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particle emissions of large-bore
engines powered by natural gas and hydrogen†
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Martin Härtl a and Malte Jaenscha

In an effort to mitigate the impact of climate change, e.g., by reducing the emission of greenhouse gases,

hydrogen is becoming an increasingly attractive alternative energy source, replacing conventional long-

chain hydrocarbon fuels in the energy and transport sector. While there is a shift in individual transport

towards battery-electric applications, the maritime and energy production sectors rely on a high energy

density and time- and location-independent availability of the energy carrier. Therefore, large-bore

engines powered by renewable fuels have the potential to shift the industry towards a climate-neutral

operation. Besides the emission of greenhouse gases, internal combustion engines are known for

emitting pollutant emissions, harming human health and the environment. Research on particle

emissions of natural gas and hydrogen engines has mainly focused on automotive and heavy-duty

applications. Hence, this study investigates particle emissions of a large-bore single-cylinder research

engine powered by hydrogen, compared to natural gas, for the first time. Investigations on particles with

a diameter as low as 10 nm showed particle numbers of 104 to 105 # cm−3, unexpectedly achieving

slightly higher particle numbers in hydrogen than in natural gas operations. This is due to particles from

lubricant oil and a stronger fuel interaction with the liner oil film in hydrogen operation, demonstrated

within a 3D-CFD simulation. The concentrations are still lower by several orders of magnitude than in

long-chain hydrocarbon fuel operations of identical engines. An extended emissions analysis based on

the gaseous components THC, CO, and CO2 shows the negligible carbonaceous emissions induced by

these oil-based particles.
Environmental signicance

The urgent need to minimize global CO2 emissions has led to the exploration of alternative fuels such as hydrogen and natural gas. These fuels are being
considered for large engine applications in ships, railways, and the energy production sector. They promise minimal to zero CO2 emissions, offering a viable
path toward decarbonization. However, besides focusing on greenhouse gas reductions, it is crucial to address pollutant emissions, which pose signicant risks
to human health and the environment. This study provides insights into pollutant emissions from a large bore engine powered by natural gas and hydrogen. By
examining these emissions, this research highlights the environmental impact of such engines and ensures a holistic advancement towards sustainable and
cleaner engine technologies.
Motivation

Today's interdisciplinary landscape is evermore shaped by
a heightened environmental consciousness and a global push
for sustainable practices.1 To forward global decarbonization,
developments are undertaken in all sectors of everyday life.1

Besides climate change, governments also aim for air pollution
control – especially in urban areas.2 The transport sector, e.g.,
road traffic, has recently been at the forefront of discussion,
te of Sustainable Mobile Powertrains,
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24–1536
emitting both CO2 and pollutants via the combustion of fossil
fuels in internal combustion engines (ICEs).3–5 Fig. 1 underlines
this statement by showing the sector distribution of CO2 and
several pollutant emissions.6–8 While CO2 is a greenhouse gas,
particle emissions contribute to air pollution, harming the
human body and the environment.9–13 Therefore, different
regulations limit particle emissions caused by road traffic.14

Although these regulations reect regional priorities, they
underscore a shared commitment to curb pollutant emis-
sions.14 Triggered by these regulations, many investigations
were conducted covering automotive and heavy-duty diesel
engine particle emissions regarding total particulate mass (PM),
particle number (PN), particle size distribution, carbon mass,
surface and effective density, morphology, and structure.15–22

First, it is possible to develop strategies that can directly
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4va00200h&domain=pdf&date_stamp=2024-10-26
http://orcid.org/0009-0000-6045-4053
http://orcid.org/0000-0001-9628-798X
http://orcid.org/0000-0003-0697-3295
https://doi.org/10.1039/d4va00200h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00200h
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA003011


Fig. 1 Share on global CO2, NOx, PM10, and PM2.5 emission of different sectors. Data taken from ref. 5–7.
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improve the combustion reaction and the aer-treatment of
exhaust gases. Additionally, alternative fuels such as biodiesel
can replace fossil diesel and gasoline since, due to their
molecular composition and different physical properties, they
lead to a reduction in the size of emitted particles.23–25 The
combustion of biodiesel leads to decreased particulate matter,
shiing the size distribution to smaller particles.23–25 Investi-
gations on the synthetic diesel substitute fuel oxymethylene
ether (OME) show a solution to the NOx-PN tradeoff as the lack
of intramolecular C–C bonds inhibits the agglomeration of soot
precursors.15,18,19 The current shi towards battery-electric
vehicles in the car segment, and occasionally also for heavy-
duty applications, shows a comprehensive reduction in
propulsion-driven particle emission. In the car segment,
particle emissions induced by brake and tire wear are planned
to be considered with the upcoming Euro 7 legislation.26

