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A B S T R A C T

Hydrogen substitution in applications fueled by compressed natural gas arises as a potential alternative to
fossil fuels, and it may be the key to an effective hydrogen economy transition. The reduction of greenhouse
gas emissions, especially carbon dioxide and unburned methane, as hydrogen is used in transport and industry
applications, makes its use an attractive option for a sustainable future. The purpose of this research is to
examine the gradual adoption of hydrogen as a fuel for light-duty transportation. Particularly, the study focuses
on evaluating the performance and emissions of a single-cylinder port fuel injection spark-ignition engine as
hydrogen is progressively increased in the natural gas-based fuel blend. Results identify the optimal conditions
for air dilution and engine operation parameters to achieve the best performance. They corroborate that the
dilution rate has to be adjusted to control pollutant emissions as the percentage of hydrogen is increased.
Moreover, the study identifies the threshold for hydrogen substitution below which the reduction of carbon
dioxide emissions due to efficiency gains is negligible compared to the reduction of the carbon content in the
fuel blend. These findings will help reduce the environmental footprint of light-duty transportation not only
in the long term but also in the short and medium terms.
1. Introduction

Concentrations of carbon dioxide (CO2), methane (CH4), and dini-
trogen oxide (N2O) in the atmosphere have reached the highest values
recorded to date. The increase of these greenhouse gases (GHG) com-
pared to the most pessimistic predictions suggests that the harmful
consequences of global warming will increase in the medium and also
in the short term. Historical records evince a significant global surface
temperature increment since 1970 [1]. As a consequence, the temper-
ature increase threshold established at the Paris Climate Conference
(COP21) [2], will be exceeded if no drastic measures to reduce GHG
emissions are taken in the next few years.

Around 73.2% of worldwide GHG emissions are related to energy
production. This percentage considers the contribution of transporta-
tion (including road, rail, air, and marine applications), which repre-
sents 16.2% of the total. The global road transport emissions account
for 11.9% [3], whereas this value increases 19.4% in Europe [4].

In this scenario, conventional fuels such as gasoline and diesel
are expected to be replaced by carbon-free renewable alternatives.
The most attractive option is probably the switch to Battery Electric
Vehicles (BEVs). However, the future availability of specific materials
(such as lithium, cobalt, or nickel), the low energy density of current
batteries, and the fact that their implementation does not strictly mean
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a reduction in GHG emissions – BEVs emissions are related to electricity
production – make their application to the entire fleet of transport
vehicles not optimal. In this sense, a massive BEV implementation may
lead to an undesired rise in GHG emissions if non-renewable energy
sources are used to feed the grid. In addition, the overall efficiency
of the system could be reduced, increasing the energy demand and
resulting in higher energy prices [5].

The use of current internal combustion engine (ICE) power plants
still represents one of the most realistic options to achieve an efficient
and effective decarbonization of transportation if combined intelli-
gently with alternative fuels, electrification, and the use of renewable
energy sources. A multitude of new fuel options are being evaluated,
such as hydrotreated vegetable oil (HVO), synthetic hydrocarbon fu-
els made from biomass (BtL), dimethyl ether (DME), oxymethylene
dimethyl ethers (OMEx), alcohols (ethanol, methanol, or butanol),
among others [6]. All of them are interesting from the point of view of
low GHG footprint considering both their production and use in energy
generation.

The Environmental Protection Agency (EPA) believes that methane
or its commercial surrogate, compressed natural gas (CNG), could be a
viable fuel in the near future. The high hydrogen-carbon ratio (H/C)
of CNG reduces CO2 and particulate matter (PM) emissions during
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combustion [7]. Moreover, the higher octane number of CNG compared
to gasoline allows for the use of higher compression ratios, resulting
in improved thermal efficiency. CNG can be obtained from renewable
sources, such as anaerobic digestion (AD), where organic materials like
food waste, sewage sludge, livestock waste, crop residues, or sequential
crops are decomposed into biogas containing 50% to 70% of CH4,
with the remaining percentage being CO2. Additionally, the organic
waste used in this process can be utilized to generate bio-fertilizers,
contributing to the development of a circular economy. Lee et al. [8]
analyzed the environmental impacts of different anaerobic digestion
technologies applied to sludge for energy production, and found that
renewable CNG production could reduce GHG emissions by 39% in the
worst-case scenario. Although the share of biogas is still small in most
developed countries, it is expected to increase in the future [9]. When
applied to road transport applications, CNG vehicles are considered a
better option for passenger transport, both in urban and intercity set-
tings, compared to diesel vehicles in terms of equivalent CO2 emissions
and total cost of ownership (TCO) [10].

Hydrogen (H2) is a potential alternative to current fossil fuels.
Recent studies have demonstrated the potential of hydrogen direct
injection (H2-DI) in achieving high performance and efficiency. By
controlling the timing of the intake valve closing and exhaust valve
opening, researchers achieved an impressive 42.2% brake thermal ef-
ficiency (BTE) [11]. However, retrofitting conventional internal com-
bustion engines with port fuel injection (PFI) is more straightforward
and less expensive than converting them to direct injection. A review
of the literature reveals that research on the conversion of existing
gasoline engines to hydrogen internal combustion engine (HICE) pro-
totypes is commonly found [12]. In addition, hydrogen PFI offers
other advantages, including longer mixing time and optimized injection
parameters.

Despite its excellent combustion properties, hydrogen-powered en-
gines face similar disadvantages as BEVs. If water electrolysis is used to
split water into hydrogen and oxygen (O2), the bottleneck to achieving
a complete CO2-free energy production chain is electricity. Therefore,
a largely GHG-free grid production is necessary to ensure a real GHG-
free H2 fuel (green hydrogen) with a low environmental footprint.
Despite this huge challenge, hydrogen is expected to play a key role in
future decarbonization plans in Europe. For example, in the European
Union (EU), 40% of the total natural gas-based heating systems will
be adapted to use 7% (in volume) of hydrogen-compressed natural gas
(HCNG) fuel blends by 2030, and 32% HCNG by 2040 [13].

