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Abstract: This study explores the potentiality of low/zero carbon fuels such as methanol, methane
and hydrogen for motor applications to pursue the goal of energy security and environmental
sustainability. An experimental investigation was performed on a spark ignition engine equipped
with both a port fuel and a direct injection system. Liquid fuels were injected into the intake manifold
to benefit from a homogeneous charge formation. Gaseous fuels were injected in direct mode to
enhance the efficiency and prevent abnormal combustion. Tests were realized at a fixed indicated
mean effective pressure and at three different engine speeds. The experimental results highlighted the
reduction of CO and CO; emissions for the alternative fuels to an extent depending on their properties.
Methanol exhibited high THC and low NOy emissions compared to gasoline. Methane and, even
more so, hydrogen, allowed for a reduction in THC emissions. With regard to the impact of gaseous
fuels on the NOy emissions, this was strongly related to the operating conditions. A surprising result
concerns the particle emissions that were affected not only by the fuel characteristics and the engine
test point but also by the lubricating oil. The oil contribution was particularly evident for hydrogen
fuel, which showed high particle emissions, although they did not contain carbon atoms.

Keywords: spark ignition engine; methanol; hydrogen; methane; particle emissions; lubricating oil

1. Introduction

European policy strives to achieve the challenging goal of zero carbon dioxide (CO5)
emissions by 2050 [1]. In this regard, the decarbonization of the transport sector plays a
pivotal role. For this purpose, in the last few years, academic and industrial communities
have devoted research efforts to the electrification of propulsion systems. Nevertheless, it
is well recognized that electrically driven vehicles do not represent an immediate solution
to climate change due to some barriers that still hinder their widespread use, such as the
high purchase price of electric vehicles (EVs) limiting their usage to the wealthier social
classes, the lack of charging infrastructure [2] and the potential environmental impacts of
lithium mining [3]. Therefore, in parallel with the technological improvement of EVs, it
is essential to continue to focus on internal combustion engines (ICEs) [4]. An effective
way to guarantee a future for ICEs in the transition phase towards zero greenhouse gas
emissions consists in the use of low/zero carbon fuels [5]—both liquid, such as methanol,
and gaseous, such as methane and hydrogen. As known by the literature, the study of the
effective impact of alternative fuels on environmental sustainability should not be limited
to considering just the emissions at the vehicle exhaust but should also take into account
all the factors spanning from fuel production to its utilization [6].

Methanol is a valid alternative for powering spark ignition (SI) engines thanks to its
high octane quality and high heat of vaporization (HOV) resulting in improved engine
thermal efficiency [7]. It can be produced from a lot of sources such as coal, natural gas,
wood and waste [8]. A green method for producing methanol has also been developed. It
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consists of the use of captured carbon dioxide (CO,) and hydrogen obtained from renewable
sources such as solar and wind power [9]. Methanol can be used both pure and in blends
at different mixture proportions. Several studies in the literature have investigated the
emission characteristics of binary blends of methanol with gasoline as well as ternary blends
of methanol, ethanol and gasoline [10-12]. They have shown reduced exhaust emissions of
total hydrocarbons (THCs) and nitrogen oxides (NOy) [13] and a blend-dependent behavior
of the particulate matter (PM) [14]. Regarding the use of pure methanol in SI engines, the
majority of the studies available in the literature were carried out on direct injection (DI)
engines [15]. To the best of the authors” knowledge, there is a lack of investigations of
port fuel injection (PFI) engines fueled by methanol, as also observed by Wei et al. [16] for
heavy-duty applications. Therefore, a deeper comprehension of the benefits as well as the
criticalities of the use of methanol for PFI systems is crucial. Moreover, a better insight into
the effect of neat methanol on PM emissions is essential. Larsson et al. [17] observed that
oxygenated fuels tend to decrease particle emissions thanks to their chemical structure,
which inhibits the formation of soot precursors and increases post-oxidation. Nevertheless,
the formation of particles also depends on the physical properties of the fuel such as the
volatility. Low volatility, in fact, can cause pool fires where particles are formed. On the
other hand, Svensson et al. [18] observed that methanol has a non-sooting behavior and,
hence, particles measured at the exhaust of a pure methanol-fueled engine could be due to
sources other than the fuel such as oil leakage [17].