Consequently, battery electric vehicles will also be subject to
particulate emission assessments under this new denition.26

However, the electrication of applications in the maritime and
power sectors is currently not feasible, considering the energy
density of state-of-the-art batteries. The temporal and local
uctuation of renewable sources, e.g., solar and wind power,
add to availability uncertainties, which are crucial in these
sectors. Addressing availability uncertainties from renewable
energy sources, Power-to-Gas (PtG) concepts propose interme-
diate storage of produced energy in gases, e.g., hydrogen, and
need-based utilization or reconversion to electricity.27,28

Furthermore, there are distinct demands for heavy-duty
applications, such as extended service life, high full-load capa-
bilities, and selective efficiency optimization while necessitating
a simple fuel storage infrastructure.29,30 This leads to large-bore
engines still mainly being considered in ships, rail trans-
portation, and heat and power plants in the future – their use
comprehensively impacts the environment and climate.31 Nowa-
days, these engines are operated mainly on heavy fuel oil distil-
lates or diesel.27,31 Aiming for sustainable heat, electricity, and
transport powered by clean energy,1,2 these conventional fuels are
increasingly criticized for their exhaust gas emissions.31 This
discussion propels the research on alternative fuels like natural
gas and hydrogen into the forefront of energy carriers, as they
enable reduced to zero CO2 emissions.28,32–34However, natural gas
engines can also emit high levels of methane due to fuel slip,
which contributes to the greenhouse gas effect.28,34 In addition to
the harmful effect of CO2 and CH4 on the climate, the impact of
exhaust pollutants on human health must also be considered for
these fuels.35 As both natural gas and hydrogen share the lack of
© 2024 The Author(s). Published by the Royal Society of Chemistry
C–C-bonds with OME, the particle emissions are assumed to
remain at a signicantly lower level than for (bio-) diesel fuel. In
this order of magnitude, the inuence of lubricating oil on
particulate emissions gains importance.36 Despite the publica-
tion of Ristovski et al.37 on a natural gas large-bore engine,
research focuses on automotive or heavy-duty applications.
Therefore, this study covers the particle emission of a large-bore
engine operated on natural gas and hydrogen. One of the aims of
this paper is to ll the literature gap related to the particulate
emissions of large-bore engines, by providing researchers with
solid emission data that can support decision-makers. Moreso,
the necessity to adapt the tribology system and lubrication in
hydrogen large-bore engines is investigated, to minimize particle
emission. The investigations consider PN with 50% cut-off sizes
at 23 nm (PN23) and 10 nm (PN10), whereby inuences of the air-
fuel equivalence ratio (AFR, analog l), the indicated mean effec-
tive pressure (IMEP), and the relative intake air humidity (RHI)
are observed. An extended emission analysis based on the
gaseous components total hydrocarbons (THC), CO, and CO2

further outlines the carbonaceous emissions induced by these
oil-based particles.38,39
Review

Alrazen et al.,40 Barrios et al.,41 Yang et al.,42 Sharma et al.,43 and
Zhou et al.44 investigated particle emissions of hydrogen
admixtures in diesel – observing a signicant reduction of PM
with increasing H2 admixture rates. Zhao et al.45 discovered
similar trends in a Direct Injection (DI) Spark Ignition (SI)
engine with a particle emissions decrease of 95% at low loads
when blending 10% hydrogen into gasoline. Adding not only
hydrogen but CH4 and CO to diesel by 10% and 20%, Hernán-
dez et al.46 also showed the potential to signicantly reduce
particle emissions by number and mass. Conducting compa-
rable investigations, Singh et al.47,48 analyzed the particle
emissions of Port Fuel Injection (PFI) diesel engines operating
on diesel, gasoline, compressed natural gas (CNG), hydrogen-
enriched CNG, and neat hydrogen. Hydrogen operation
thereby showed the lowest particle number emissions with
concentrations of 106–107 # cm−3, slightly increasing with
increasing engine load.47

