fuel ratio (λ = 1) and at constant engine speed of 
1500 rpm using the fuels optimised spark timing. Effects of fuel injection sweeps (180–280 °CA BTDC) on 
the emission characteristics of the blends were investigated at the intermediate load of 5.5 bar IMEP. The HC 
speciation emissions including unburnt furan samples were studied for the three fuels investigated. The 
components of the HC emissions investigated in this study includes the unburn furan samples, ethylene, 
propene, benzene, ethanol, methane, acetylene, butane, octane, and acetic acid. The potential toxicity of furan-
based fuels is a great restriction to its public acceptability as engine fuels. This is the first study that 
investigated the percentage of unburnt furan samples in the emission of MF20 and MTHF20. The conclusion 
indicated that the reported emission level of the unburnt furan fuel in the combustion of the blends fuel is 
very low and could be considered for safe human exposure. The FTIR use for this study, does not measure 
particle emissions. Particle matter is removed from the sample to ensure that representative samples of the 
flue gases were measured. The particle emissions was measured using digital multiplex system (DMS) 500.
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2. Experimental System and Methods

2.1. Engine and Instrumentation

The engine specifications for the experiment on single-cylinder spray-guided DISI engine are listed 
in Table 1. The engine was naturally aspirated with a throttle controlling the intake air flow rate. In order 
to maintain a constant speed (±1 rpm), a direct current dynamometer was coupled to the engine. An in-
house built software written in LabView was used for the engine timing. All temperatures were measured 
with a K-type thermocouple and all tests were conducted with coolant and lubricant oil temperatures 
maintained at 85 ± 2 °C and 90 ± 3 °C respectively and at the intake air temperature of 30 ± 2 °C. Figure 
1, illustrates the schematic of the engine testing system. The fuel flow rate is calculated using the medusa 
engine specific parameter and engine operation parameter to be 0.124 g/s. There is an exhaust plenum 
chamber 8 times the swept volume of the cylinder located 15 cm downstream of the exhaust valves which is 
very common in many experimental single-cylinder engine setups. The exhaust plenum is used to stabilise 
the pressure fluctuation in the exhaust gas before getting to the Lambda meter to measure the air-fuel ratio.

In-cylinder pressure was measured by a water-cooled pressure transducer (Kistler 6041A) and 
combustion pressure data was recorded with the resolution of 0.2 crank angle degree (CAD). Gross Indicated 
mean effective pressure (IMEP) was calculated from the pressure data. The crankshaft encoder signal 

Figure 1.　Engine testing system.

Table 1.　Engine specifications.

Engine Type

Swept volume

Bore

Stroke

Connecting rod length

Compression ratio

Intake valve opening

Exhaust valve closing

Fueling type

4 Strokes, 4 Valve

565.6 (cm3)

90 (mm)

88.9 (mm)

160 (mm)

11.5

16.5 (°CA BTDC *)

36.7 (°CA BTDC *)

Spray-guided DI

* TDC refers to the one in the gas exchange overlap.
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determines the location of the piston relative to the top dead center (TDC) and is used by the Engine Timing 
Control Software (ETCS) to control the injection, ignition, and variable valve timing. During the 
experiments, all of the control signals are based on the 1440TTL pulses per cycle clock signals (2 pulse/CAD). 
FTIR technology by Gasmeth was used to measure the gaseous emissions. The FTIR complies with the 
requirements of US EPA Method 320-Vapour Phase organic and inorganic emissions by extractive FTIR [27]. 
Gaseous Emissions measured in this experiment include carbon monoxide (CO), Nitrogen oxide (NO), 
Nitrous oxide (N2O), and the Total hydrocarbon species methane (CH4), ethylene (C2H4), propene (C3H6), 
benzene (C6H6), ethanol (C2H6O), acetylene (C2H2), butane (C4H10), octane (C8H18), acetic acid (CH3COOH), 
formaldehyde (CH2O) and acetaldehyde (CH3CHO). The FTIR monitors all the species continuously. The 
entire spectrum is scanned ten times per second and an average calculated from this is reported for each (user-
selectable) sampling period. The Unburnt furan fuel in the emissions was identified in the FTIR analyser as 
an unknown species from the residual spectrum. The emission measurements were commenced after the 
engine was fully stabilised.