Methane and hydrogen are also excellent candidates to replace gasoline in SI engines
thanks to their clean-burn characteristics [19,20]. The existing literature on the effect
of gaseous fuels on engine performance and emissions is mainly focused on the PFI
strategy [21,22]. This technique allows engines to benefit from a homogeneous charge
formation, but, on the other hand, it can induce abnormal combustion and power drop [23].
These issues could be overcome through the DI strategy [24]. This method can lead to
high NOx emissions, thus requiring the lean mode operation. As observed by Thawko
et al. [25], the DI of gaseous fuel is a promising method to improve engine performance
and avoid PFI drawbacks. However, some knowledge gaps exist on the application of this
technology to gaseous fuels, and one of them regards particle emissions. Methane contains
carbon in its molecular structure, so it can emit fuel-derived particles. However, it was
found that in some operating conditions, the contribution of the lubricant oil to particle
formation is predominant with respect to that of the fuel [26]. The impact of lubricant oil
on particle emissions is even more evident for hydrogen, which is a carbon-free fuel and,
hence, should not emit fuel-derived particles.

This study tries to contribute to the knowledge of the effect of carbon-neutral fuels
for SI engines, and its novelty consists in a comparative analysis of methanol, methane
and hydrogen. The investigation was carried out on a low-displacement, single-cylinder SI
engine. Different injection strategies were adopted depending on the fuel properties. Liquid
fuels were, in fact, injected in PFI mode, while gaseous ones were injected directly into the
chamber. The engine was operated in stationary conditions at three test points included in
the urban and extra-urban cycles. For a comparative analysis among the different fuels,
experiments were realized at a fixed indicated mean effective pressure (imep). Indicative
data were acquired to analyze the combustion behavior. Carbon monoxide (CO), CO,, THC
and NOy were measured at raw exhaust. Particles were characterized in terms of number
and size at diluted exhaust.

2. Materials and Methods
2.1. Experimental Apparatus

Figure 1 illustrates the schematic diagram of the experimental setup. Tests were
carried out on a four-stroke, single-cylinder SI engine equipped with a naturally aspirated
four-valve head. The engine crankshaft was connected to an electrical dynamometer. A list
of engine technical specifications is reported in Table 1.
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Figure 1. Experimental setup.

Table 1. Engine specification.

Engine Spark Ignition
Number of Cylinders 1

Bore [mm] 72

Stroke [mm)] 60

Displacement [cm?] 2443
Compression Ratio 11.5:1

Max. Power [kW] 16 @ 8000 rpm

Max. Torque [Nm] 20 @ 5500

Intake Turbo-charged
Injection System Gaseous fuels—DI Liquid fuels—PFI
Number of Nozzle Holes 6 3
Pinj [bar] 5 2.5

The ignition system consisted of a spark plug mounted in the center of the cylinder
head. The engine was equipped with two different injection systems. In its marked version,
it was fitted with a DI system characterized by a side-mounted, six-hole injector located
between the intake valves. The DI injection system was adapted to also operate with
gaseous fuels through an air strata injector typically used for the simultaneous injection
of air and gasoline. It was set in the cylinder head with an ad hoc designed adaptor [27].
Moreover, the PFI system was implemented through a three-hole injector for liquid fuels
placed in the intake manifold.

For the liquid fuels, the fuel supply system consisted of a fuel tank, an electric, low-
pressure pump and a fuel filter. On the other hand, the gaseous fuels were stored in a
pressurized bottle at 200 bar, decompressed to 6 bar by a regulator and then supplied to the
cylinder. A flame arrestor and a pneumatic-actuated valve were installed in the gaseous
fuel supply line to avoid any risk of backfire.

Engine parameters, such as the spark and injection timing and throttle valve opening
to adjust the airflow, were controlled by an AVL engine timing unit (ETU).

The operating excess air ratio (A) was measured using a wideband oxygen sensor
(LSU 4.9 Bosch) located in the exhaust manifold and monitored using a lambda meter
(LA4, ETAS).

In-cylinder pressure was measured with a high-speed piezoelectric pressure sensor
(GH12D) flush mounted on the cylinder head. The charge output from this transducer was
converted to an amplified voltage and sent to the high-speed data acquisition system AVL
Indimodul for combustion analysis. Engine crank angle detection was performed by an
AVL 365C encoder with a multiplier at a resolution of 0.1 degrees.
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Regulated exhaust emission species such as CO, CO,, THC and NOy were measured
by an AVL DiGas 4000, whose details are shown in Table 2, with uncertainties of £0.2%,
£0.15%, £0.2% and £1%, respectively [28].