Analyzing the particle emissions of a large-bore CNG engine,
Ristovski et al.37 stands out as the rst and, until now, only
publication on particles of CNG large-bore engine operation –

investigating not only the particle numbers but also the size
distribution with particular interest to the size ranges 15–
Environ. Sci.: Adv., 2024, 3, 1524–1536 | 1525
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700 nm and 50–3000 nm. Further investigations by Distaso
et al.,49 Napolitano et al.,50 Toumasatos et al.,51 Dimaratos
et al.,52 and Alanen et al.35 were conducted on heavy-duty as well
as passenger car vehicles operated on CNG. Alanen et al.35 found
the number of particles with a diameter lower than 23 nm to
dominate the total particle emission.

Maier et al.53 investigated an automotive-sized DI-SI engine
operated on hydrogen and CNG to analyze the fuel-independent
particulate emissions. The results showed similar particulate
numbers of both gaseous fuels compared to the gasoline
reference for particle sizes smaller than 10 nm, whereby parti-
cles larger than 30 nm were barely detected with gaseous fuels.53

Hora et al.54 investigated particle emission of an SI engine
operated on CNG and by 10%, 20%, and 30 vol% hydrogen-
enriched CNG at varying engine loads (IMEP). The results
showed 30 vol% hydrogen-enriched CNG emitting the highest
number of nano-particles amongst the tested HCNG composi-
tions at each engine load – correspondingly leading to higher
contributions in size-mass and size-surface area distributions.54

In 2007, Miller et al.36 analyzed the inuence of lubrication
oil on the particle number and size distribution of a CAT3304
four-cylinder diesel engine with a bore of 120 mm by operating
it on hydrogen and, therefore, in the absence of fuel-derived
soot. The investigations showed particle numbers between 105

and 107 # cm−3 with geometric mean diameters from 18 to
31 nm.36

In an interlinked series, Thwako et al.55–58 analyzed the
particle emission of engines with bore sizes of 80 and 67 mm
operated on natural gas, an H2–CO2 reformate (containing
75 mol% H2 and 25 mol% CO2), and hydrogen, using an TSI
Exhaust Particle Sizer Spectrometer model 3090 and a TSI
379020A-30 Rotating Disk Thermodiluter. A correlation between
the particle formation and the engine's load in DI operation was
observed.58 In natural gas operations, the dependency was
moderate. For the reformate and hydrogen, a stronger correla-
tion was found, as a sudden increase in particle emission up to
3–4 × 106 # cm−3 occurred at higher loads, leading to particle
emissions surpassing those of natural gas operation.55–58 The
highest particle emissions were observed in reformate opera-
tions due to excessive lubricant participation.57,58 An earlier
performed comparison between the reformate and gasoline
showed an almost two times greater particle emission of circa 1
× 108 # cm−3 of the DI reformate operation.55 Comparing DI to
PFI for the H2–CO2 reformate, PFI resulted in lower particle
emissions.55 By contrasting hydrogen with natural gas in DI
operations, an enhanced particle formation was found in
hydrogen operation – an increased sighting found within earlier
ignition timings. This is suspected to result from hydrogen's
low ame quenching distance and the longer jet–wall interac-
tion.57,58 In summary, the following three aspects were found to
affect particle formation: the distance of ame quenching, the
content of fuel carbon, and the duration of the jet–wall inter-
action, showing no effect of the investigated synthetic or
mineral lubrication oil.56–58

Reconciling with Thwako et al., investigations by Catapano
et al.59 on an SI-DI engine with a bore of 72 mm showed high
1526 | Environ. Sci.: Adv., 2024, 3, 1524–1536
particle emissions of up to 107 # cm−3 in the size range of 10–
50 nm in hydrogen operation.

Berg et al.60 further investigated the inuence of load, engine
speed, injection timing, AFR, and ignition timing of a DI-SI
90 mm bore hydrogen engine on its particle emissions.
Particle numbers and size distributions were measured with
a Cambustion DMS 500 fast particle analyzer without a volatile
particle remover (VPR).60 Peak values as high as 5 × 108 # cm−3

could be observed for low loads and low intake pressures, most
commonly in the 10–30 nm range.60 Low soot content and, in
comparison to diesel particles, high content of organic carbon
indicated high involvement of lubrication oil due to a negative
pressure gradient from the crankcase to the cylinder during the
intake stroke.60

Whereas most investigations on particle emissions address
different fuel mixes with hydrogen and natural gas, only a few
analyze particle emissions of engines solely operated on hydrogen
or natural gas in PFI operation and even less on DI design.
Research focuses more on passenger car-size engines than large-
bore engines, leading to a gap in the state of research regarding
large-bore engines operated on hydrogen or natural gas.