Due to the evident synergy between both fuels, several researchers
have investigated the use of HCNG blends as an alternative fuel for
internal combustion engines. Adding hydrogen to CNG has been shown
to extend dilution limits and improve combustion stability [14]. Duan
et al. [15] proposed an improved particle swarm algorithm optimized
back propagation neural network method to study HCNG flame propa-
gation. Du et al. [16] studied the effects of turbulent intensities and
equivalence ratios on the flame structure of outwardly propagating
HCNG-premixed flames. Kosmadakis [17] examined the cyclic variabil-
ity in a spark-ignition (SI) engine fueled with CH4/H2 blends using a
computational fluid dynamics (CFD) code. Mehra et al. [18] summa-
rized the expected benefits of HCNG in terms of performance, emis-
sions, and other relevant parameters in a review. Furthermore, Pandey
et al. [19] found that smaller amounts of hydrogen in CNG could
avoid costly and complex engine modifications required to achieve
maximum brake torque ignition timing, making the conversion to
HCNG a more viable option for vehicles [20]. Additionally, Gupta
et al. [21] demonstrated the reduced environmental impact of HCNG-
fueled vehicles throughout their life cycle, highlighting its potential as a
promising alternative fuel. In a study conducted by Sagar et al. [22], the
knocking characteristics of a single cylinder port fuel injected SI engine
were examined using different fuels, including hydrogen and HCNG
2

mixtures. The study found that hydrogen-enriched natural gas led to o
reduced emissions of CO2, hydrocarbons (HC), and carbon monoxide
(CO), but resulted in increased nitrogen oxides (NOx) emissions.

The production of NOx is a major concern associated with high-
hydrogen content fuels. Numerous studies have been conducted to
address this issue in HCNG-fueled engines. Park et al. [23] evaluated
two dilution methods and found that the lowest engine-out NOx emis-
ions were observed under lean combustion. Similarly, Rao et al. [24]
eveloped a quasi-dimensional combustion model with exhaust gas
ecirculation (EGR) [25] to predict NOx emissions. Prasad et al. [26]
nvestigated the combustion, performance, and emission characteristics
f different HCNG mixtures under identical maximum brake torque
iming using laser-induced ignition and spark ignition techniques. Laser
gnition reduced the kernel flame formation and propagation time and
roduced less NOx than conventional spark ignition [27].

The various investigations conducted so far highlight the complexity
f achieving GHG-free mobility. Fuel production, costs, and availabil-
ty, as well as vehicle manufacturing and operational requirements, are
ome of the key aspects that need to be considered for a progressive and
ealistic decarbonization of transportation. HCNG fuel blends may offer
n intermediate and flexible solution to adapt propulsion requirements
hile optimizing the transition to a fully-developed hydrogen economy.

n this sense, natural gas can partially meet the energy demand until
reen hydrogen becomes more widely available. Despite the large
umber of investigations, almost all of them focus on giving a very
pecific view of a particular situation which is difficult to extrapolate to
ther cases (i.e. focusing on a specific technology, operating strategy...).
owever, the current situation demands a more general vision that
llows a quick adaptation to the changing conditions of the environ-
ent, such as the economy, socio-political interests and environmental

actors.
The objective of this investigation is to evaluate the performance

nd emission levels of a single-cylinder spark-ignition (SI) engine fueled
y HCNG blends, considering different scenarios based on the availabil-
ty of green hydrogen. This method will help establish an optimized
oadmap towards the use of hydrogen as a sustainable fuel for the
uture. As a result, the optimal share of hydrogen in the fuel blend to be
argeted in further development steps (i.e. at a multi-cylinder or vehicle
evels) can be defined based on the current situation in each region,
ignificantly reducing the global warming footprint of transportation
uring the transition process. This strategy represents a significant step
orward, as it not only focuses on the ultimate goal of a fully-developed
ydrogen economy, but also allows for flexible adaptation during the
ransition. In this sense, the study brings together current technologies
nd strategies to be applied and re-adapted to the external factors,
ontributing to the current knowledge gap.

. Materials and methods

This section presents a detailed description of the tools and methods
mployed in the investigation, with the aim of providing a clear and
oncise picture of the experimental techniques and procedures.

.1. Experimental tools

The experimental campaign was carried out on a single-cylinder SI
esearch engine equipped with a port fuel injection system. The main
ngine specifications listed in Table 1 were the same as those used in
previous investigations [28,29]. The fuel blend, which was injected

sing two different injectors, allowed enhanced control over the mixing
nd injection processes. Both injectors utilized in the study were Zavoli
ET Injectors specifically designed for gaseous fuels. These devices are
apable of operating at a maximum pressure of 4.5 bar and within a
emperature range of −40 ◦C to 120 ◦C. The discharge nozzle of each
njector has a diameter of 3 mm.

Fig. 1 depicts the schematic of the test cell used in this research. The

riginal test bench layout was modified to accommodate dual gaseous
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Fig. 1. Test bench layout.
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Table 1
Engine specifications.
Number of cylinders 1
Displaced volume 454.2 cm3

Stroke 86.0 mm
Injection systems PFI
Ignition system Spark plug
Cylinder diameter 82.0 mm
Compression ratio 10.7
Connecting rod length 144.0 mm
Valves per cylinder 2 intake, 2 exhaust
Engine management system AVL PREMS GDI
Combustion system 4-valve pent roof GDI
IVO* −380 CAD
IVC* −135 CAD
EVO* −600 CAD
EVC* −338 CAD
*with respect to the firing TDC (0 CAD)

uel strategies. In-cylinder pressure was measured using a piezoelectric
ensor, while exhaust emissions were recorded using a HORIBA MEXA-
100EGR device. The mass flow rate of both fuels was controlled by
wo flowmeters: Bronkhorst F-113AC-1M0-AAD-55-V for hydrogen, and
-113AC-M50-AAD-55-V for CNG. The experimental facilities provided
omprehensive control over all relevant parameters. Boost conditions
ere achieved using an external compressor, and the exhaust back
ressure was regulated by a knife-gate valve located on the exhaust
ine. The accuracy of the instrumentation is presented in Table 2,
nd the precision of the gaseous pollutant measurements is shown in
able 3.

In terms of fuel definition, CNG was obtained directly from the
panish natural gas network and compressed. Its composition consisted
f 89.95% methane, 6.27% ethane, and other impurities. On the other
and, hydrogen was supplied in pressurized tanks. Further details about
oth fuels are summarized in Table 4.
3

𝜌

Engine and combustion-related output parameters, such as Indi-
cated Mean Effective Pressure (IMEP), cycle-to-cycle variability ex-
pressed by the IMEP covariance (COVIMEP), emissions levels, and in-
dicated efficiency, were computed using an in-house combustion diag-
nostics tool [30]. The tool was adapted for hydrogen, CNG, and HCNG
fuel blends.

The referred combustion diagnosis tool estimates the energy re-
leased during combustion by resolving the energy equation with the
measured in-cylinder pressure, and assuming several simplifications.
For instance, it considers uniform pressure and temperature fields
throughout the whole combustion chamber and several simplifications
for estimating the heat transferred to the cylinder walls among others.
It has been improved during some modifications [31] to reduce errors
in the calculations.