Engine exhaust particle number and size distribution were measured through a TSI
Engine Exhaust Particle Spectrometer (EEPS) 3090 whose main specifications are listed in
Table 3. The instrument is based on the electrical mobility principle described in [29] and is
capable of detecting particles in the range of 5.6-560 nm at 10 Hz frequency. The particle
number distributions were calculated from the electrometer currents after adjusting for
time delay, multiple charges and other factors by a proprietary inversion matrix [30].

Before measuring the particles, the exhaust gas sample was passed through a 150 °C
heated probe to prevent water condensation and then it was diluted at a ratio of 1:9 by a
single diluter (SD).

Table 2. DiGas specifications [31].

Species Principle Measurement Measurement Range Resolution

CO Non-dispersive infrared (NDIR) 0-10% vol. 0.01%vol.

CO, Non-dispersive infrared (NDIR) 0-20% vol. 0.1%vol.

THC Non-dispersive infrared (NDIR) 0-20,000 ppm vol. 1 ppm

NOx Chemiluminescent detector (CLD) 0-5000 ppm vol. 1 ppm
Table 3. EEPS specifications [29].

Properties Range

Particle Size Range 5.6-560 nm

Particle Size Resolution 16 channels per decade (32 total)

Electrometer Channels 22

Maximum Data Rate 10 size distribution per second

Inlet Aerosol Temperature 10-52 °C

Storage Temperature —20to 50 °C

2.2. Procedure

In this study, three different alternative fuels, methanol, methane and hydrogen, were
tested. They were used in pure form. Performance and pollutant emissions were analyzed
and compared to those of conventional gasoline. Table 4 shows the main physical-chemical
properties of the fuels.

Table 4. Fuel properties.

Properties Gasoline Methanol Methane Hydrogen
Chemical Formula Cy4—Cqp CH;OH CH, H,
Density at 15 °C [kg/L] 746 796 0.67 0.08
Boiling Point [°C] 27-225 64 —161.4 —252.9
LHV [M]/kg] 42.94 20.1 50 120
AFRgt 145 6.4 17.24 34.20
RON 95.0 108.6 >120 >130
Flammability Limits [vol %] 1.4/7.6 6.7/36 5.3/14 4/75
C [% mass] 85.9 38.0 75 -

H [% mass] 134 12.1 25 100
O [% mass] 0.6 50.0 - -

Methanol, methane and hydrogen represent three high-octane-number (ON) fuels.
As with gasoline, methanol can be stored in liquid form at a standard temperature and
pressure. The chemical structure of the alcohol fuel, with its lower carbon content and
higher amount of oxygen with respect to gasoline, contributes to determining its properties
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and combustion characteristics. Methanol has, in fact, a lower stoichiometric air—fuel ratio
(AFRst) and a low heating value (LHV) which is almost half that of gasoline.

Gaseous fuels are characterized by a higher LHV than liquid ones, even if the thermal
values per volume of methane and even more so of hydrogen are lower because of their
low density. Methane shows poor lean-burn capability. On the other hand, the hydrogen—
air mixture combusts in the range of 4-75% air by volume, ensuring that combustion is
achieved even with a poor mixture.

Two different approaches were adopted for the experiments with liquid and gaseous
fuels to take into account their different properties. To exploit the intrinsic nature of the
fuels, the liquid ones were injected in PFI mode, thus allowing for a better homogeneous
charge formation. On the other hand, DI technology was chosen for methane and hydrogen
to improve the volumetric efficiency. To allow for comparison among the tested fuels,
experiments were carried out at the same imep, that is, 6.0 bar. To obtain data sufficiently
meaningful and worthwhile, three engine speeds were selected, 2000, 2500 and 3000 rpm,
which are representative of the operating points of a typical commercial vehicle.

A synthesis of the investigated condition is shown in Table 5. The start of injection
(SOI) and start of spark (SOS) were modified to guarantee a stable combustion operation.
Tests with liquid fuels were carried out at throttled conditions, the throttle position (TP)
was at 4% and the duration of injection (DOI) was properly set to run under stoichiometric
mode at all engine speeds. This allowed us to maximize the performance while maintaining
low emissions.