2.2. Test Fuels

The gasoline used in this study was supplied by Shell Global Solutions (UK). The neat MF and MTHF 
were supplied by Fisher Scientific, UK, with 99% purity level. Table 2 shows the properties of the base fuels. 
The test fuels are neat gasoline, MF20 (20% MF with 80% gasoline by volume), and MTHF20 (20% MTHF 
with 80% gasoline by volume).

3. Result and Discussion

The engine-out emissions for the three fuels under investigations was measured with Gasmeth-FTIR. 
Regulated emissions of CO, NOx and HC were studied. The components Percentage of the unburn furan 
sample species in the Hydrocarbon emissions were evaluated for both MF20 and MTHF20. CO2 emissions 
and the unregulated emissions for the two blends fuels were measured and compared to that of the neat 
gasoline at the intermittent load of 5.5 bars IMEP. The effect of injection timing sweep on the particulate 
emission characteristics were discussed for each of the fuel investigated.

3.1. Gaseous Emissions Characteristics for the Combustion of the Fuels

Carbon monoxide emissions from internal combustion engine are controlled by the fuel/air equivalent 
ratio. For fuel-rich mixture, CO concentration in the exhaust increase steadily with increasing equivalent 
ratio, as the amount of excess fuel increases [30]. This trend is observed in Figure 2a. As the fuels injection 
timing retards the resulting mixture formation became poor which increases the amount of unburn fuel 

Table 2.　Base fuel properties [12,15,28,29].

Item

Chemical formula

Density (g/cm3)

Research octane number (RON)

Motor octane number (MON)

Stoichiometric air/fuel ratio

Initial boiling point/Boiling point (°C)

Lower heating value (MJ/kg)

Lower heating value (MJ/L)

Heat of vaporization (kJ/kg)

Reid vapour pressure (kPa)

Oxygen mass fraction (%)

Solubility in water (vol. %)

Gasoline

C6H14–C10H22

0.745

96.8

85.7

14.46

32.8

42.9

31.9

373

32.8

0.1

Negligible

MF

C5H6O

0.913

103

86

10.05

64

31.2

28.5

358

18.5

19.49

0.3

MTHF

C5H10O

0.854

88.2

71.2

11.16

80.3

34.12

29.2

375.3

13.6

18.58

12.1
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leading to increased CO formations for the three fuels investigated. Formation of CO occurs when there is not 
enough oxygen present to produce CO2. Advancing the fuels injection timing results in lean mixture and the 
resulting homogeneous mixture formations which leads to drastic reduction in CO emissions for the three 
fuels. By advancing the fuel injection timing to 280 CAD BTDC the CO emissions reduces by 36%, 50%, 
and 60% for the neat gasoline, MF20 and MTHF20 respectively. Gasoline shows lower CO emission 
compares to MF20 and MTHF20. The reason for this is because; the actual homogenous level for each of the 
three fuels in the combustion chamber is different due to their different inlet fuel film evaporation 
characteristics. Gasoline relatively forms combustible mixture easily due to its significant volatility. The 
combine effect of shorter injection timing and shorter fuel spray penetration which reduces the effect of 
piston crown wetting also explain why CO emission level of gasoline is lower than that of the two blend 
fuels. CO emission by MTHF20 is observed to be higher than MF20 because of the latter increase 
oxygenated content. Carbon monoxide is a product of incomplete combustion. More oxygen available in the 
molecular structure of MF20 leads to increase CO2 emissions and thus the reason for reduction in its CO 
emission level compared to MTHF20.

Chemical kinetic shows that the formation of NO and other oxides of nitrogen increases very strongly 
with increasing flame temperature [30]. Dissociation of diatomic nitrogen (N2) to monatomic nitrogen (N) is 
highly influenced by higher combustion reaction temperature and the more monatomic nitrogen [N] formed 
the more NOx (NO and NO2 combined) will be produced. This trend is observed in Figure 2b, where NOx 
emission for MF20 and MTHF20 are observed to be significantly higher than that of the neat gasoline across 
all the fuel injection timings because of their high in-cylinder peak flame temperatures. The oxygen contents 
of MF20 and MTHF20 are higher than that of the neat gasoline and addition of oxygen which corresponds to 
a reduction in diluent fraction increases flame temperatures and therefore NOx emissions. All these explain 
the reason for the higher NOx emission by the blend fuels compared to the neat gasoline. The time at which 
the fuel is injected into the combustion chamber significantly determine the crank angle at which the 
combustion commences. By retarding the fuel injection to 180 °CA BTDC, NOx emissions were reduced by 
about 44%, 15% and 14% for the neat gasoline, MF20 and MTHF20 respectively. The reason for the NOx 
lower emission at retarded fuel injection timing is because of the reduce combustion flame temperature in this 
region. However, the retarded timing could promote the increased formation of Nitrogen oxide (NO) in the 
exhaust formation due to insufficient timing for air fuel mixing at the late injection.