The model originally considered three different components: air,
fuel, and combustion products. The fuel component is now considered
a single hydrocarbon (CxHyOz) with equivalent properties of the real
fuel mixture. The properties of this fuel element are weighted by the
fuel composition used in each test as:

𝑌 i
fuel =

𝑚̇i
fuel

𝑚̇1
fuel + 𝑚̇2

fuel
(1)

𝑋i
fuel =

𝑌 i
fuel∕𝑀

i
fuel

𝑌 1
fuel∕𝑀

1
fuel + (1 − 𝑌 1

fuel)∕𝑀
2
fuel

(2)

Here, Yi
fuel and Xi

fuel represent the fuel mass and molar fraction of
each fuel element (i → {CNG,H2}), ṁi

fuel is the mass flow rate and Mi
fuel

he molar mass of fueli.
Therefore, the most relevant properties such as Lower Heating Value

LHVavg), molar mass (Mavg) and density (𝜌avg) of the equivalent fuel
can be computed as:

LHVavg = LHV1
fuel ⋅ 𝑌

1
fuel + LHV2

fuel ⋅ 𝑌
2
fuel (3)

𝑀avg = 𝑋1
fuel ⋅𝑀

1
fuel +𝑋2

fuel ⋅𝑀
2
fuel (4)

avg = 𝑌 1 ⋅ 𝜌1 + 𝑌 2 ⋅ 𝜌2 (5)
fuel fuel fuel fuel
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Table 2
Instrumentation accuracy.
Signal (High frequency) Sensor Specification

In-cylinder pressure Piezoelectric sensor 0 to 250 bar ± 0.3% linearity
Intake pressure Piezoresistive sensor 0 to 10 ± 0.001 bar
Exhaust pressure Piezoresistive sensor 0 to 10 ± 0.001 bar

Variable (Low frequency) Sensor Specification

Engine Speed Optical angular encoder 1 to 6000 ± 1 rpm
Engine Torque Strain-gauges torque-meter −200 to 200 ± 1 N m
Intake pressure Piezoresistive transducer 0 to 10 bar ± 1%
Exhaust pressure Piezoresistive transducer 0 to 10 bar ± 0.3%
Intake temperature Thermocouple type K 0 to 1000 ± 0.5 ◦C
Exhaust temperature Thermocouple type K 0 to 1000 ± 0.5 ◦C
Fluid temperature Pt100 thermoresistance −200 to 850 ± 0.3 ◦C
Air mass flow Air flow meter 0.6-100 m3/h ± 1%
Hydrogen mass flow Thermal mass flow meter 200–1600 l/min (based on N2) ± 0.5%
CNG mass flow Thermal mass flow meter 200–1600 l/min (based on N2) ± 0.5%
.

Table 3
Accuracy levels of HORIBA MEXA 7100 DEGR for measurements of gaseous pollutants

Pollutant Analyzer Range Accuracy

HC FID min. 0 to 10 ppm C ± 3%
max. 0 to 50 kppm C

NOx CLD min. 0 to 10 ppm ± 3%
max. 0 to 10 kppm C

CO NDIR min. 0 to 3 kppm C ± 3%
max. 0 to 12 vol%

CO2 NDIR min. 0 to 5 kppm C ± 3%
max. 0 to 20 vol%

O2 PMA min. 0 to 5 vol% ± 3%
max. 0 to 25 vol%

𝑌 avg
C = 𝑌 1

fuel ⋅ 𝑌
1
C + 𝑌 2

fuel ⋅ 𝑌
2
C (6)

𝑌 avg
H = 𝑌 1

fuel ⋅ 𝑌
1
H + 𝑌 2

fuel ⋅ 𝑌
2
H (7)

𝑌 avg
O = 𝑌 1

fuel ⋅ 𝑌
1
O + 𝑌 2

fuel ⋅ 𝑌
2
O (8)

2.2. Definition of scenarios

This section describes the basis of the method used to simulate
the transition to a fully-developed hydrogen economy, considering
different scenarios based on the availability of green hydrogen. The
assessment of the complete decarbonization of the transport sector,
particularly from a tank-to-wheel perspective, is conducted through
four different situations that progress from the use of a current fossil
fuel (CNG) to the ultimate scenario of using H2 as fuel. Accordingly, it
should be possible to define the optimal fuel composition that ensures
a substantial reduction in GHG emissions. Fig. 2 provides a summary
of the key aspects of each scenario, including the transition from CNG
(Step I), low hydrogen substitution (Step II), high hydrogen substitution
(Step III), and finally hydrogen (Step IV).

In the current situation (Step I), where there is limited infrastructure
for green hydrogen production, CNG could serve as an alternative to
conventional fuels. With anticipated advancements in biogas produc-
tion and improvements in CNG-powered engines, it may be possible
to achieve a reduction in GHG emissions without changing the fuel
composition. This initial scenario is thus centered on enhancing the
CNG combustion process, reducing NOx emissions, and minimizing
thermal losses through the implementation of a dilution strategy.

Disadvantages of lean combustion, such as high cycle-to-cycle dis-
persion that limits engine performance, will be attempted to be over-
come in the second scenario (Step II). In this scenario, a small amount
of H2 will be required to improve CNG combustion features. Combining
Steam Methane Reforming (SMR) with Carbon Capture and Storage
4

Table 4
Specifications of CNG and H2 fuels.
Properties CNG H2

RON 120 > 130
AFst 16.00 34.3
LHV 46.87 MJ/kg 119.9 MJ/kg
H/C 3.79 –
O/C 0.026 –
Molar mass 17.77 g/mol 2.01 g/mol
Purity – ≥ 99.9%

(CCS) techniques could help introduce enough hydrogen to control
CNG combustion instabilities at the beginning of the transition process.
Additionally, these quantities of hydrogen can be obtained through an
onboard reforming system [32]. In this way, the hydrogen line can
be removed from the vehicle, avoiding the need for large amounts of
H2 storage and subsequently minimizing the range distance penalties
associated with low hydrogen density. This approach can be initially
implemented in niche fleets and later extended to other vehicle types
as local hydrogen grids are established.

As the distribution, production, and storage challenges associated
with H2 are solved, green hydrogen will reduce energy costs, boost
industrial competitiveness, and also diversify energy sources. In this
scenario (Step III), an extensive refueling station network and pipeline
infrastructure will be built. The focus is no longer on improving CNG
combustion, but rather on reducing the carbon content of the fuel. Ad-
ditionally, a wider dilution range can be achieved thanks to hydrogen
combustion properties, which is expected to result in efficiency gains.

