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� Engine performance and pollutant

emissions were measured for a DI

SI engine fueled with hydrogen.

� Effect of lube oil on particle num-

ber and size at exhaust of a

hydrogen fueled engine.

� Presence of PAH, alkyl-PAHs, oxy-

PAHs and mineral oil in the

exhausts.

� A part of the lubricating oil passed

into the combustion chamber and

underwent thermal degradation.

� Emitted oil presented a good af-

finity with water thus evidencing

its impact also on the water and

soil pollution.
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a b s t r a c t

This research study aims to investigate the causes of the particles emitted by a spark

ignition engine fueled with hydrogen. The experiments were carried out on a single cyl-

inder 250 cm3 direct injection spark ignition engine. Two operating conditions at 2000 rpm

both full and low load, representative of typical urban conditions, were investigated. A

physical characterization of the particles, size and number, was performed through an

Engine Exhaust Particle Sizer coupled to a single diluter. Chemical characterization was

carried out on the condensed exhaust. The simultaneous analysis of the physical
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properties and their chemical characterization allows to point out not only the role of the

oil on the particle emissions but also to give an important information on its state/

composition, if it was unburned and oxidized. Particles were detected with conventional

spectrometer at low load while at high load the noise signal ratio is too high to distinguish

the presence of particles. More detailed chemical techniques highlighted the presence of

PAH, alkyl-PAHs, oxy-PAHs and unburned hydrocarbon in the exhaust due to the mineral

oil.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The melting of glaciers and the consequent rising of the sea

level as well as the increasing of epidemic diseases are

becoming even more frequent and can be ascribed to the rise

in temperature. The main cause of the climate changes is the

larger presence of greenhouse gases due to increased indus-

trialization and energy demand [1].

In the urban area, the most important factor responsible of

the deterioration of the local air quality is the transportation

which currently is mainly entrusted to the internal combus-

tion engines (ICEs) powered by fossil fuels. Despite the great

efforts paid to improve the combustion as well as to develop

more efficient after-treatment systems, ICE still remains a

significant source of pollutants.

The battery electric vehicles (BEVs) are considered a

promising way to make the transport sector more environ-

mentally friendly. Anyway, the BEVs do not represent a short-

term solution since a large investment in charging infra-

structure and electricity generation is needed before a wide-

spread adoption of BEVs occurs. It is reasonable that in this

transition period the ICEswill still be themain driven power of

transport, particularly for the commercial one [2,3].

Considering that the formation of carbon dioxide (CO2) and

particles is due to the carbon atoms in the fuels [4], fuel

decarbonization has been promoted [5,6] to face the climate

changes. Thus, zero/low carbon fuels, such as methane,

hydrogen, methanol, are playing an evenmore attractive role.

Gaseous fuels such as Compressed Natural Gas (CNG) and

hydrogen are very attractive alternative fuels [7] because of

their low environmental impact and wide reserves localiza-

tions [8e10]. They can be used both alone and dual fueled

[11e13].

In the past years, great attention was paid to the CNG

because of its large availability, its lowprize and the better CO2

footprint compared to conventional fuels because of its lower

carbon content [14]. Moreover, it allows to reduce also the

emissions of particles, carbon monoxide (CO) and nitrogen

oxides (NOx) with respect to gasoline and diesel fueled en-

gines. On the other hand, CNG is characterized by a slow flame

propagation speed and poor lean-burn capability resulting in

lower efficiency and higher instability [15,16].

Hydrogen has also attracted a lot of attention because it is a

zero-carbon fuel. Another aspect to consider is that hydrogen

can be obtained by renewable alternative fuels, which can be

produced through electrolysis of water, gasification of coal,

biomass and steam reformation of natural gas [17]. Hydrogen
is a promising fuel for the spark ignition (SI) engines due to its

properties such as the higher RON, the higher flame propa-

gation speed, the higher calorific value and the lower ignition

energy. Moreover, it allows working in lean conditions guar-

anteeing a stable combustion [18].

Several studies highlighted the improved combustion, en-

gine performance and emission reduction due to hydrogen

[19]. Theoretically, its combustion produces only water vapors

and NOx. Anyway, hydrogen fueled engines emit also particles

[20].