Figure 3 shows the trends of the fuel injection timing sweeps (180–280 ° CA BTDC with the 
instantaneous total hydrocarbon (isHC) emissions for MF20, MTHF20 and gasoline at the intermediate loads 
of 5.5 bar IMEP. It was observed that HC emissions decreases as the fuel injection timing advances for the 
three fuels investigated. Maximum emissions of the hydrocarbon were observed for the fuels at the late fuel 
injection of 180 °CA BTDC. Better fuel-air mixing is resulted when fuel is injected earlier in the compression 

(a) (b)

Figure 2.　(a) CO emissions and (b) NOx emissions for un-leaded gasoline (ULG), MF20 and MTHF20 at 5.5 bar 
IMEP and at SOI of 180–280 °CA BTDC.
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stroke which gives more time for the fuel to mix with the incoming air thereby allowing the fuel to burn more 
completely, resulting in reduced unburned hydrocarbons in the exhaust. Late fuel injection occurs later in the 
compression stroke, leading to less time for the fuel to mix adequately with the air before ignition. The result 
of which is incomplete combustion, resulting in higher HC emissions. Knocking is the spontaneous 
combustion of the air-fuel mixture due to high temperatures and pressures may result from late injection 
which can cause partially burned hydrocarbons to be expelled in the exhaust. Knocking can cause an increase 
in hydrocarbon emissions as well. HC emissions for oxygenated fuels are lower compared to gasoline. At the 
load of 5.5 bar IMEP and 280 °CA BTDC, both MF20 and MTHF20 display significant reduction in the HC 
of 34% and 11% respectively compared to the neat gasoline.

3.2. Hydrocarbon Emissions Speciation with Fuel Injection Timing

Figure 4 shows the percentage of the HC species for the three fuels at the intermediate loads of 5.5 bar 
IMEP and at the optimum fuel injection timing of 280 °CA BTDC. FTIR technology by Gasmeth was used to 
measure the gaseous emissions. The FTIR complies with the requirements of US EPA Method 320-Vapour 
Phase organic and inorganic emissions by extractive FTIR [31]. The FTIR monitors all the species 
continuously. The entire spectrum is scanned ten times per second and an average calculated from this is 
reported for each (user-selectable) sampling period. Species are measured individually and can be added 
together analytically. The unburned furan-based fuel was identified in the FTIR analyser as an unknown 
species from the residual spectrum. Generally, the HC species proportions of MF20 and MTHF20 are similar 
to that of gasoline; however, there are some differences in their percentage compositions. Ethylene, butane, 
propene, benzene, acetylene, octane, and ethanol constituted more than 90% of the total HC species for each 
of the fuels investigated. Gasoline has a higher proportion of octane, acetic acid, and methane than both 
MF20 and MTHF20. MF20 blend has higher proportion of acetylene and lower proportion of ethanol than 
gasoline and MTHF20. As indicated in Figure 4a–c; ethylene with components percentage of 25%, 26% for 
and 25% for Gasoline, MF20 and MTHF20 respectively, consistently remains the highest components of the 
isHC. Methane is a greenhouse gas, however, its percentage emissions in HC is very low for the three fuels. 
Ethylene is a greenhouse gas, and excessive emissions contribute to climate change and global warming. It 
can also react with other air pollutants to form ground-level ozone, which can harm plant life, reduce crop 
yields, and contribute to smog formation [32,33]. Exposure to high concentration of ethylene (thousands of 
parts per million) can cause dizziness, anesthesia, drowsiness, or other central nervous system effect [34,35]. 
Ethylene in the air in an enclosed placed will decrease the amount of oxygen present. Prolonged exposure to 
elevated levels of ethylene may lead to more severe respiratory issues and long-term health problems [36,37]. 
Propene is a volatile organic compound (VOC) and is considered a precursor to ground-level ozone 
formation, which contributes to the formation of smog [37, 38]. According to the results as indicated in 
Figure 4b,c, percentage of the unburn furan in the combustions of MF20 and MTHF20 was observed to 
be around 3% of the HC. This percentage of unburn furan could be considered safe for human exposure, but 
further investigation is required in this field. Figure 5a–c shows the variation of the Hydrocarbon emissions 
species with the fuel injection timing. The result indicated that the emissions of all the hydrocarbon species 
except propene reduces as fuel injection advances toward 280 °CA BTDC. When the fuel injection timing is 
advanced, it means that the fuel is injected into the engine’s cylinder earlier in the compression stroke. This 
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can cause the fuel-air mixture to ignite too early in the compression stroke. As a result, the combustion 
process may not be completed fully before the exhaust valve opens. Incomplete combustion leads to the 
production of higher levels of unburnt hydrocarbons.