Table 5. Investigated operating conditions.

Engine Speed Fuel Injection [SC (a)ci ?g: TP DOI
[rpm]/Imep [bar] Mode [%] [cad]
BTDC] ATDC]

gasoline PFI 315 37.0 4 64

methanol PFI 360 40.0 4 155

2000/6 CH,y DI 305 225 8 175
H, DI 310 9.6 95 200

gasoline PFI 315 39.0 4 80

methanol PFI 360 40.0 4 170

2500/6 CH,y DI 315 243 14 238
H, DI 330 6.5 95 320

gasoline PFI 315 44.0 4 89

methanol PFI 360 45.0 4 175

3000/6 CH, DI 315 285 10 270
H, DI 352 10.0 95 245

The A values at which the engine was operated for the tested fuels at all investigated
conditions are shown in Figure 2. Experiments with gaseous fuels were realized at leaner
conditions to reduce the NOy emissions.

When the engine was fueled with methane, A was kept at 1.15 at all tested engine
speeds by adjusting the TP. This A was the maximum value achievable to guarantee the
desired imep with a stable operation because of the narrow flammability limits of methane.
Hydrogen was tested under wide open throttle (WOT) conditions to benefit from its wide
flammability range. In order to improve the efficiency and at the same time reduce the
NOy emissions, the engine was run with A values equal to 1.5, 1.4 and 1.6 at 2000, 2500 and
3000 rm, respectively.

The engine ran at steady and stable conditions for at least 5 min before starting the
measurements at each engine speed. Each acquisition was repeated three times. The
average values of the three repetitions are shown in the experimental results section.
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Figure 2. A values for gasoline, methanol, methane and hydrogen at all investigated conditions.

3. Results
3.1. Combustion Analysis

In order to achieve a better comprehension of the impact of the tested alternative
fuels on the engine performance and emissions, the combustion behavior was investigated
through the analysis of the indicated parameters. The in-cylinder pressure was detected
and, for an effective comparative analysis among the fuels, the maximum pressure and
crank angle degree (cad) at which it occurred was calculated as shown in Figure 3.

B gasoline A methanol @ CH, eH,

20 2000 rpm 50 2500 rpm a2 3000 rpm
@
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— 37 — 40 — 40
é b = § 35 A i 36 ¢

=% e 3 * 3 ©

&35 = a3 = &3 A

34 25 28 =

13 20 24

0 12 14 16 18 20 2 9 101112 13 14 15 16 17 18 10 12 14 16 18 20 22 24 26 28
cad ATDC pp,, [deg] cad ATDC ppay [deg] cad ATDC ppay [deg]

Figure 3. pmax versus cad ATDC at pmax for gasoline, methanol, methane and hydrogen at 2000, 2500,
and 3000 rpm, 6.0 bar of imep.

As mentioned above, to take advantage of the different fuel properties, different
injection strategies—PFI and DI—were applied for liquid and gaseous fuels, respectively.
Therefore, the differences in the combustion evolution depended on both the injection
mode and the fuel type.

At 2500 and 3000 rpm, as concerns the liquid fuels, methanol had a higher and more
advanced peak of pressure compared to gasoline, up to 5 cad at 2500 rpm. Since a similar
SOS was set for both fuels at these engine speeds, the earlier combustion of the alcohol fuel
could be ascribed to the faster combustion rate owing to the oxygen content of methanol,
and the higher maximum pressure was due to the higher ON. At 2000 rpm, instead, the
SOS was 3 cads retarded for methanol, thus limiting the effect of the fuel properties and
leading to a delayed but always higher maximum pressure with respect to gasoline.

Regarding the gaseous fuels, a definite trend was not distinguishable since the com-
bustion phasing was affected by different factors such as the injection mode, the control
parameters and the fuel properties. The maximum pressure phasing of hydrogen with
respect to methane changed because of the combination of the SOS applied for the different
fuels and the higher flame speed of the hydrogen. In general, a higher pressure peak could
be observed for hydrogen at all engine speeds. To justify this trend, it is important to take
into account, beyond its properties, that WOT was implemented for hydrogen to benefit
from its wide flammability limits entailing that a larger amount of air entered the cylinder
with respect to methane tested in throttle operation.