In the final scenario (Step IV), only hydrogen is used as a fuel
for ICEs. This scenario represents a fully-developed hydrogen economy
where fossil fuels are completely replaced. Decoupling the demand for
resources from access to highly efficient energy production can help
achieve zero effective emissions. Similar to the previous scenario, the
objective is to identify the optimal dilution conditions for achieving the
lowest fuel consumption.

2.3. Definition of operating conditions

An experimental campaign was conducted to compare the engine
performance and emission levels (including pollutants and greenhouse
gases) under the scenarios defined above. The engine operating condi-
tions used for each scenario are summarized in Table 5.

As it can be seen, two engine speeds (1500 and 3000 rpm) and
three engine loads (4, 7 and 10 bar of IMEP) are studied, being enough
representative of real driving conditions. The operating conditions are
referred by a pair of numbers ([rpm]@[bar]) representing the engine
speed and engine load (IMEP). The IMEP targets were established
by operating the engine with a stoichiometric CNG mixture without
the use of external EGR. Once the desired load level was achieved,
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Fig. 2. Diagram of the proposed method based on the different scenarios to mimic the fuel transition.
Table 5
Test matrix definition.

Operating point Step I Step II Step III Step IV

1500@4 𝜆 = [1, 𝜆CNG
max ] 𝜆CNG

max – 𝜆 sweep

1500@7 𝜆 = [1, 𝜆CNG
max ] , EGRCNG

max 𝜆CNG
max 𝜆 sweep 𝜆 sweep

1500@10 𝜆 = [1, 𝜆CNG
max ] 𝜆CNG

max – –

3000@10 𝜆 = [1, 𝜆CNG
max ] 𝜆CNG

max – –

the fuel energy was calculated based on the injected mass of CNG
and its LHV. Subsequently, the injected fuel mass was adjusted to
maintain the same energy available for combustion at that particular
load level. As a result, the amount of injected fuel mass is reduced
as the hydrogen percentage is increased in the fuel blend due to its
higher LHV. Specifically, for an equivalent CNG condition, the amount
of H2 is 60% lower. Furthermore, it should be noted that under these
conditions, the IMEP level may vary if the thermal efficiency changes
due to modifications in other parameters, such as the dilution ratio
or combustion phasing. Therefore, the target values of engine load,
which are used to designate the operating points, should be viewed as
qualitative references that simply indicate whether the engine load is
low, medium, or high.

In most research works, the hydrogen content in the fuel blend is
expressed in volumetric fraction. However, the authors chose the mass
fraction as the characterization parameter because it facilitates dis-
cussion in the scenarios considered. Fig. 3 illustrates the equivalences
between different ways of characterizing mixtures in terms of hydrogen
content.

The energy deposition provided by the spark plug was maintained in
all tests. The intake temperature measured at the surge tank was fixed
at 308.15 K, and oil and coolant temperatures were kept constant at
363.15 K. The dilution ratio (air-to-fuel ratio) was controlled through
the intake pressure. Three repetitions of each test were recorded to
reduce the uncertainty of the measurements. The results presented in
the following sections correspond to the average value of these three
repetitions.

Depending on the scenario considered, some aspects of the method-
ology have been adapted according to:

• In Step I, four operation conditions (1500@4, 1500@7, 1500@10,
and 3000@10) were studied. The spark timing (ST) was case-by-
case optimized to reach the maximum brake torque (MBT) limit
at stoichiometric and maximum-diluted conditions. The latter
situation is achieved when 5% of COVIMEP is exceeded. Also, the
impact of diluent composition – air–fuel ratio (𝜆) vs. exhaust gas
recirculation – was analyzed through an ST sweep comparison.

• In the second scenario (Step II) low hydrogen content fuels with
1% of H2 by mass (HCNG1), 2% (HCNG2), and 3% (HCNG3) were
analyzed. This upper limit was fixed to avoid high volumetric
5

losses and abnormal combustion phenomena such as pre-ignition
or backfire. The same operation conditions used for Step I were
considered in the analysis. The air-to-fuel ratio was obtained also
from the previous scenario, being stabilized by the maximum
dilution achieved in each operating condition.

• The third scenario (Step III) focuses on evaluating high hydro-
gen content fuels. Since the amount of H2 in the fuel blend
increased significantly, the effect of higher dilution was also
studied. Sweeps of 𝜆 were measured at the MBT limit from close
stoichiometric (𝜆 ≈ 1.2) to ultra-lean conditions (𝜆 > 2). The
analysis was focused only on the operating condition 1500@7.
The fuel composition was defined by increasing the hydrogen
amount in 25% steps (HCNG25, HCNG50, and HCNG75).

• Finally, hydrogen combustion was assessed at two operation con-
ditions (1500@4 and 1500@7) in Step IV. The idea is to give
an overview of the main limitations when operating a PFI SI
engine with hydrogen fuel. The analysis was focused on the same
boundary conditions considered for the previous scenario.

3. Results

Results are divided into four sections, analyzing in detail the per-
formance and emission levels under each of the proposed scenarios.

3.1. No hydrogen fuel availability

The target of this first study is to establish an initial reference for
future comparisons, giving an overview of a situation similar to the cur-
rent one. First, Fig. 4 shows a comparison of diluent compositions under
the operating condition 1500@7. In general, the stable ST window is
reduced with respect to the stoichiometric case when considering any
type of dilution. This is particularly evident in the case of air dilution
(𝜆max = 1.47) where the stable ST window is reduced from 14 to 12
CAD. In addition, this window is systematically advanced, moving the
MBT point from −14 CAD aTDC to −26 CAD aTDC for the air dilution
case, and to −34 CAD aTDC for the EGR dilution case (EGRmax = 21%).

The MBT case for 𝜆𝑚𝑎𝑥 conditions reports approximately 15% more
IMEP than the stoichiometric case (𝜆 = 1). This gain decreases up to 3%
when considering EGR dilution. Trends of Gross Indicated Efficiency
(GIE) are analogous to the IMEP profiles. As expected, the highest
values of GIE are achieved for the air dilution cases, reaching almost
37%. Using EGR dilution is possible to achieve slightly higher levels
compared with the non-diluted case (35% from 33%). Cycle-to-cycle
variation (CCV) is analyzed through COVIMEP parameter. Results show
how combustion stability is strongly compromised when delaying the
ST in diluted conditions. While the non-dilution tests are able to burn
properly even at delayed ST (around −10 CAD aTDC), dilution tests
experience a significant combustion instability at a given ST. This point
is around −22 CAD aTDC for the air dilution and around −28 CAD aTDC
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Fig. 3. Characterization of fuel blends as a function of hydrogen percentage on mass, volume, and energy content.
Fig. 4. Performance levels comparison. Different dilution strategies (no dilution, air
nd EGR) are considered at 1500 rpm and 7 bar of IMEP.

or the EGR dilution. Regarding fuel consumption, dilution strategies
educe ISFC achieving an optimal point of 198 g/kWh at maximum air
ilution conditions.