Materials and methods
Test bench setup

The experiments for this investigation were conducted on
a single-cylinder research engine, based on a series production
large-bore gas engine for power generation and railway and
marine applications. For engine specications, see Table 1. The
setup allows for thermodynamical investigations of the engine
by being equipped with multiple pressure sensors, thermo-
couples, and piezoresistive sensors in inlet and exhaust mani-
folds. The test bench setup, in which the engine is embedded, is
depicted in Fig. 2. The charge air supply system enables cooled,
heated, dry, or saturated charge air with pressures of over 10 bar
and a maximum air mass supply of 1000 kg h−1. Saturated
steam from soened water is added to the charge air to set the
humidity.

For this study, the engine was operated with hydrogen and
CNG. The hydrogen is sourced from bundles of 300 bar with
a quality of 3.0, whereas the CNG is sourced from the public gas
grid, exhibiting an average methane content of 91.52 mol% or
83.01 wt%.61 The chosen compressed fuel gas is added to the
charge air through a venturi mixer. Subsequently, the fuel-air
mixture is homogenized before entering the engine. For
a more detailed description of the test bench setup, please refer
to Armbruster et al.62 As backre frequently occurs in the SI-PFI
engine, for the following hydrogen operation, an unscavenged
pre-chamber spark plug with a different electrode material was
installed and the intake air temperature was lowered to 30 °C.
The compression ratio of 11.65 was kept consistent for all
investigations. For lubrication, Sentron LD 8000 by Petro-
Canada Lubricants was used in both, hydrogen and natural
gas operations. It is a low-ash (0.52 wt%) engine oil with a sulfur
content of 0.288 wt%.63,64

The exhaust gas line is equipped with temperature and
pressure measuring points directly aer the outlet ports of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specifications and operation conditions of the single-cylinder engine

Specications Values and details

Bore 170 mm
Stroke 210 mm
Displacement 4.77 l
Components Series production CNG engine
Compression ratio 11.65
Engine speed 1000–1700 min−1

Valves 2 inlet valves, 2 outlet valves
Valve timing Light Miller valve timing
Indexing (in-cylinder pressure sensor) AVL GU21D piezoelectric pressure sensor. Sampling precision of up to 0.05 °CA
Ignition system Motortech MIC5 (500 mJ prim. energy), unscavenged pre-chamber spark plugs
Injection system PFI
Start of injection 80 °CA bTDC
Inlet pressure gas 7 bar
Air inlet temperature 30 °C (H2), 40 °C (CH4)
Inlet temperature gas 40 °C (H2), 50 °C (CH4)
Inlet temperature cooling water 70 °C
Inlet temperature oil 80 °C
Engine oil Sentron LD 8000
Turbocharger emulation Exhaust throttle with charger efficiency control
Turbocharger emulator ap 0–50%
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cylinder head. Downstream of the measuring points, a Horiba
Mexa-ONE D1 and aHoriba Solid Particle Counting System 2300
are connected. The MEXA-ONE D1 measures gaseous emis-
sions, such as CO2, CO, THC, and NOx. An exhaust throttle
exerts back pressure on the exhaust line upstream simulating
the turbocharger efficiency. For studies, the exhaust throttle is
generally set to 50% [exhaust throttle position 50% (ETP50)],
resulting in an average turbocharger efficiency level of 86%. The
throttle position was varied only to investigate a potential
inuence of the exhaust gas temperature and exhaust back-
pressure on the particle number.
Particle measurement setup