Interesting information about combustion evolution can be drawn from the rate of
heat release (ROHR), from which the peak and combustion duration could be determined.
The latter was calculated as the difference between the cads for 90 and 10% of the mass
fraction burned (MBF90 and MBF10, respectively), representative of the end and start
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of combustion. These parameters are reported in Figure 4. Regarding the liquid fuels,
methanol showed a lower combustion duration than gasoline thanks to its higher flame
velocity and higher peak of heat release thanks to its larger oxygen content that guaranteed
more complete combustion.
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Figure 4. Peak of ROHR versus combustion duration for gasoline, methanol, methane and hydrogen
at 2000, 2500 and 3000 rpm, 6.0 bar of imep.

As concerns the gaseous fuels, in general, methane—compared to gasoline—showed
faster combustion characterized by greater heat released. This trend could be correlated to
the DI of the fuel that, improving the turbulence and, hence, the fuel-air mixing, resulted in
increased flame propagation. This phenomenon for hydrogen was amplified by its intrinsic
higher flame speed.

3.2. Exhaust Emission Analysis

To better analyze the environmental impact of the tested alternative fuels, gaseous
emissions were measured at the exhaust, as shown in Figure 5. Emission concentrations
were converted to mass flow rate by determining the inlet air and fuel mass flow rate.
Therefore, the pollutant mass flow rates were expressed as grams of pollutant per kWh by
referring them to the indicated power.
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Figure 5. CO, CO,, THC and NOy emissions for gasoline, methanol, methane and hydrogen at 2000,
2500 and 3000 rpm, 6.0 bar of imep.

Regarding the liquid fuels, methanol showed a reduction of CO emissions of about
70% with respect to gasoline and quite similar CO, emissions. It is well known that the
mechanisms of CO and CO, formation depend on the C/H ratio and the oxygen content in
the fuel Therefore, the lower amount of carbon atoms in the methanol resulted in reduced
CO emissions. On the other hand, the oxygenated fuel entailed a large oxygen presence
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in the rich areas of the chamber, thus promoting the conversion reactions of CO to CO,.
Methanol was characterized by THC emissions about one order of magnitude higher with
respect to gasoline. This trend could be ascribed to the lower volatility of the alcohol
fuel, which can result in worse fuel evaporation, and the formation of liquid fuel pools
near the intake valves [32]. NOy emissions were decreased compared to gasoline, with
values up to 90% lower at 3000 rpm because of the higher HOV of the fuel, which reduced
the temperature in the combustion chamber, thus inhibiting the NOy formation reaction,
although there was a leaning effect of the charge due to the larger oxygen presence in
the methanol.

With regard to the gaseous fuels, methane allowed to reduce CO and CO, emissions
compared to the liquid ones. The emissions of THC and NOy were instead affected by both
the fuel properties and the operating conditions. Methane combustion was characterized
by lower THC than gasoline at 2000 rpm and slightly higher THC at 2500 and 3000 rpm.
Conversely, NOx emissions were higher at 2000 rpm compared to gasoline and lower
at higher speeds. At 2000 rpm, because of the typical low temperature, the evaporation
of the gasoline was worsened, resulting in less efficient combustion and thus in higher
THC emissions. As the speed increased, the temperature increased, resulting in better
evaporation. The slight increase in the THC emissions of methane could be ascribed to the
lower temperature that is typical of its combustion as well as the lower quenching distance
of methane when it was direct-injected. Compared to methanol, methane emitted less THC
at each tested condition because of the worst evaporation that is typical of liquid fuel. The
cooling of the charge also contributed to producing a lower amount of NO,.

Concerning hydrogen, since it does not contain any carbon atoms in its molecules, the
formation of CO,, CO and THC does not occur, and these species could just be produced
by the lubricating oil. In the tested conditions, the level of emissions of these gases
was too low to be detected by the available equipment. On the other hand, hydrogen
showed high emissions of NOy, especially at 2500 and 3000 rpm. The high combustion
velocity led to an increased rate of heat release (Figure 4) and, consequently, to a higher
in-cylinder temperature that promoted NOy formation. Thanks to its high flammability
limits, hydrogen can be burnt in lean conditions, thus reducing the flame temperature and,
hence, preventing NO, reactions. This phenomenon was amplified in operating conditions
with a lower engine speed, 2000 rpm, which was characterized by lower temperature.