Trends of main pollutant and GHG emissions are plotted in Fig. 5.
ince methane has 25 times more greenhouse effect than CO2, un-

burned HC should be considered in the GHG analysis. In this investiga-
tion, it was not possible to discretize the HC measurement into methane
and other intermediate species. However, the chemical characteristics
of methane (dissociation energy, chain length, etc.) make the amount
of HC intermediate species at the exhaust tailpipe negligible. Therefore,
the unburned HC measurement included in Fig. 5 can be qualitative,
and to some extent quantitative, indicator of CH4 emissions. In this
case, unburned HC increased respect to non-diluted cases when using
air dilution, especially at delayed ST. Similarly, HC emissions due to
EGR dilution also increase at delayed ST.

Regarding pollutant emissions, NOx are drastically reduced when
diluting by EGR. Contrarily, air dilution shows comparable values to
those of the non-diluted stoichiometric case, being higher for cases with
larger ignition advance. The effect of the spark timing is higher for
air-diluted conditions than for the non-diluted case. EGR dilution is
less sensitive to ignition timing. CO emissions are comparable between
the non-diluted and EGR-diluted cases, whereas they are significantly
reduced in the case of air-dilution since the higher oxygen availability
6

promotes CO oxidation to CO2.
In view of the better results obtained with air dilution, the extension
of the analysis to all operating points is carried out only considering
this type of dilution. The study, presented in Figs. 6 and 7, is focused
on the MBT case of the non-diluted stoichiometric and maximum 𝜆
tests at each operating point. A general improvement is observed in
GIE and therefore in IMEP levels. This significantly improves the fuel
consumption in all operating points, while maintaining combustion
stability.

As far as emissions are concerned, due to the fact that part of
the fuel is not completely oxidized in stoichiometric conditions, a
NOx emission increase due to a higher temperature and improved
combustion performance at maximum 𝜆 is observed. Note that although
HC levels are maintained, the amount of CO is drastically reduced.

3.2. Low hydrogen content in the fuel

This scenario was deeply analyzed by the authors in a previous pub-
lication [28]. Focusing almost exclusively on the combustion process
analysis, the authors show the effect of small hydrogen substitution
percentages. Results showed that combustion was enhanced by increas-
ing the percentage of hydrogen in the fuel. The high flame speed and
wide ignition limits of hydrogen accelerate the combustion process, im-
proving combustion stability at high dilution conditions [33]. The HRR
is systematically advanced to the compression stroke and significantly
shortened under equivalent conditions. This causes an increment in the
maximum in-cylinder pressure peak: around 10 bar when comparing
the CNG and HCNG with 3% hydrogen concepts in the 3000@10 test.
This faster combustion leads to a CCV reduction, and it also widens the
stable operating range determined by the spark timing.

To see the impact of these effects on engine performance and emis-
sions, the analysis performed is complemented by the results in Figs. 8
and 9. Here, the performance levels, emissions and other relevant pa-
rameter es are plotted for the four operating points considered so far at
the MBT limit. Fig. 8 shows an optimum point around 2% of hydrogen
substitution. IMEP and GIE parameters evince the highest values at
this hydrogen content in all operating points. As revealed in [28],
combustion stability is improved especially at low load (1500@4) and
high load-speed (3000@10). Requirements of the boosting system can
be estimated through the intake pressure inspection. This is especially
relevant in the case of HCNG fuel blends due to the low density of
hydrogen that may compromise the volumetric efficiency in a PFI
system. Results do not show a critical rise in intake pressure due to
the small amounts of H2 present in the fuel, suggesting that volumetric
losses are not relevant.

Regarding GHG emissions, Fig. 9 show an improvement in terms
of both CO2 and CH4 (quantified through the unburned HCs) as the
hydrogen content increase. This enhancement is a consequence of

better GIE and combustion stability. NOx emissions are not significantly
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Fig. 5. Emission levels comparison. Different dilution strategies (no dilution, air, and EGR) are considered at 1500 rpm and 7 bar of IMEP.
Fig. 6. Performance levels comparison at the MBT limit of all operating points.

Fig. 7. Emission levels comparison at the MBT limit of all operating points.

ffected by the increase of the H2 percentage. As Fig. 9 shows, there is
o clear relationship between hydrogen content and these emissions.
he only substantial difference is that in general, HCNG cases have
7

Fig. 8. Performance levels comparison. Different fuel compositions (CNG, HCNG1,
HCNG2, and HCNG3) are considered at the MBT limit of 1500@4, 1500@7, 1500@10,
and 3000@10.

slightly higher values than CNG cases, probably due to the higher local
temperatures achieved due to H2 addition. CO emissions depend on the
operating point studied. Hydrogen helps to slightly reduce CO in the
products at 1500@4, 1500@7 and 3000@10, whereas trends are not
so clear at 1500@10.

In summary, low hydrogen substitution results in better perfor-
mance outputs when small amounts of H2 are considered. Higher
combustion stability leads to enhanced control over combustion which
extends the operating range. The higher thermal efficiency, the carbon
substitution by hydrogen, and enhanced combustion stability help to
reduce GHG emissions. CO emissions remain at the same level of CNG
combustion while NOx levels highlight the need for catalytic converters
to deal with pollutant regulations.

3.3. High hydrogen content in the fuel

In this scenario, the operating point 1500@7 was chosen as the
representative condition to continue with the investigation. Results of
increasing hydrogen share to 25, 50, and 75% (in mass) are analyzed
at different 𝜆 conditions.

Fig. 10 shows the performance level of each fuel composition and
dilution condition. Again, IMEP and GIE values follow an equivalent
behavior due to the testing method used in this investigation (same fuel
energy per test). Therefore, the engine performance output is directly
related to efficiency. There are two regions characterized by how 𝜆
affects these parameters. From stoichiometric conditions to 𝜆 = 2,
each 0.2 𝜆 increment grows efficiency by approximately 1%. Then,
the efficiency-performance growth ratio is reduced for higher dilution
rates. In this study, the maximum measured 𝜆 was determined by the
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Fig. 9. Emission levels comparison. Different fuel compositions (CNG, HCNG1, HCNG2,
and HCNG3) are considered at the MBT limit of 1500@4, 1500@7, 1500@10, and
3000@10.