Typically, the main source of particulate matter in ICEs is

the fuel even if several studies evidenced that the contribution

of lubricating oil on its emissions is not negligible [21,22].

If the fuel is hydrogen, as it has no carbon atoms in its

molecule, just the lubricating oil is responsible of the particle

formation. Singh et al. [23] performed a comparison between

diesel, gasoline, CNG, HCNG and hydrogen. Their study

pointed out that the role of oil on particle formation is more

predominant for hydrogen fueled engine. Miller et al. [24] re-

ported that the lubricating oil from a hydrogen powered en-

gine do not burn completely forming unburned hydrocarbons

and polycyclic aromatic hydrocarbons (PAHs) and conse-

quently particles. In another study, Singh et al. [25] explored

the differences between the particle characteristics of a

hydrogen fueled engine when ignited with laser induced

system and a conventional spark plug, highlighting the effect

of ignition mode on the oil pyrolysis. Thawko et al. [26] per-

formed a comprehensive analysis on the particle emissions

from direct injection (DI) engine fed with a hydrogen-rich

reformate. They observed that the total particle number

concentration strongly depends on the fuel type and fuel in-

jection strategy.

Another aspect beyond the impact of the particles on at-

mospheric emissions is the impact of the condensed exhaust

on the soil pollution. A large amount of PAHs, known to be

mutagen and carcinogen [27], in fact, is found in the soil and

the vehicle emissions are the principal source of these PAHs in

the roadside soils [28,29].

Several studies evidenced the presence of particles at the

exhaust of hydrogen-fueled engine. However, the role of the

lubricating oil on themechanisms of particle formation is still

not clear.

In this framework, this study aims to investigate the role of

lubricating oil on the particle emissions. The experimental

investigation was performed on a small displacement DI SI

engine. The engine run at 2000 rpm both at full and low load.

These operating conditions correspond to different level of

lubricating oil in the combustion chamber. An Engine Exhaust
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Table 3 e AVL Digas 4000 specifications.

Measurement range Resolution

CO 0e10% vol. 0.01% vol.

CO2 0e20% vol. 0.1% vol.

HC 0e20,000 ppm vol. 1 ppm

NOx 0e5000 ppm vol. 1 ppm
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Particle Spectrometer (EEPS) from TSI coupled to a single

diluter (SD) was used for the sizing and counting of the par-

ticle. The chemical characterization was performed on the

condensed exhaust and particles by using a condensation

sampling line connected to the tailpipe. The condensed

exhaust and particles were collected in cooled traps and filters

and off-line analyzed with a plethora of analytical techniques.

O2 0e25% vol. 0.01% vol.
Experimental apparatus and methods

Test engine

The experimental facilities include the test engine loaded by

an electrical dynamometer to manage the load and speed

and the data acquisition system. The engine is a water-

cooled, single cylinder, SI, operating on a four-stroke cycle

whose main characteristics are listed in Table 1. It is

equipped with a prototype cylinder head with a DI system.

The engine head has four valves pent-roof shaped com-

bustion chamber with a spark plug flush-mounted in the

center.

A commercial lubricant oil obtained by a combination of

synthetic andmineral bases with 10We40 viscosity grade was

used. Table 2 shows the mail lubricant oil properties.

Hydrogen is directly injected in the combustion chamber

by an air assisted Synerject strata injector [30]. It was installed

inside the cylinder between the intake valves to ensure

hydrogen injection. Hydrogen was provided by a compressed

bottle at 200 bar and decompressed to 6.5 bar through a

regulator and, then, injected into the cylinder. To ensure

safety operating conditions, a flame arrestor and a pneumatic-

actuated valve installed downstream of the pressure regulator

allow to provide the gaseous fuel to the injector only in

running mode.
Table 1 e Engine specifications.

Engine Spark Ignition

Number of Cylinders 1

Bore [mm] 72

Stroke [mm] 60

Displacement [cm3] 244.3

Compression Ratio 11.5:1

Max. Power [kW] 16 @ 8000 rpm

Max. Torque [Nm] 20 @ 5500 rpm

Intake Naturally Aspirated

Injection system DI Prototype

Table 2 e Lubricant oil properties.