Figure 6 shows the contour plot depicting the particle number and diameter over time
for hydrogen fueling in operating conditions with the higher engine speed, 3000 rpm.

H, - 3000 rpm 1.7x107

1.2x107
9.0x10°
8.0x10°
6.0x10°
4.0x10°
2.0x10°
1.0x10°
0.0x10°

300

Diameter [nm]
Paticle concentration [#/cm3]

0 40 50
Time [s]

Figure 6. Time-resolved particle concentration and size distributions for hydrogen at 3000 rpm.

Particles ranged between 6 and 300 nm, with a peak concentration of order of magni-
tude around 107 #/cm? in the size range of 10-50 nm. Since hydrogen does not contain any
carbon atoms in its molecular structure, these measured particles were not ascribable to the
fuel but rather to other sources such as the lubricant oil. This result was also confirmed
by previous research studies of the authors [33,34] through simultaneous physical and
chemical analyses of the particles emitted by a hydrogen-fueled engine.

An interesting outcome arising from the time-resolved particle concentration and
size distributions in Figure 6 was the oscillation behavior of the particle concentration.
Although the tests were carried out in fixed operating conditions in stationary mode, the
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emission of particles was not continuous but exhibited variations in the concentrations.
These particle fluctuations were also observed by Thawko et al. [35], who characterized
the particles emitted by a DI ICE fed with a hydrogen-rich reformate. This trend could
be due to the entrainment of vapor oil in the combustion chamber. This oil accumulates
during engine running and, periodically, at a frequency depending also on the operating
conditions, burns when the self-ignition temperature is reached.

In order to compare the particle emissions from the different fuels, the average PSDs
were calculated at each operating condition, as shown in Figure 7. The data are plotted on
a y-log scale to better highlight the differences among the tested fuels. The intensity and
the shape of the PSDs depended on the operating conditions and fuel type.

—— Gasoline CH, ---MIN
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2000 rpm 2500 rpm 3

1.0x10" o

3000 rpm

1.0¢10" 4 10x10° o

1.0x10° 4 1.0x10° 4
1.0x10° o

1.0x10° 1.0x10° -4

1.0x10*
1.0x10° o _ E

1.0x10° o

Particle number [#/cm3]
Particle number [#/cm3]
Particle number [#/cm3]

1.0x10° o

1.0x10° 5 1.0x10° 5

1.0x10° e 1.0x10° TN 1.0x10° 5

1.0x10" ey T 1.0x10" oy T 1.0x10" ~Frr—— e
10 100 10 100 10 100
Dp [nm] Dp [nm] Dp [nm]

Figure 7. PSDs for gasoline, methanol, methane and hydrogen at 2000, 2500 and 3000 rpm, 6.0 bar of imep.

Regarding the liquid fuels, at all investigated engine speeds, the PSDs of methanol
were shifted towards a smaller diameter with respect to gasoline fuel, with a distinct nucle-
ation mode (NM) at around 10 nm and a small inflection point of the accumulation mode
(AM) centered at 200 nm. Gasoline has a broader distribution, with a little hump typical of
the NM at 10 nm and a more pronounced tail of the accumulated particles. At 2000 and 2500
rpm, methanol had a higher concentration of nucleated particles with respect to gasoline.
It is known from the literature that the volatile species typical of the NM can originate from
the partial combustion of the fuel as well as from the lubricating oil [36]. It is known from
the literature that alcohol fuels can induce oil dilution, thus contributing to oil-derived
particle formation [37]. Oxygenated fuels were expected to reduce particle emissions due to
their oxygen content, which inhibits soot precursor formation and improves post-oxidation.
The higher volatility of the alcohol fuels can cause pool fires near the intake valves where
the nuclei particles are formed [32]. This result is also consistent with the higher THC
emissions [14,38] (Figure 5). At 3000 rpm, instead, the PSD of methanol dropped down
compared to gasoline because of the higher temperature reached at high engine speeds,
which increases the rates of evaporation and oxidation. The better fuel evaporation and
charge formation, in fact, reduced the mechanism of particle formation. Moreover, the
increased particle post-oxidation led to smaller-particle emissions.