3.3. Unburnt Furan Component of the Hydrocarbon Emissions

The variations of the percentage of the unburnt furan fuel in the hydrocarbon emissions with fuel 
injection timing are recorded in Figure 6. Although both MTHF20 and MF20 have their percentage emission 
of unburnt furan as 3% of the total hydrocarbon at the optimum injection timing, the unburnt furan emission 
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(c)

(b)
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at the late fuel injection was significantly higher for MTHF20 than that of MF20 by about 80%, these values 
reduce significantly with the advance in fuel injection timing and at the optimum timing of 280 °CA BTDC. 
the unburnt furan emissions for the two-blend fuel have reduce significantly by 87.5% and 33.3% for 
MTHF20 and MF20 respectively from the value recorded at 220 ° CA BTDC. The danger of unregulated 
human exposure to furan includes, respiratory distress, increased secretory response, and death [39,40] and 
liver and kidneys and to a lesser extent lungs and intestines infections [41].

Based on a chronic oral carcinogenicity study in which clear evidence of carcinogenicity was noted in 
male and female rats and mice, the National Toxicology Program (NTP) classifies furan as “reasonably 
anticipated to be a human carcinogen” and the International Agency for Research on Cancer (IARC) lists 
furan as a Group 2B carcinogen (possibly carcinogenic to humans). This finding revealed that the percentage 
of unburnt furan emission in engine combustion is low to be considered save for human exposure. However, 
it is established in Figure 6 that percentage of the unburned furan emissions reduces as the fuel injection 
timing advances.

3.4. Acetaldehyde and Formaldehyde

The two unregulated emission measured in this study are the acetaldehyde (CH3CHO) and 
formaldehyde (CH2O) emissions. Although, unregulated emissions are not limited to these two, but 
formaldehyde and acetaldehyde constitutes about 70% of this group. The emissions of formaldehyde and 
acetaldehyde for the two blends fuels (MF20 and MTHF20) was consistently lower than that of the neat 
gasoline across the fuel injection sweep as indicated in Figures 7 and 8 respectively. At early fuel injection 
timing of 280 °CA BTDC. there was significant increase in the level of emissions of both formaldehyde and 
acetaldehyde for the three fuels. The emissions of the two unregulated compounds thereafter remain constant 
as the fuel injection timing retards from 220 °CA BTDC. to 180 °CA BTDC. This trend is true for all the 
three fuels investigated. The observed trends of emissions of the two unregulated compounds are similar to 
that of the hydrocarbon emissions influenced by the fuel oxygenation contents.
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3.5. CO2 Emissions

Carbon dioxide (CO2) emission is not a legislated combustion product but is one of the substances 
responsible for global temperature rises through the greenhouse effect. The Figure 9 shows the CO2 emissions for 
ULG, MF20 and MTHF20 at SOI (180–280 °CA BTDC). Results indicates that the CO2 emissions of MF20 and 
MTHF20 is a little less than that of the gasoline because of their higher energy density which reduces the rate of 
fuel consumed compares to gasoline. At the late injection timing of 180 °CA BTDC, the higher percentage of CO2 
emissions was due to the increase CO molecules resulting from incomplete combustion created by poor mixture 
formation in this region. As the fuel injection timing advances and the resulting mixture formation become lean 
and significant drop in the percentage of CO2 emission was observed. This is due to the fact that in this region the 
mixture formation tends to become homogeneous and less CO gaseous molecules were produced which 
ultimately lead to the reduction in the level of CO2 emissions.