Properties

Viscosity 10W-40

Density @ 20 �C 0.870 kg/l

Viscosity @ 40 �C 101.7 mm2/s

Viscosity @ 100 �C 14.5 mm2/s

Viscosity index 151

Pour point �35.0 �C
TBN 10.1 mg KOH/g

Flash point 228 �C
K-type thermocouples were used to monitor the tempera-

ture at both inlet and exhaust as well as the oil and coolant

temperatures. A linear lambda sensor Bosch LSU 4.9 was

mounted in the exhaust manifold to measure the excess air

ratio (l) value. A crank-shaft encoder AVL 365 was used for

engine crank angle detection. In-cylinder pressure was

monitored through an AVL GH12D piezoelectric pressure

transducer flush-mounted in the area between the intake and

exhaust valves. The charge output from this transducer was

converted to an amplified voltage using the AVL FlexIFEM

Piezo charge amplifier.

The operating system consists on an AVL Engine Timing

Unit (ETU) multi-channel system allowing flexible control of

injection and ignition timing.

The high-speed data acquisition system AVL IndiModul

recorded the signals from all the sensors mounted on the

engine. Real time combustion analysis was carried out by the

AVL IndiCom software. Pressure signals of 200 cycles were

recorded and they were post-processed for thermodynamic

analysis.

Gaseous emission measurement

The gas emission analyzer AVL Digas 4000 (Table 3) measured

the regulated exhaust emissions that are NOx, hydrocarbons

(HC), CO and CO2.

Particle measurement system, condensed exhaust sampling
procedure and sample treatment

Particle number and size characterizationwas carried outwith

high accuracy and reproducibility by means of the EEPS 3090

from TSI [31] whose main characteristics are listed in Table 4.

The instrument allows to measure the particles in the size

range from5.6 to560nmwithoutdiscriminating theirnature, if

solid or volatile, at the rate of 10 Hz. The measurement prin-

ciple in based on the electrical mobility diameter. Particles

entering the measurement region are charged by applying an

electric field and the current produced by the electrometers
Table 4 e EEPS specifications.

Particle Size Range 5.6e560 nm

Particle Size Resolution 16 channels per decade (32 total)

Electrometer Channels 22

Charger Mode of Operation Unipolar diffusion charger

Inlet Cyclone 50% Cutpoint 1 mm

Time resolution 10 size distributions/sec

Inlet Aerosol Temperature 10e52 �C
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Table 6 e Combustion parameters.

l [�] IMEP [bar] COV IMEP [�]

LL 1.6 4.1 0.9

HL 1.5 5.5 1.2

Fig. 1 e Experimental setup for particle measurement and for condensed exhaust sampling.
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where the particles impact on is detected and converted in

particle concentration through an inversion algorithm [32].

The sampling occurs through a heated line set at 150 �C and

a single stage hot dilution, 150 �C.
A sketch of the sampling line is reported in Fig. 1. More

details on the sampling systems and on the sample treatment

to recover the soluble organic fraction (SOF) in dichloro-

methane (DCM) from both combustion water and sampling

line are reported in Ref. [33]. The volume of the SOF solution in

DCM was firstly reduced to 1 ml to perform spectroscopic

measurements and then to 0.1 ml for gas chromatography

mass spectrometry (GC-MS) analysis.

GC-MS and spectroscopic analysis were performed also on

the lubricant oil utilized in the engine for comparison.

Both SOF and particles, if present, were diluted inN-methyl

pyrrolidone (NMP) for sizeexclusionchromatographyanalysis.

Analytical techniques: chemical and spectroscopic
techniques

Chemical and spectroscopic techniques were applied to

characterize the condensed exhaust. For the sampling of

condensed exhaust, the engine run at fixed operating condi-

tion for about 1 h. Three sampling at different days were

realized. The total uncertainty of the chemical and spectro-

scopic results due to both the sampling and analytical pro-

cedure was about 15%.

The GC-MS employed is an AGILENT GC 6890 - MSD 5975C.

The mass spectrometer operated in electron ionization mode,

andm/zwas scanned from 50 to 400. PAH concentrationswere

determined using response factors from standards species.

Moredetails onGC-MSanalysis are reported inapreviouswork

[34].
Table 5 e Operating condition.