Fig. 10. Performance levels comparison. Different fuel compositions (HCNG25,
HCNG50, and HCNG75) are considered at 1500 rpm and 7 bar of IMEP.

drop in efficiency, never reaching the point where the COVIMEP exceeds
%. Thus, the CCV remains bounded at all measured points, even at the
ighest diluted points.

Focusing on the effect of fuel composition, HCNG25 results show the
ighest values of GIE at the same 𝜆 above HCNG50 and HCNG75. As the
ydrogen content increases the IMEP and GIE levels decrease whereas
he maximum value is reached at a higher dilution ratio. This peak
alue is achieved at 𝜆 = 2 for HCNG25, 𝜆 = 2.2 for HCNG50 and 𝜆 = 2.4
or HCNG75. Since the combustion stability is not excessively altered
n any of the conditions measured, the efficiency drop observed due to
he hydrogen increase in the fuel should be directly related to the wall
eat transfer. The high burning rate of hydrogen incites heat transfer
osses by increasing convection while reducing the quenching distance.
hudo et al. [34] investigated the cooling losses in SI engines using CNG
nd H2, showing higher cooling losses for hydrogen. Nieminen [35]
tudied the potential of hydrogen compared to gasoline as a fuel for
CE at the same air dilution. They demonstrated that hydrogen reduces
eat rejection and blowdown during the exhaust stroke. In another
ork by Nieminen et al. [36] an exergy analysis pointed out that
HICE improves thermodynamic efficiency and reduces combustion

rreversibilities. Nevertheless, less indicated work was obtained in com-
arison with gasoline because of the high thermal losses. Demuynck
t al. [37] presented instantaneous heat flux measurements in a SI
8

s

engine fueled with hydrogen and other relevant fuels. Results also
indicated the negative effect of higher heat losses on engine efficiency.
As a consequence, to maintain a high engine efficiency high dilution
strategies (air dilution and/or EGR) should be applied to HICE port fuel
injection engines.

Examination of intake pressure values reveals a direct relationship
with the target dilution ratio. Moreover, there is no significant effect
due to the fuel composition since all lines practically overlap. This
makes sense if considering that volumetric percentages of hydrogen are
between 75% (HCNG25), and 95% (HCNG75).

The combustion stability is remarkable even at the leanest condi-
tions where flammability is typically considered unstable for conven-
tional fuels. It should be noted that the hydrogen concentration is
notably high, with levels above 25% by mass and 75% by volume,
resulting in flammability limits that are closer to those of hydrogen
rather than CNG. Most of the studies referenced in the bibliography
focus on lower hydrogen content within the ranges considered in our
investigation. Nevertheless, Ma and Wang [38] reported stable com-
bustion levels at a lambda value of 2.1 when using a 50% H2 content
(by volume) in a HCNG blend. Therefore, reaching a maximum lambda
value of 2.2 when using HCNG25 with a 75% hydrogen volume content
seems reasonable to conclude that the values obtained are realistic.

To better understand these trends, Fig. 11 shows the in-cylinder
pressure and the HRR profile for thee hydrogen content levels
(HCNG25, HCNG50, and HCNG75) when operating at 1500@7 𝜆 =
2 MBT conditions. An examination of these signals reveals that an
increase in H2 substitution has a pronounced effect on HRR, leading
to sharper profiles and higher peak values. Furthermore, the cycle-to-
cycle variability, as indicated by the shadow area, decreases to a certain
extent with increasing hydrogen substitution.

The effect of air dilution on the combustion process is illustrated
in Fig. 12. As evident from the figure, hydrogen accelerates combus-
tion, resulting in a shorter combustion duration. Specifically, when
switching from 25% to 75% of H2 substitution, the CA90-10 is reduced
by approximately 10 CAD. Consequently, the ST must be advanced
to maintain the optimum combustion phasing (CA50). Furthermore,
the maximum peak of heat release rate (HRR) also increases with
the hydrogen content. These trends are consistent across all 𝜆 values
considered in this study.

As in the previous sections, the emission levels measured for the
three fuel blends are plotted in Fig. 13. Focusing on specific CO2
emission values (ISCO2), it is evident how they are related to the fuel
composition. Obviously, the more H2 in the fuel, the less CO2 produced
by combustion. In this way, HCNG25 made approximately 300 g/kWh
of ISCO2 whereas HCNG50 and HCNG75 reduced this level up to 170
/kWh and 70 g/kWh, respectively. Increasing the degree of dilution

slightly reduces ISCO2 emission due to thermal efficiency gains
bserved in Fig. 10. However, the effect of dilution is not comparable
o that of fuel composition. Emissions of unburned HC (mostly CH4)
nd CO follow a similar trend. They are notably reduced as the amount
f hydrogen is increased in the fuel blend and the number of carbon
toms is progressively reduced. Because of this, the effect of 𝜆 is also
ifferent as the fuel shifts towards less carbon content. While unburned
C increase by almost 0.5 g/kWh with 25% of H2 content (from 𝜆 = 1.2

o 𝜆 = 2.2), in the case of 75% this increase is around 0.01 g/kWh (from
= 1.6 to 𝜆 = 2.6). Similarly, CO emissions rise from 1 to 1.6 with
CNG25 whereas they roughly remain constant around 0.35 g/kWh.
Ox emissions show a completely different pattern. The reduction is a
onsequence of the dilution increasing rather than the fuel composition.
ata evince an inflection point between 𝜆 = 1.5 and 𝜆 = 2. In this range,
Ox emissions are reduced from 20 g/kWh to nearly zero levels for all
ssumed fuels. It seems the maximum local temperatures as a result of
ombustion do not change excessively with fuel composition. This is
o some extent to be expected since both fuel components have similar
diabatic flame temperatures: 𝑇 ad

CH4
= 2226 K vs. 𝑇 ad

H2
= 2254 K (for
toichiometric combustion with standard air).



Energy Conversion and Management 291 (2023) 117259S. Molina et al.

a

Fig. 11. In-cylinder pressure and HRR profiles for different fuel compositions (HCNG25, HCNG50, and HCNG75) operating at 1500@7 𝜆 = 2 MBT conditions.
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Fig. 12. Combustion parameters for different fuel compositions (HCNG25, HCNG50,
nd HCNG75) and dilution ratios operating at 1500@7 MBT conditions.

In summary, the application of these high-content H2 fuels to trans-
portation could be inferred a strong reduction on CO2 emissions as
the hydrogen percentage is increased. Moreover, the use of catalytic
converters for NOx control could be avoided with the operation with
the correct dilution ratio.