For counting particle numbers, a Horiba Solid Particle Count-
ing System (SPCS) 2300 was used, consisting of a Condensation
Particle Counter (CPC) with a 50% cut-off size at 23 nm. Addi-
tionally, a TSI Inc. Model 3772 CPC with a 50% cut-off size at
10 nm was integrated – enabling synchronous measurement.
The measurement of nanoparticles is performed by optically
enlarging the particles with butanol vapor, which is rst
condensed and subsequently deposited on the particles. Larger
particles are separated through a cyclone-type collector. To
ensure butanol condensation, the inlet temperature of the CPCs
is set to 40 °C. As volatile material would also condense, a VPR
removes such compounds upstream. The VPR is herein
designed either as an evaporation tube with a dilution upstream
and downstream or as a catalytic stripper (CST) with a dilution
upstream. In both cases, the upstream dilution stabilizes the
aerosol and intentionally reduces the particle concentration so
as not to overload the evaporation tube or CST. This study's
particle number measurement system is equipped with a CST,
set to a temperature of 350 °C. Detailed information about the
setup can be found in the Appendix of Stark et al.65 Contrary to
the evaporation tube, the Direct Sampling Unit (DSU) oxidation
catalyzer does not only evaporate the material but further
© 2024 The Author(s). Published by the Royal Society of Chemistry
prevents re-nucleation by follow-up reactions. This ensures that
volatile materials are not mistakenly included in the measure-
ment. The dilution ratios of the rst Particle Number Diluter
(PND) and DSU are set to 10 and 15. In contrast, the second
stage is set to a xed dilution ratio of 10 – resulting in a total
dilution of 1 : 1500. The concentrations given in this study are
corrected by this factor and indicate the particle concentration
in the exhaust. The particle number counting system is located
aer the exhaust throttle so as not to be impinged with pres-
sured exhaust gas.

Simulation setup

Computational uid dynamic (CFD) simulations were con-
ducted to gain insight into the combustion behavior of
hydrogen and methane inside the combustion chamber. The
CONVERGE66 soware package, version 3.0.25, was utilized as
the computational framework. A model of the engine used in
the experimental investigations was built using the Reynolds-
averaged Navier–Stokes turbulence representation and
detailed chemistry calculations to represent the combustion
reactions. Following the validation of the charge exchange
model using experimental data in motored operation, a model
was created for each fuel type to enable a comparative analysis
of ame propagation and ame structure. For both fuels, an
engine speed of 1500 rpm and an inlet pressure of 2.1 bar were
utilized. To be consistent with the experimental operations, an
AFR of 2.5 was applied for hydrogen, while for methane, the AFR
was set to 1.5. To analyze the near-wall behavior, the propaga-
tion of OH radicals, which indicate the ame front, was inves-
tigated to determine the distance of the ame to the wall
throughout the combustion process.

Test procedure

Particle measurements were performed at varying AFR, IMEP,
and RHI successively for both hydrogen and CNG operations
Environ. Sci.: Adv., 2024, 3, 1524–1536 | 1527
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while maintaining identical injection conditions. These
included an engine speed of 1500 rpm, and a specic center of
combustion (CoC) value, which is dened as the degree of crank
angle at 50% of burnt fuel mass. The CoC was optimized for
each fuel to ensure stable combustion. The calculated AFR
varied from 1.4 to 1.7 in steps of 0.05 for CNG and from 2.5 to
2.9 in steps of 0.10 for hydrogen while maintaining an IMEP of
16.5 bar for CNG and 15 bar for hydrogen operation at
a constant RHI of 0%. The CoC was kept constant at 16 °CA
aTDC (crank angle degree aer top dead center) for CNG and at
10 °CA aTDC for hydrogen operation by varying the ignition
Fig. 2 Overview of the test bench and particle measurement setup
with the two successively used sampling points in the intake and
exhaust line.

1528 | Environ. Sci.: Adv., 2024, 3, 1524–1536
timing. For IMEP variations, the AFR was kept at a constant 1.6
for CNG and 2.5 for hydrogen operation at an RHI of 0%. The
IMEP was varied from 16 to 21 bar in steps of 1 bar for CNG
operation and from 15 to 17 bar in steps of 0.5 bar for hydrogen
operation. While varying the RHI from 0 to 80% in steps of 20%,
the AFR and IMEP were kept at a constant 1.6 and 17.5 bar for
CNG operation and 2.5 and 16 bar for hydrogen operation. The
elevated load in natural gas operation results from operating on
a consistently low compression ratio of 11.65 – optimized for
hydrogen operation – necessitating a higher load level to ensure
stable natural gas combustion. The criterion for stable
combustion is a standard deviation s of the IMEP of less than 3.

In addition to a red operation, particle measurements of
the inlet and exhaust air were also conducted in the motored
operation. Therefore, the intake air was supercharged at 1, 2,
and 4 bar, the RHI was varied from 0% to saturation in steps of
20%, and the engine speed in three steps from 1000 to
1750 rpm. To rule out relations, additional experiments were
conducted with an open exhaust throttle (ETP0) – reducing the
exhaust gas temperature due to a lower resulting back pressure.