Engine speed [rpm] Throttle opening [%] DOI [c

LL 2000 15 170

HL 2000 95 225
UVeVisible and fluorescence spectra of combustion water

and of SOF samples dissolved in DCM, were measured on an

HP 8453 Diode Array spectrophotometer and a HORIBA Sci-

entific FluoroMax-Plus TCSPC spectrofluorometer, respec-

tively, using 1 cm quartz cuvettes. More details on the

acquisition of fluorescence spectra are reported in Ref. [35].

Molecular weight (MW) distribution of condensed exhaust

samples were measured by size exclusion chromatography

(SEC) by elution with N-Methyl-2-pyrrolidonen (NMP) on a

HPLC system HP1050 series equipped with an UVeVisible

diode array detector fixed at 350 nm. Two different columns

were used: a highly cross-linked “individual-pore” column

(Polymer Laboratories, Ltd., U.K.; particle size of 5 mmdiameter

and a pore dimension of 50 nm) and a Jordi Gel DVB Column

for mass determination in the 100 e 2E4 u range (corre-

sponding to sizes up to about 3e4 nm) and in the 2E3-4E9u

range, respectively. The Sample MW was determined by

calculating the retention time on the SEC columns of poly-

styrenes standards species. More details on SEC apparatus are

reported in Ref. [36].

Operating conditions

Experiments were carried out in steady state conditions after

proper engine warming up. Tests were carried out at engine

speed of 2000 rpm, at both low (LL) and high load (HL). The
ad] SOI [cad] SOS [cad] l [�] Texhaust [�C]

�270 7.0 1.6 360

�260 11.6 1.5 390
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Fig. 2 e In-cylinder pressure and the ROHR measured at

2000 rpm in LL and HL conditions.

Table 7 e Concentration of NOx gaseous emissions.

NOx [ppm]

LL 1226

HL 1472
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engine was operated in lean condition to improve perfor-

mance and reduce the NOx emissions. Table 6 shows the

investigated test conditions. The start of injection (SOI) and

start of spark (SOS) were properly set to guarantee a stable

combustion. Duration of injection (DOI) was varied according

to the desired load and air-to-fuel ratio. Table 5.
Experimental results

The experimental study was divided in two parts. The first

part was devoted to the analysis of the combustion process

and the characterization of the gaseous and particle emis-

sions. In the second part a chemical analysis was carried out

on condensed exhaust for a deeper insight on the nature and

structure of the particles.
Fig. 3 e a) PSDs at LL, HL and MIN and b) number co
Combustion analysis and emission characterization

Indicated data allowed to characterize the combustion pro-

cess. The in-cylinder pressure was measured over 200 cycles.

The rate of heat release rate (ROHR) normalized with cylinder

volume was calculated from the pressure data. The indicated

mean effective pressure (IMEP) gives information on engine

performance and the coefficient of variance (COV) of the IMEP

allows to evaluate the combustion stability. The in-cylinder

pressure and the ROHR are depicted in Fig. 2 for LL and HL

conditions.

The in-cylinder pressure is higher at high load because of

the larger injection of fuel to meet the higher power demand.

The ROHR shows the same behavior despite the load condi-

tions. Only the premixed combustion mode is distinguishable

from the ROHR curves. The main combustion parameters are

listed in Table 6.

The IMEP is higher at HL condition because of the larger

fuel and then energy supply. There are no differences in terms

of the stability of the combustion, the COV of IMEP is, in fact,

about 1 at both operating conditions.

As hydrogen does not contain carbon, carbon emissions,

such as CO, HC, and CO2, were not produced, only NOx was

measured at the exhaust. The concentrations of the NOx

emissions measured at both LL and HL conditions are listed in

Table 7.

The NOx emissions are higher at HL condition because of

the higher in-cylinder temperature. The temperature and l

influence the NOx emissions. The higher the temperature, the

larger NOx emissions. Regarding the dependence with air

excess, NOx increaseswith the l until the stoichiometric value

then starts to decrease. In this case, operating at lean condi-

tion, the driven mechanism is the temperature.
ncentration at different size classes at 2000 LL.
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Fig. 4 e MW distribution profiles of the SOF samples from

SEC with non-porous column of HL and LL samples,

acquired with UVeVisible detector at 370 nm.