3.4. Hydrogen fuel

This section analyzes the application of hydrogen as fuel, consider-
ing two representative conditions: 1500 rpm with 4 and 7 bar of IMEP.
A air dilution sweep was performed under both operating conditions.
The limits of the sweeps were conditioned by combustion abnormalities
due to knock and maximum thermal efficiency. These values range from
1.4 to 4 for the low-load case and, 2.4 to 3.4 for the high-load case.

Results of the main performance outputs are presented in Fig. 14.
In both operating points, the maximum efficiency and performance
values are found around 𝜆 = 3. Increasing air dilution from this point
on deteriorates the engine performance due to CCV. In these leaner
conditions, combustion instabilities result in higher losses than gains
in efficiency. The main difference between the two operating points
lies in the effective dilution range. While at low load (1500@4) there
is almost no knock limitation and combustion stability over a wide 𝜆
range (1.4–4), this range is much narrower as the load increases (2.4–
3.4). This results in a reduced range of efficiency variation: ∼4% to
∼1%.
9

t

Fig. 13. Emission levels comparison. Different fuel compositions (HCNG25, HCNG50,
and HCNG75) are considered at 1500 rpm and 7 bar of IMEP.

Only unburned hydrogen, NOx and water are the awaited HICE
xhaust gasses. No carbon dioxide or carbon monoxide are expected
o be emitted due to H2 combustion. However, small amounts of

these elements were recorded during the experimental campaign as a
consequence of the interaction of H2 with the lubricant [39]. Fig. 15
will focus on the analysis of nitrogen oxides as the main pollutant of
HICE.

At low load conditions, the maximum NOx emission values are
recorded at 𝜆 = 1.4, being the lower dilution conditions tested. In-
creasing air dilution reduces combustion temperatures, inhibiting the
thermal NOx formation mechanism, leading to considerably low values
for 𝜆 around 2 (< 1 g/kWh).

. Discussion

Results of previous section demonstrate the potential of hydrogen
s a carbon-neutral fuel if its production is based on renewable energy
ources. However, they have also shown that the way in which society
ransition to this scenario can have a significant effect on CHG and
ollutant emission levels. The objective of this section is to provide a set
f guidelines to help identify the best operating strategy for HCNG-ICEs
ased on the availability of green hydrogen.

The operation point 1500@7 was selected to be the reference due to
he wide range of conditions measured. Fig. 16 summarizes the emis-
ion levels registered considering all the situations studied throughout

he four scenarios.
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Fig. 14. Performance and efficiency results for H2 combustion considering two
perating points.

Fig. 15. NOx emission levels registered for H2 combustion considering two operating
points.

Inspection of ISCO2 reveals the relationship between the amount of
H2 in the fuel and the CO2 reduction. However, the gain in thermal
efficiency also results in CO2 reduction without the need for carbon-
based fuel substitution. Results of the second scenario (Step II), in
which small amounts of hydrogen were studied, evince a significant re-
duction compared to the CNG case (see left in-zoom view of Fig. 16). In
this situation, the mechanism responsible for the improvement in CO2
emissions is not evident, since the percentage of substitution is small
and the gain in efficiency is considerable. In contrast, the improvement
in thermal efficiency as dilution increases for larger amounts of H2
(Step III) does not seem to have an impact comparable to that produced
by H substitution. These effects can be better appreciated in Fig. 17,
10

2 t
Fig. 16. Summary of exhaust emissions for the operation point 1500@7 considering
all fuel compositions.

Fig. 17. ISCO2 vs. GIE for the operation point 1500@7 considering all fuel
ompositions.

here the specific CO2 emissions are drawn against the GIE. From Step
to Step II, the indicated efficiency increases almost 1.5%, lessen the
O2 by 45 g/kWh. In Step III, these increments of GIE are notably
igher (2.5%–5%) but with lower CO2 reductions (15–20 g/kWh).

The results from Step IV reveal non-zero emissions of CO2 and
O even considering the fact that the fuel is carbon free. Previous
esearch works [40] have indicated that CO and CO2 can be present
n the exhaust gases of SI engines fueled with pure hydrogen. These
arbon-bearing species are formed due to the oxidation of lubricating
il and can serve as natural tracers for indicating oil consumption
hrough combustion. Hydrogen, with its small quenching distance,
as the ability to extend combustion into narrow gaps and crevices,
otentially leading to higher consumption of lubricating oil compared
o conventional fuels. However, it remains uncertain to what extent the
resence of hydrogen in the cylinder mixture chemically contributes to
he observed oil consumption. The temperature of the engine surface
nd the bulk temperature of burnt products are strongly influenced by
hermal loading, which is a contributing factor to increased rates of oil
onsumption.

A numerical study was performed in order to shed some light on
he influence of these two parameters on CO2 removal. This study uses
n energy balance to convert the amount of fuel used into specific CO2
missions, allowing both effects (H2 substitution and thermal efficiency
ain) to be decoupled when considering a single-step complete combus-
ion. Results are presented in Fig. 18, showing a CO reduction map as
2
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Fig. 18. CO2 reduction map considering hydrogen percentage content and indicated
efficiency.

Fig. 19. NOx emissions for the operation point 1500@7 considering all fuel
compositions.

a function of the hydrogen content in the fuel and thermal efficiency
variables. An increase of 2.5% of hydrogen causes a 5% reduction in
CO2, which is comparable to the reduction achieved by 2% of thermal
efficiency gain. Both numbers being in range with the first and second
scenario. With higher increments of hydrogen, the reduction in CO2
emissions is remarkably larger than any reasonable gain in thermal
efficiency. For example, for a mixture of 12% H2, the CO2 reduction
is comparable to a 10% gain in thermal efficiency. Therefore, the
performance improvement of HCNG-ICEs is more relevant in the first
scenarios (Step I and II) where the amount of hydrogen is small. This
relevance is diluted as hydrogen from renewable sources increases its
presence, as it becomes a mere economic aspect due to the higher or
lower fuel consumption.

Regarding NOx emissions, it can be observed from Fig. 16 that it is a
problem directly related to the dilution ratio. In this sense, the natural
transition to a high hydrogen content is going in the right direction due
to the properties of hydrogen, since it allows operating at sufficiently
high air-to-fuel ratios to minimize this type of emissions. The issues
with NOx are expected in the early stages of this transition (Step II),
where the low-hydrogen content in the fuel hinders the combustion
stability at high dilution rates. This trend is clearly observed in Fig. 19.
Here, the specific NOx emissions are plotted against the percentage of
hydrogen in the fuel and the 𝜆. The highest levels of NOx agglutinate at
low 𝜆 whereas the lowest values correspond to the highest GIE levels.
In terms of maximum performance, it is possible to distinguish an
optimum region with values above 41% for fuel blends with 25% of
H2.