Results and discussion

For comparison to the background concentration, PN was not
only measured in the exhaust but also in the intake air, compare
Fig. 3 and 4. Results for the intake air are consistently close to
zero (<1000 # cm−3) and are thus assumed to be negligible. With
particle formation from intake air pollution and fuel inuence
being ruled out, particle emissions can only be led back to
lubrication oil contribution and metallic abrasion. The
Fig. 3 PN23, PN10, and PN10/PN23 ratio in motored operation with
additional PN in intake air for variations of the engine speed and the
engine's supercharging level, defined as pin.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PN23, PN10, and PN10/PN23 ratio in motored operation with
additional PN in intake air for variations of the relative humidity in the
intake and the exhaust throttle position.

Fig. 5 p–v diagram operated on hydrogen at 1500 rpm, AFR = 2.5, 16
bar IMEP, and operated on CNG at 1500 rpm, AFR = 1.6, 16 bar IMEP
compared to motored operation.
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lubrication oil was kept consistent over all operations, motored
and red for both, hydrogen and natural gas operations.

The covariation of motored operation in Fig. 3 shows the
inuence of the engine speed and the engine's supercharging
level, dened as the intake pressure (pin), on PN measured in
the exhaust line. With higher engine speeds, PN23 and PN10 rise.
Likewise, both rise with higher supercharging up to 104 # cm−3

for PN23 and 105 # cm−3 for PN10, suggesting a maximum of
lubrication oil involvement for the highest set supercharging
level at the conventional engine speed of 1500 rpm. Addition-
ally, the engine speed has a major impact on piston and piston
ring friction, which leads to metallic abrasion and, therefore,
particle emissions based on engine wear.

Fig. 4 shows the inuence of the RHI and the exhaust throttle
position, varying the exhaust backpressure and temperature, on
the particle emission. At RHI's of over 45%, PN exceeds such of
covariation in Fig. 3, resulting in a maximum of 2.27 × 106 #
cm−3 at 60% RHI for PN10 and of 9.31 × 104 # cm−3 at 95% RHI
for PN23. With higher RHI, PN10 decreases again while PN23

increases, which is also observable by the decreasing ratio of
PN10/PN23. This leads to the assumption of agglomeration
processes. Minimizing exhaust backpressure thereby tends to
slightly lower PN. The results indicate that the lubrication oil at
the liner surface is more likely to be carried away with greater in-
cylinder pressure during the intake stroke and lower pressure
during the exhaust stroke. Operating the engine with a Miller
valve timing and lowering the in-cylinder pressure and
temperature by closing the intake valve before the top dead
© 2024 The Author(s). Published by the Royal Society of Chemistry
center is also assumed to encourage particle formation. In Fig. 5
and 6, the in-cylinder pressure over the in-cylinder volume and
the crank angle degree in hydrogen and CNG operation are
compared to the motored operation. During the red operation,
the pressure rises to approximately 119 bar during CNG oper-
ation and 128 bar during hydrogen operation in IMEP variation.
In contrast, the maximum pressure by compression only results
in approximately 60 bar (see Fig. 6). Hydrogen's higher ame
speed leads to a higher maximum pressure compared to natural
gas, despite the lower IMEPs.

An overview of the variations in red operation is given in
Table 2. The results are shown in Fig. 7. Analyzing the red
operation, a correlation between PN23 and PN10 emission and
RHI is not evident for either hydrogen or natural gas. Conse-
quently, the ratio between PN23 and PN10 remains constant.
This indicates that a slight increase in the heat capacity of moist
intake air compared to dry intake air has no noticeable effect on
the number of particles. Furthermore, this also conrms the
CST's ability to remove volatile particles. The variation in AFR
conversely affects particle emissions in both operations,
increasing PN23 and PN10 with leaner combustion. This effect is
slightly more pronounced for smaller particles in both
hydrogen and natural gas operations, resulting in a higher
PN10/PN23 ratio. The correlation between AFR and particulate
matter cannot be solely attributed to fuel combustion, as the
effect is observed in both natural gas and hydrogen engines,
with the latter having no combustion-induced particle emis-
sions. This suggests that oil-induced particles are inuenced by
in-cylinder temperature, with higher temperatures resulting in
Environ. Sci.: Adv., 2024, 3, 1524–1536 | 1529
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Fig. 6 Cylinder pressure trace for variations of AFR and IMEP in CNG,
hydrogen, and motored operation at 1500 rpm.
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fewer PN23 and PN10, and PN10 being more affected by
temperature. However, this hypothesis requires further
investigation.