Fig. 5 e MW distribution profiles of the SOF samples from

SECwith not mixed column of HL and LL samples, acquired

with UVeVisible detector at 370 nm.
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The particle emissions strongly depend on the engine

operating condition. At HL the Signal Noise Ratio is too low,

the particle size distribution (PSD) is in fact within the limit

values, MIN, corresponding to the electrical noise of the in-

strument so it is not possible to have relevant information. On

the other hand, at LL a significant number of particles was

measured, as evidenced in Fig. 3 where the PSDs measured at

2000 rpmHL and LL and the number concentration at different

size classes at LL are depicted.

The formation of particles cannot be ascribed to the fuel

but rather to the incomplete combustion of the lubricating oil

present in the combustion chamber. Particles show a well-

defined bimodal size distribution. The first peak is centered

around 18 nm and the second and higher peak around of

39 nm. The differences observed between the LL and HL

conditions can be ascribed to the different environmental

condition and level of oil in the combustion chamber. In LL

condition due to depression downstream of the throttle, more

oil vapors enter in the combustion chamber thus taking part

to the combustion and contributing to the particle emissions.

Moreover, due to the lower temperature typical of this con-

dition, the piston and rings are not subject to a great defor-

mation so more oil leaks in the combustion chamber can

occur. On the other hand, at high load, the piston and ring

undergo an expansion that guarantees a better seal because of

the higher temperature. It is worth noting that the major

contribution to the emissions is due to the particles in the size

range from 23 to 50 nm.

Chemical characterization

For a comprehensive understanding of the nature of the par-

ticles emitted form hydrogen fueled engines the condensed

exhaust was sampled and analyzed with an array of chemical

and spectroscopic techniques. The sampling was carried out

with the system sketched in Fig. 1.

The condensed water collected in the traps was prelimi-

narily analyzed by fluorescence spectroscopy, before the

extraction treatment, and it presented an intense fluores-

cence emission in a wavelength range typical of aromatic

species [37,38]. Whatever the operating conditions, the re-

sults evidenced the presence of similar species but with

different concentrations. The combustion water was then

extracted by DCM and the extraction process required at

least three extraction steps, demonstrating the high affinity

of the exhaust oil with water, which is of concern for its

environmental impact. For obtaining a comparison with the

online measurements, preliminarily the MW distribution of

SOF at HL and LL conditions was evaluated, drying the

samples in DCM and dissolving them in NMP for SEC analysis

with two different columns (see session 2.4 for details). In

Figs. 4 and 5 the MW distributions obtained with non-porous

column (larger MW range) and not-mixed column (smaller

MW range) are reported, respectively. It is possible to observe

in Fig. 4 that the distribution is peaked at MW corresponding,

on the basis of polystyrenes and PAHs calibration [39], to a

MW consistent with a dimension of 3e4 nm (assuming

spherical shape and a density in a range between 1.2 and

1.8 kg/l [40]) both for LL and for HL samples with a tail at a

larger MW, corresponding to 15e20 nm for HL and 25e30 nm
for LL. Looking also to the molecular region (Fig. 5), both the

exhaust samples present again very similar distributions in

the range around 1e2 nm.

The MW, Fig. 4, and the PSD, Fig. 3, offers complementary

information. The first allows off-line measure of MW corre-

sponding to particles from 1 up to 30 nm, the second to detect

on-line the particles size from 6 to 560 nm. Moreover, the two

techniques are characterized by a different sensibility giving

the possibility to detect particles also at low and high con-

centration. A good agreement was observed between MW and

the PSD in the common size region at LL, both in fact evi-

denced a large presence of particles in the size range 7e30 nm.

Considering the different basic principle of the two techniques

and the different methods of analysis (on-line and off-line),

the quite good agreement observed offers a mutual valida-

tion of analytical and sampling techniques. Moreover, the SEC
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Fig. 6 e MW distribution profiles of the SOF samples from

SEC with non-porous column of HL and LL samples,

normalized for the sampling time, acquired with

UVeVisible detector at 370 nm.

Fig. 7 e GC-MS chromatograms of SOF of HL and LL, along

with the lubricant oil chromatogram.

Table 8eClasses of species andmajor species detected in
HL (left side) and LL (right side) SOF by GC-MS, along with
their percent mass concentration.