Finally, recalling the unburned HC and CO trends depicted in
Fig. 16, a substantial reduction in ISHC (Indicated specific HC) as
hydrogen percentage increases is observed. The two reasons for this
reduction are the improvement in combustion efficiency and the re-
duction of carbon in the fuel composition. Including small hydrogen
amounts allows reducing these emissions significantly in Step II. Never-
theless, the highest reduction occurs when a higher content of hydrogen
is used in Step III. CO emissions have the same effect as for un-
burned hydrocarbons; the carbon reduction in the fuel composition and
the improvement in combustion stability reduce them. However, the
sensitivity to dilution is higher.
11
5. Conclusions

This paper proposes a new approach to mitigating the problem of
greenhouse gas emissions. The investigation focuses on analyzing the
effects of different scenarios with varying fuel compositions and dilu-
tion conditions on emissions and efficiency levels, aiming to establish
the first step towards a flexible roadmap for a hydrogen-based econ-
omy. These scenarios are based on the availability of green hydrogen,
which is crucial for achieving GHG emission-free transport. To this
end, an extensive experimental campaign was conducted in a single-
cylinder spark-ignition engine powered by HCNG blends at several
representative operating points.

Experiments with low hydrogen content revealed that adding small
amounts of hydrogen to the fuel (1%–3% by mass) helps stabilize com-
bustion at moderate dilution ratios (𝜆 = 1.4), resulting in an improve-
ment in thermal efficiency by approximately 1.5%, and a reduction in
CO2 and CH4 emissions.

The use of larger quantities of hydrogen (25%–75% by mass) results
in a significant reduction in both GHG and pollutant emissions (HC
and CO), leading to very low levels. However, thermal efficiency is
conditioned as the percentage of H2 increases, with increased heat
transfer to the chamber walls being a key parameter that controls this
trend. There is an optimum point that offers the best performance based
on a specific quantity of hydrogen (25%) and dilution condition (𝜆 =
2).

Further studies reveal that the loss of thermal efficiency as hydrogen
increases in the fuel is compensated by the percentage of substitution of
carbon elements, making it practically the only factor controlling CO2
emissions for fuel blends with a H2 content higher than 5% (by mass).

In the case of pure hydrogen combustion, where GHG emissions are
not a relevant issue if fuel production is based on renewable sources,
the problem seems simpler, at least initially. The solution is to find an
engine platform that allows for operation with a reasonable thermal
efficiency and minimizes NOx generation as much as possible. In these
conditions, small amounts of CO and CO2 are measured due to the
oxidation of lubricating oil.

The issue of NOx emissions is a recurring problem in all scenarios.
However, it is less critical in scenarios III and IV, where the higher
presence of H2 in the fuel allows for reaching higher dilution values
that reduce these emissions below 1g/kWh. In this sense, NOx emissions
are a problem that is directly linked to the dilution degree used in
engine operation, regardless of the level of H2 in the fuel. Therefore,
the three-way catalyst is the most feasible solution for scenarios I and
II in order to meet emissions standards, necessitating stoichiometric
combustion.

In later stages, it is possible to further increase dilution, which
can significantly lower NOx levels in the exhaust and improve thermal
efficiency. However, limitations in the boosting system to achieve the
required dilution rate or misalignments during engine transients sug-
gest that the use of after-treatment systems, such as hydrogen-selective
catalytic reduction devices, will continue to be required.

Finally, these findings illustrate a flexible roadmap that can be read-
justed by the current regional situation, and which has the potential
to significantly reduce the global warming footprint of transportation
during the transition towards a hydrogen-based economy.

However, this study is based on very specific experiments that
may not fully reflect the actual operation of a vehicle-mounted engine
in certain circumstances. Therefore, further studies conducted under
conditions closer to real driving conditions should be performed in
subsequent research steps, in order to verify the attainability of the
values indicated by the proposed method in more realistic situations.
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List of abbreviations

AD Anaerobic Digestion
AF𝑠𝑡 Stoichiometric Air-fuel Ratio
BEV Battery Electric Vehicle
BTE Brake Thermal Efficiency
BtL Biomass-to-Liquid fuels
CA10 Combustion after 10% of fuel burnt
CA50 Combustion after 50% of fuel burnt
CA90 Combustion after 90% of fuel burnt
CAD Crank Angle Degrees
CCS Carbon Capture and Storage
CCV Cycle-to-Cycle Variation
CFD Computational Fluid Dynamics
CH4 Methane
CLD Cadmium Luminescence Detector
CNG Compressed Natural Gas
CO Carbon Monoxide
CO2 Carbon Dioxide
COP21 Paris Climate Conference
COV𝐼𝑀𝐸𝑃 IMEP covariace
DME Dimethyl Ether
EGR Exhaust Gas Recirculation
EPA Environmental Protection Agency
EVC Exhaust Valve Closing
EVO Exhaust Valve Opening
EU European Union
FID Flame Ionization Detector
GIE Gross Indicated Efficiency
GHG Greenhouse Gases
H/C Hydrogen-Carbon ratio
H2 Hydrogen
H2-DI Hydrogen Direct Injection
HC Hydrocarbons
HCNG Hydrogen-CNG fuel blends
HCNG1 HCNG blend with 1% in mass of H2
HCNG2 HCNG blend with 2% in mass of H2
HCNG3 HCNG blend with 3% in mass of H2
HCNG25 HCNG blend with 25% in mass of H2
HCNG50 HCNG blend with 50% in mass of H2
HCNG75 HCNG blend with 75% in mass of H2
HICE Hydrogen Internal combustion Engine
HRR Heat Release Rate
HVO Hydrotreated Vegetable Oil
ICE Internal Combustion Engine
IMEP Indicated Mean Effective Pressure
ISCO Indicated specific CO
ISCO2 Indicated specific CO2
ISHC Indicated specific HC
ISNO𝑥 Indicated specific NOx
IVO Intake Valve Opening
IVC Intake Valve Closing
LHV Lower Heating Value
M Molar mass
MBT Maximum Brake Torque
N2O Dinitrogen Oxide
NDIR Non-Dispersive Infrared Spectroscopy
NO𝑥 Nitrogen Oxides
O/C Oxygen-Carbon ratio
O2 Oxygen
OMEx Oxymethylene Dimethyl Ethers
PFI Port Fuel Injection
PM Particulate Matter
PMA Magneto-Pneumatic Analysis
12
RON Research Octane Number
SI Spark-ignition
SMR Steam Methane Reforming
ST Spark Timing
TCO Total Cost of Ownership
X Molar fraction
Y Mass fraction
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