The PSDs of the gaseous fuels were strongly affected by the engine test point because of
the in-cylinder environmental condition that impacted the participation of the lubricating
oil in combustion. At 2000 rpm, methane and hydrogen emitted little or no particle
emissions, respectively. The PSD of methane, in fact, was higher than the lower limit of the
spectrometer, while, for hydrogen fueling, it was not distinguishable due to noise.

At 2500 rpm, the gaseous fuels showed definite PSDs with lower concentrations than
the liquid ones. Both methane and hydrogen presented two bumps at 10 and 60 nm and
a lower tail peaked at 200 nm. In particular, hydrogen had a higher PSD with respect to
methane. At high engine speeds, the PSDs of the gaseous fuels were comparable to those
of the liquid fuels. Methane exhibited a little peak of the NM at 10 nm and a wide AM
overlapping the gasoline one. Hydrogen showed a pronounced NM with concentration
values even higher than those of gasoline. As mentioned above, the main source of particles
when gaseous fuels are burnt is the lubricating oil that enters the cylinder because of the
piston ring dynamics [39]. The partial combustion of high-molecular-weight hydrocarbons
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in the oil, in fact, leads to the formation of nanoparticles that then grow and coagulate to
form larger aggregates.

To better highlight the effect of fuel and operating conditions on particle emissions, the
total particle number (Np) and mean diameter (Dm) were calculated and are depicted in
the bubble graph in Figure 8. Np values are reported on the y-axis while Dm is represented
by the bubble dimension. Methanol allowed for a reduction in particle size at all engine
speeds thanks to the embedded oxygen that promoted the oxidation of the particles. At
2000 rpm, the alcohol fuel emitted a large number of particles due to the higher HOV of
the fuel that, together with the lower temperature reached at low engine speeds, led to
poor atomization and the mixing of the oxygenated fuels, thus promoting the formation of
fuel-rich zones were nuclei particles originated from. With the increase in engine speed to
2500 and 3000 rpm, the in-cylinder temperature increased, overcoming the charge cooling
effect typical of methanol and, hence, reducing the sources of particles.

®  Gasoline © CH,
° Methanol o H,

40410 2000 rpm 40610° 7 2500 rpm 20410° 3000 rpm

m
3.0x10° | . 3.0x10° 1.5x10° ‘
49 nm
32 nm
2.0x10° | 53 nm 2.0x10° . 20 nm 1.0x10°

1.0x10° 1.0x10° 5.0x10° 26nm

20
2 nm @“ ]
Y 0
0.0x10 0.0x10° @ 0.0x10°

Np [#/em3]
Np [#cm3]
Np [#cm3)]

Figure 8. Particle number and diameter for gasoline, methanol, methane and hydrogen at 2000, 2500
and 3000 rpm, 6.0 bar of imep.

When gaseous fuels were used, the particle number and size decreased. At 2000 rpm,
the bubbles representative of the particles emitted from methane and hydrogen are not
shown since their values were too low to be well detected by the used spectrometer. As
mentioned above, for the gaseous fuels, the main role in particle formation is played by
the lubricating oil. It can be observed that the particle number and size of the particles
emitted by both methane and hydrogen increased with the engine speed. With increases
in the engine speed, the flame temperature also increased. Therefore, a major amount
of the oil film deposited on the cylinder surface participated in combustion, leading to
particle formation. No significant differences in terms of number and size were observed
at 2500 rpm, evidencing the role of the lubricating oil. On the other hand, at high engine
speeds, methane exhibited a higher number of particles of larger diameter with respect to
hydrogen. This trend can be ascribed to the higher DOI of methane resulting in a longer
interaction of the fuel jet with the cylinder surface and, hence, dragging large amounts of
oil into the combustion. Moreover, another aspect to consider is that methane combustion
evolves at a lower temperature than hydrogen, thus facilitating the process of particle
growth and coagulation.