HIGH LOAD

Classes of species Species %

Oxy-PAH Naphthalenecarboxaldehyde 5e10

o-Hydroxybiphenyl

9H-Fluoren-9-one

Anthrone

1H-Indene, 2-phenyl-

Alkyl-PAHs 9H-Fluorene, 2-methyl-

Phenanthrene, 1-methyl-

Anthracene, 1-methyl-

Alyphatics (C17eC30) Heptadecane (ene) 90e95

Octadecane (ene)

Eicosane (ene)

Heneicosane (ene)

Docosane (ene)

Tricosane (ene)

Tetracosane (ene)

Pentacosane (ene)

Hexacosane (ene)

Octacosane (ene)

LOW LOAD

Classes of species Species %

Oxy-PAHs Naphthalenecarboxaldehyde 4e8

o-Hydroxybiphenyl

o-Hydroxybiphenyl

9H-Fluoren-9-one

Anthrone

Alkyl-PAHs Not Detected

Alyphatics (C17eC36) Heptadecane (ene) 92e96

Octadecane (ene)

Eicosane (ene)

Heneicosane (ene)

Docosane (ene)

Tricosane (ene)

Tetracosane (ene)

Pentacosane (ene)

Hexacosane (ene)

Octacosane (ene)

Of note, only about 60e70% of SOF samples have been detected by

GC-MS. The remaining part, undetectable by GC-MS, was investi-

gated by spectroscopic techniques.
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analysis allows also detecting the presence of the particles at

HL, which because of the low concentration are not resolvable

with the EEPS.

Indeed, comparing the SEC profiles of LL and HL samples

normalized for sampling time (Fig. 6), it is possible to observe
the very different signal and, therefore, species concentration

in the two conditions.

More than the MW distribution, the chemical and spec-

troscopic techniques applied on the SOF samples allowed to

give deep insight on the species composition and structure.

The GC-MS chromatograms obtained on the SOF in HL and LL

conditions were reported in Fig. 7. In the same Figure, the

chromatogram of the lubricating oil was also reported. The

chromatograms presented the following features, typical of a

mineral oil.

- they have the same unresolved curve

- in both cases a sequence of alkanes was detected by ion

extraction.

The observed features can be explained with a leakage of

themineral oil in the combustion chamber, which reached the

https://doi.org/10.1016/j.ijhydene.2023.03.112
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Fig. 8 e Height normalized UVevisible absorption spectra

of SOF of HL and LL in DCM, along with the lubricant oil

spectrum.

Fig. 9 e Height normalized emission spectra excited at

250 nm of SOF of HL and LL in DCM, along with the

lubricant oil spectrum.

Fig. 10 e Height normalized synchronous fluorescence

spectra (Dl ¼ 10 nm) of SOF of HL and LL in DCM, along

with the lubricant oil spectrum.
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exhaust unburned. Moreover, in the SOF samples the pres-

ence of alkyl polycyclic aromatic hydrocarbons (alkyl-PAHs)

and oxygenated PAHs (oxy-PAHs) were also detected.

The not negligible concentration of these PAHs suggests

that a part of the lubricating oil passed into the combustion

chamber, both in LL and HL conditions, and was subjected to

thermal degradation (oxidation and/or combustion).

The concentration of oil thermal degradation products and

residual oil is higher in LL condition. The list of species

detected in the two conditions is reported in Table 8. Almost

4e10% of SOF in both conditions is constituted of oxy-PAHs

and alkyl-PAHs. The detection of these species is of concern

because, although their concentration is very low, they pre-

sent a toxicity and mutagenicity much high, even higher than

that of unsubstituted PAH [41]. Moreover, aliphatics account

for 90% of SOF but aliphatic contamination level also showed

non-negligible effects on soil bacterial communities to some

extents [42].