The tendency of lower PN with ETP0 is also observable in
natural gas operation, analogous to motored operation, result-
ing in an average PN reduction of 21.6% for PN23 and 24.1% for
PN10 in comparison to ETP50. This may be related to the
dependence of the exhaust back pressure on in-cylinder ow
conditions during load exchange, which can lead to varying oil
wall detachment processes, resulting in different levels of
particulate formation.

The knowledge found in OME operation can be transferred
while measuring particles in natural gas operation: with a lack
of intramolecular C–C-bonds, the agglomeration of soot stem-
ming from the fuel combusting is greatly inhibited.15,18,19 This
results in particle emissions lower than 2 × 104 # cm−3

regarding PN23 and lower than 4 × 104 # cm−3 regarding PN10

over all investigations. Hydrogen operation, meanwhile, results
in particle emissions lower than 8 × 104 # cm−3 regarding PN23

and a maximum of 1.5 × 105 # cm−3 regarding PN10, occurring
Table 2 Overview of variations conducted in fired engine operation

Variation AFR (step size) in —

AFR H2 2.5–2.9 (0.10)
CNG 1.4–1.7 (0.05)

IMEP H2 2.5
CNG 1.6

RHI H2 2.5
CNG 1.6

1530 | Environ. Sci.: Adv., 2024, 3, 1524–1536
at the lowest maximum in-cylinder pressure at an IMEP of 15
bar. The overall higher particle numbers in motored operation
likely stem from the difference in in-cylinder pressure during
the combustion stroke, reducing lubrication oil detachment.

The composition of the particles was not analyzed as part of
this publication. Therefore, it is not possible at this stage to
make any statements about the impact of the particles on the
environment and health. Analyzing the particle composition
would also provide insights into the particle mass.

In engines where particles are both oil- and fuel-induced, as
is the case in diesel engines, particles in the range of 30 to
120 nm and larger are increasingly found in the raw
exhaust.24,46,67,68 A similar particle density in hydrogen and CNG
engines would result in a relatively low total particle mass for
the particle sizes present.

The shi towards smaller particle sizes in hydrogen and CNG
engines suggests that oil-dependent particles may agglomerate
with fuel-dependent particles in conventionally fueled engines –
forming larger particles in the process. To further investigate
this presumption, in situ gas sampling at different crank angles
could be conducted, as presented in Paum et al.69

The slightly increased particle numbers in hydrogen opera-
tion in comparison to natural gas are assumed to result from
the increased lubricating oil inuence due to the hydrogen's
combustion closer to the combustion chamber wall,70–72 leading
to particle emissions of ash originating from this oil. As
depicted in Fig. 9, simulation results conrm that hydrogen has
a lower ame-quenching distance than methane. Furthermore,
the simulations show that the hydrogen–air mixture spreads
more rapidly within the cylinder. This leads to an earlier and
longer ame–wall interaction in hydrogen operation compared
to methane operation.

In addition, the pre-mixed combustion process is assumed
to lead to hydrogenation of the lubricating oil. This might lead
to additional particle formation. The interaction of fuel and
lubricating oil is more pronounced in DI operation – depending
on spray breakup and injector position.

To evaluate the carbonaceous impact of the lubricating oil
combustion, leading to particle emissions, Fig. 8 presents THC,
CO, and CO2 emissions across variations of AFR, IMEP, and RHI
in ppm for both natural gas and hydrogen operation. Contrary
to natural gas operation, the carbonaceous emissions concen-
trations in hydrogen operation are below the detection limit of
the measuring instruments used – resulting in indicated values
of 0 ± 0.5 ppm for CO concentration and 0 ± 6 ppm for THC
concentration. A minimum of 500 ppm CO2 emission likely
IMEP (step size) in bar RHI (step size) in %

15 0
16.5 0
15–17 (0.5) 0
16–21 (1) 0
16 0–80 (20)
17.5 0–80 (20)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PN23, PN10, and PN10/PN23 ratio in hydrogen and natural gas operations for variations of AFR, IMEP, and the relative humidity in the intake,
additionally varying the exhaust throttle position in natural gas operation.
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arises due to the CO2 concentration in the intake air.73 The
values shown in Fig. 8 represent the total measured emissions,
including the baseline CO2 concentration from the intake air. In
natural gas operations, THC emissions rise with increasing AFR
Fig. 8 Absolute CO2, CO, and THC emissions in hydrogen and natural ga
intake.