3.6. Particulate Emissions for Gasoline and the Blend Fuels

Particulate matter (PM) size distribution basically consists of two modes [42] the nucleation mode and 
the accumulation mode. The nucleation mode has more influence in number of particles while the 
accumulation mode is concern with the particle mass distribution due to its higher size. The PM size 
distributions for MTHF20, MF20 and gasoline. at 5.5 bar IMEP are shown in Figure 10. For both MTHF20, 
MF20 and gasoline, there are overlaps between nucleation mode and accumulation mode. Many researchers 
have used diameter range to separate nucleation and accumulation modes. Kittel son suggested: 0–50 nm for 
nucleation mode and 50–1000 nm for accumulation mode [43, 44]. Eastwood suggested: 0–100 nm for 
nucleation mode and 100–900 nm for accumulation mode [45].

In this study, the MATLAB script developed by University of Castilla-La Mancha was used to 
differentiate the two modes. Fuel properties such as the oxygen contents of the fuels have direct impact on the 
PM emissions. High oxygenated fuels tend to produce less soot. The soot level can dramatically affect the 
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shape of the particle size distribution. Higher soot emissions increase the chance of gaseous HC adsorption 
and condensation on its surface forming wet coating, reducing the available hydrocarbons for nucleation. The 
detailed summary of PM emissions data are shown in the Table 3.

Hydrocarbons are adsorbed or condensed on soot particles, which increase the size and increase the 
chance for wet soot to collide with each other and form even bigger soot particles. Higher HC emissions tend 
to increase the total number of particles and increase the mean diameter for both nucleation and accumulation 
mode. From Figure 10, at 5.5 bar IMEP, MF20 has the lower PM emissions than that of gasoline and 
MTHF20. The higher oxygen content in MF20 molecule and lower HC emissions compared to gasoline and 
MTHF20 can be used to explain why MF20 has smaller mean diameter.

4. Conclusions

The FTIR used for this study provided the unique opportunity to measure the components of the 
hydrocarbon emissions. along with the regulated and unregulated emissions for the three fuels investigated. 
Based on the experimental result, the following conclusion were drawn.

● Retarding the fuel injection timing reduces the NOx emission for the three-fuel investigated. This is 
due to the reduce combustion flame temperature in this region at the retarded SOI timing.
● The HC emissions decreases as the fuel injection timing advances for the three fuels investigated. At 
the load of 5.5bar IMEP and 280 °CA BTDC, both MF20 and MTHF20 display significant reduction in 
the HC of 34% and 11% respectively compared to the neat gasoline.
● Higher CO emission was noticed for the three fuels as injection timing retards because of the poor 
fuel mixture formation and the effect of rich mixture at this timing. However, un-leaded gasoline (ULG) 
emits low CO compared to MF20 and MTHF20 because of its significant volatility, high energy density 
and shorter fuel spray penetration.
● The highest components of the total hydrocarbon emissions is the Ethylene samples with percentage 
emissions of 25–26% of the total organic compound emissions.
● The result indicated that the emissions of all the hydrocarbon species except propene reduces as fuel 
injection advances toward 280 °CA BTDC.
● It is established in figure8 that percentage of the unburned furan emissions reduces as the fuel 

Table 3.　Summary of PM emissions for gasoline, MF20 and MTHF20.

Number (#/cm3)

Mass(μg/cm3)

Nucleation Mode

ULG

4.63 × 109

0.0085

MF20

3.43 × 109

0.0068

MTHF20

4.22 × 109

0.0066

Accumulation Mode

ULG

1.14 × 108

0.1229

MF20

2.59 × 107

0.0136

MTHF20

6.31 × 107

0.0557
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Figure 10.　Peak PM emissions for ULG, MF20, and MTHF20 at 5.5 bar IMEP and 280 °CA BTDC.
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injection timing advances. And the percentage of unburnt furan emission of MF20 and MTHF20 is 
about 3% of the total hydrocarbon emission. This percentage emission of the unburned furan 
components in HC is low and could considered safe for human exposure.

5. Future Work

The actual safe human exposure level to the engine combustion of furan based fuels needs to be 
experimentally determined in order to establish its safety to human health as engine fuels and to justify 
further huge investment into furan fuels researches as alternative fuels to ethanol and gasoline.
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