In Fig. 8, the height normalized UVevisible absorption

spectra of HL and LL SOF in DCM, along with the lubricant oil

spectrum, are reported. A peak at 250e260 nm is clearly

attributable to lubricant. The spectrum after 300 nm, instead,

presents broad and higher intensity with respect to lubricant

oil, especially in the case of LL SOF. This absorption signal in

a region typical of aromatic species, the broadness of the

spectrum and the lack of detection by GC-MS allow hypoth-

esizing the presence of high molecular weight aromatic

species in SOF samples. They are much more evident in LL

SOF, as also observed by the PSD in Fig. 3, where a large

number of particles smaller than 23 nm was measured. This

hypothesis was confirmed by fluorescence spectra of SOF and

lubricant oil, contrasted in Fig. 9, which show an increase of

the visible emission for HL and LL SOF with respect to

lubricant oil.

This is also more evident in the synchronous fluorescence

spectra of oil and SOF reported in Fig. 10. Synchronous fluo-

rescence technique, involving the concurrent scanning of
excitation and emission wavelengths using a Dl ¼ 10 nm [43],

is useful to discriminate between classes of different-sized

PAH, thus providing further insights on SOF and oil

comparison.

Indeed, consistently with the absorption and emission

features (Figs. 8e10), synchronous fluorescence of lubricant

oil shows the presence of only mono-ring and two-rings ar-

omatics, whereas HL SOF and, even more, LL SOF synchro-

nous spectra exhibit well-defined peaks due to not only to

1e2 rings but also to 3e6 rings and larger PAH not detectable

by GC-MS, typically found in carbon fuels combustion prod-

ucts [38].

These results highlighted the presence of particles and

PAHs that are commonly unexpectedly from a hydrogen

fueled engine. These pollutants can be ascribed to the
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breakdown of the carbon and to the incomplete combustion of

organic compounds of lubricating oil.
Conclusions

This study analyzes the effect of lubricating oil on the particle

emissions for a hydrogen fueled spark ignition engine by

using complementary techniques. Tests were carried out on a

small displacement DI SI engine. Engine performance and

pollutant emissions were investigated. Pollutants commonly

unexpectedly from a hydrogen fueled engine were found. A

physical characterization for particle number and size evalu-

ation was performed on diluted exhaust gas. Chemical char-

acterization of both the condensed exhaust and the particle

emissions was performed. The main outcomes are following

summarized.

- Hydrogen has good potentiality as fuel for spark ignition

engine showing a stable combustion in lean conditions

even if high NOx emissions were measured.

- Particles ranging between 10 and 200 nm with two well

defined peak at 18 and 39 nm were measured at low load

conditions because of the lager presence of oil typical of

partial load conditions.

- GC-MS analysis puts in evidence the presence of PAH,

alkyl-PAHs, oxy-PAHs and mineral oil in the exhausts.

UVeVisible absorption and fluorescence spectroscopy

highlights also the contribution of large PAHs not analyz-

able by GC-MS.

- The presence of highmass aromatic species suggests that a

part of the lubricating oil passed into the combustion

chamber and degraded at high temperature.

The combination of two different methodologies on both

gas and condensed exhaust allowed a comprehensive analysis

of the role of lubricating oil on both the particle emissions and

high harmful PAHs. Moreover, analytical techniques give

relevant information on the mechanisms involved in their

formation.

The results demonstrate that hydrogen fueled engine

exhaust can contribute to high level of contamination not only

of the atmosphere but also of water and soil. Therefore, it is

increasingly important to better understand themechanisms,

such as oxidation and dissociation, involved in the oil trans-

formation to properly optimize its formulation.
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Abbreviations

BEV Battery Electric Vehicle

CNG Compressed Natural Gas

CO Carbon monoxide

CO2 Carbon dioxide

COV Coefficient of Variance

DCM Dichloromethane

DI Direct Injection

DOI Duration of Injection

EEPS Engine Exhaust Particle Spectrometer

ETU Engine Timing Unit

GC/MS Gas Chromatography Mass Spectrometry

HC Hydrocarbons

HL High load

ICE Internal Combustion Engine

IMEP Indicated Mean Effective Pressure

l Excess air ratio

LL Low load

MW Molecular Weight

NMP N-methyl pyrrolidone

NOx Nitrogen Oxides

PAH Polycyclic Aromatic Hydrocarbons

PSD Particle Size Distribution

ROHR Rate of Heat Release Rate

SD Single Diluter

SEC Size Exclusion Chromatography

SI Spark Ignition

SOF Soluble Organic Fraction

SOI Start of Injection

SOS Start of Spark
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