This experimental study has highlighted the advantages in terms of pollutant emission
reduction obtained at different extents from the use of alternative fuels—both liquid and
gaseous. However, for a complete evaluation of the effective environmental benefit of using
alternative fuels, the entire process of fuel production, transportation and distribution
should be taken into account—the well-to-tank pathway (WtT). In this regard, the engine
indicated power (Py,q) was related to the WtT global warming potential (GWP 100a) in kg
COg¢q Obtained by the literature [6] as shown in Figure 9. Data were expressed in % with
respect to gasoline. All the fuels showed positive values, indicating an advantage in terms
of total CO, reduction compared to gasoline. Moreover, the best behavior was shown by
methanol, followed by methane and then by hydrogen.
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Figure 9. P,y /GWP ratio in % with respect to gasoline for methanol, methane and hydrogen at 3000 rpm.

4. Conclusions

This study investigated the combustion and emission characteristics of methanol,
methane and hydrogen in a small displacement SI engine. Fuels were injected in different
modes depending on their nature—PFI for the liquids and DI for the gaseous ones—to
better exploit their potential. Tests were carried out at different engine speeds and at the
same imep. The following conclusions are drawn from the research activity:

Combustion analysis:

e Theindicative data revealed that methanol is characterized by advanced—up to
5 cad—and faster combustion with a higher pressure peak—up to 18%—and heat
release compared to the reference fuel.

e  Gaseous fuels are characterized by a lower combustion duration and higher heat
release than gasoline. This result could be in part due to the injection configuration,
highlighting the positive effect of the DI technology for gaseous fuels.

e  For hydrogen fueling, the effect of the higher flame speed was more evident, resulting
in the fastest combustion—up to 11 cad of combustion duration—at 2500 rpm.

Emission characteristics:

All the alternative fuels guarantee a reduction of CO and CO, emissions.

Methanol shows high THC emissions, with a maximum value of 13 g/kWh at 2000 rpm,
due to the less efficient fuel vaporization. NOy emissions are, instead, decreased.
Regarding the particles, methanol shows not negligible emissions. In general, smaller
size particles were measured, while their number depended on the engine test point.
The nature of these particles is not clear. An important factor affecting their formation
is, in fact, the lubricating oil.

e  For gaseous fuels, the emission levels also depended on the operating conditions that
affect the in-cylinder temperature. When gaseous fuels were used, the effect of oil
on the particle emissions was clear, especially for hydrogen, which should not emit
particles on its own. Lower particle emissions with a larger diameter were measured
for methane fueling. For hydrogen, an increase in particle emissions was observed
with increases in engine speed.

e  All the tested fuels contributed to sustainable mobility thanks to the benefit in terms
of total CO, reductions with respect to gasoline, with the best performance achieved
by methanol.

Therefore, this study has highlighted that there is considerable merit in continuing to
investigate alternative fuels as potential future automotive energy vectors since the objective
of CO, abatement cannot be achieved by focusing on a single technology but rather by
diversifying the available solutions. From this perspective, this study has pointed out that
a proper injection strategy and control could help to make the most of fuel characteristics.

Moreover, continuing the study of particle emissions due to lubricating oil when the
engine is fueled with alcohol is important to determine the nature of such particles, if fuel-
or oil-derived, and better understand how to control their emissions. This type of analysis
is also relevant when gaseous fuels are used for the proper optimization of engine oil.
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Abbreviations

AFRg; Stoichiometric Air/Fuel Ratio
AM Accumulation Mode
ATDC  After Top Dead Center

cad Crank Angle Degree

CLD Chemiluminescent Detector
CcO Carbon Monoxide

CO, Carbon Dioxide

DI Direct Injection

Dm Mean Diameter

DOI Duration of Injection

EEPS Engine Exhaust Particle Spectrometer
ETU Engine Timing Unit

EV Electric Vehicle

GWP Global Warming Potential

HOV Heat of Vaporization

ICE Internal Combustion Engine
Imep Indicated Mean Effective Pressure
A Excess Air Ratio

LHV Low Heating Value

MBF10 cad for 10% of Mass Fraction Burned
MBF90  cad for 90% of Mass Fraction Burned
NDIR Non-Dispersive Infrared

NM Nucleation Mode

NOy Nitrogen Oxides

Np Particle Number
ON Octane Number
PFI Port Fuel Injection
Pind Indicated Power
PM Particulate Matter

PSD Particle Size Distribution
ROHR Rate of Heat Release

SD Single Diluter
SI Spark Ignition
SOI Start of Injection

SOS Start of Spark

THC Total Hydrocarbons
TP Throttle Position
WOT Wide Open Throttle
WiT Well-to-Tank
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