© 2024 The Author(s). Published by the Royal Society of Chemistry
due to more incomplete combustion. A closer look at emissions
of THC is taken by Armbruster et al.,62 proving CH4 to be the
predominant contributor to THC in natural gas operations.
s operations for variations of AFR, IMEP, and the relative humidity in the
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Fig. 9 3D CFD simulations of hydrogen and methane combustion at an AFR = 2.5 for hydrogen operation and an AFR = 1.5 for methane
operation at 1500 rpm, comparing flame propagation and flame quenching distance for 40 °CA, 60 °CA and 90 °CA after TDC.
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Through higher RHI and, therefore, higher heat capacity in
the intake air, the combustion speed slows down, and
maximum combustion temperatures are reduced, enabling
a higher knocking resistance. However, invariably concomitant
with higher RHI is a reduction of the engine efficiency. With an
average of 47.9%, the engine's indicated efficiency hi in
hydrogen operation tops such of natural gas operation with an
average of 43.2%, justied in hydrogen's combustion
behavior.3,4,61,74 Similar results were observed in Armbruster
et al.,62 Eicheldinger et al.,75 and Peters et al.76
Conclusion and outlook

Analyzing the previous state of research, trends in investigating
the particulate emissions of automotive or heavy-duty engines
being partly or solely operated on natural gas or hydrogen can be
noticed as both fuels gain attractiveness due to their potential for
global decarbonization. Blends of both fuels with gasoline and
diesel are known to have the potential to drastically reduce
particle emissions. Natural gas- and hydrogen-powered PFI
engines also enable engine operations with reduced pollutant
emissions. Regarding particle emissions, most PN results from
1532 | Environ. Sci.: Adv., 2024, 3, 1524–1536
fuel-independent particle emissions, e.g., ash originating from
lubricating oil and engine wear. Investigating a large SI-PFI
engine operated on hydrogen and natural gas for the rst time
in this study and the results found in automotive and heavy-duty
engines can be conrmed: particle emissions measured down to
10 nm amount up to 104–105 # cm−3, whereby particle intro-
duction due to the intake air was ruled out. Unexpectedly, PN
emissions from hydrogen operations are slightly higher than
those of natural gas operations. This is assumed to result from
the increased lubricating oil inuence due to hydrogen's reduced
quenching distance to the combustion chamber wall and inter-
action with the oil lm. It may be worthwhile to examine the
tribological components, e.g., piston rings and piston design for
hydrogen engines due to the stated differences. However, the
results indicate no signicant relevance concerning the regulated
emission limit values. The particulate emission of the motored
operation of the charged engine surpasses the red operation.
The particle count also rises with higher charging and engine
speed, inuencing the contribution of lubrication oil. Still, an
extended emissions analysis based on the gaseous components
THC, CO, and CO2 shows negligible carbonaceous emissions in
hydrogen operation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Consequent to developments in hydrogen engines, speci-
cally their injection concepts, research on particulate emissions
lately tends towards hydrogen DI-engines. The results thereby
show particle emissions like such of long-chain hydrocarbon
fuels for nanosize particles, likely stemming from lubrication
oil. Therefore, this study's ndings are planned to be compared
with the results of a DI setup of the single-cylinder research
engine in the future. Furthermore, investigating PN emissions
in hydrogen-powered HPDF engines with OME as pilot fuel is of
great interest.77 Investigations on the particle composition and
in situ gas sampling would additionally support the research on
fuel-independent particles.
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 Single-cylinder engine

SI
 Spark ignited

SOI
 Start of injection

SPCS
 Solid particle counting system

TA
 Technical instructions on clean air

TDC
 Top dead center

THC
 Total hydrocarbons

TUM
 Technical University of Munich

vol%
 Percentage by volume
Author(s). Published by the Royal Society of Chemistry
VPR
 Volatile particle remover

wt%
 Percentage by mass

30HCNG
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