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Abstract: The achievement of a carbon-free emissions economy is one of the main goals to reduce
climate change and its negative effects. Scientists and technological improvements have followed
this trend, improving efficiency, and reducing carbon and other compounds that foment climate
change. Since the main contributor of these emissions is transportation, detaching this sector from
fossil fuels is a necessary step towards an environmentally friendly future. Therefore, an evaluation
of alternative fuels will be needed to find a suitable replacement for traditional fossil-based fuels.
In this scenario, hydrogen appears as a possible solution. However, the existence of the drawbacks
associated with the application of H2-ICE redirects the solution to dual-fuel strategies, which consist
of mixing different fuels, to reduce negative aspects of their separate use while enhancing the benefits.
In this work, a new combustion modelling approach based on machine learning (ML) modeling is
proposed for predicting the burning rate of different mixtures of methane (CH4) and hydrogen (H2).
Laminar flame speed calculations have been performed to train the ML model, finding a faster way
to obtain good results in comparison with actual models applied to SI engines in the virtual engine
model framework.

Keywords: virtual engine modelling; combustion modelling; machine learning; data-driven mod-
elling; ANN; hydrogen; methane

1. Introduction

The increased public awareness about climate change led countries to establish green-
house gas (GHG) emission reduction targets. In this context, hydrogen (H2) is a possible
energy vector to decarbonize the economy and society. The absence of carbon dioxide
(CO2) emissions on hydrogen combustion and its high heating value make its use attractive
for a future fuel substitute. Moreover, hydrogen could help countries to reach energy inde-
pendence, to avoid a vulnerable position in diplomatic relationships due to the unequal
distribution of fossil fuel reservoirs around the Earth.

Furthermore, the fast development of renewable energies, such as wind power or solar
energy, is helping to redistribute the energy sources. These methods offer an irregular en-
ergy generation since they depend on external factors which change sharply throughout the
day (i.e., the wind intensity or the number of daylight hours). Therefore, the control of en-
ergy production remains the main disadvantage of these generation methods, highlighting
the need for an energy carrier to manage the irregular distribution of energy production.

According to the Hydrogen Council, the cost of hydrogen production will be reduced
by approximately 60% in 2030 if they are compared with the predicted levels of 2020 [1].
This prediction considers the most relevant aspects of hydrogen production: reduction in
Capital Expenditures (CapEx) requirements, cheaper renewable energy, and increase in
system optimization.
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For all these reasons, hydrogen is a fundamental piece to achieve Conference of the
Parties (COP21) Paris agreement objectives [2]. The European Union (EU), framing itself in
the pact to keep the increase in the global temperature below 2 degrees Celsius concerning
pre-industrial levels, has developed a roadmap in the economy’s decarbonization. In partic-
ular, some sectors, such as gas grid decarbonization for industrial high-grade heat purposes
and transport, must be completely adapted. Transport emissions, which are 32% of total
CO2 emissions in the EU, have to be reduced by 72% [3] though renewable energy systems,
green hydrogen, energy supply systems, hydrogen pipelines or power-to-hydrogen [4].

The implementation of hydrogen on internal combustion engines (ICE) could help to
reduce GHG emissions in two ways: during the production process (well-to-tank) and the
vehicle operation (tank-to-wheel). Lean combustion is one of the most interesting strategies
for decreasing tank-to-wheel emissions. Fuel consumption can be improved by increasing
the specific heat ratio as the percentage of the fuel is reduced in the intake mixture [5].
Maintaining combustion stability in a lean environment requires high-energy ignition
systems [6]. Long-duration sparks, multiple spark plugs in one cylinder, or pre-chamber
ignition systems [7–9] are recently on the scope.

However, there are some disadvantages of applying hydrogen to ICEs. Its low density
reduces the operating range of the vehicle due to the size of the tanks for fuel storage.
In addition, abnormal combustion problems due to the high flammability properties of H2
demand other strategies to control the combustion stability (i.e., combining H2 with other
less reactive fuels).

Hydrogen mixed with Compressed Natural Gas (CNG), which is mostly based on
methane fuel, is one of the most promising fuel blends, pointing to reach a fully devel-
oped decarbonized hydrogen economy. Although methane combustion produces CO2, its
low carbon content makes it very attractive as a partial solution to the problem of GHG
emission [7]. Moreover, the production of CNG is also interesting due to its low carbon
cost. Animal waste, landfills, waste of the food industry, aquatic biomass, or agricultural
waste are some examples of feedstock for the CNG generation from renewable sources
(also known as biogas). The two larger biogas producers in the world are Brazil and the
USA. However, the lack of investment policies to enhance production procedures hinders
the substantial growth of this technology. Despite this, Brazilian biogas production may
increase from 5.3 million m3/day in 2030 to 19.7 million by 2050 [10].

In addition, several works investigated the safety concerns about the hydrogen-
enriched premixed flames. Law et al. [11] studied the effects of partial hydrocarbon
substitution on hydrogen–air flames. Motivated by security considerations, the authors
identified propane, methane and ethylene as suitable hydrocarbon substitutes, based
on storage and combustion performance considerations. The explosion behaviour of
methane/hydrogen/air mixtures was experimentally characterized by Li et al. [12] and
Salzano et al. [13], in an attempt of enhancing the security of its use. To this end, the flame
behavior of premixed hydrogen-enriched fuel blends was also studied [13,14] considering
a turbulent flow field.

Engine experiments using hydrogen are expensive due to the needs of specific ex-
perimental equipment, safety considerations, time, and qualified personnel. To reduce
the number of experiments, virtual engine modelling is a useful tool. These modelling
approaches, mostly based on coupling 0D and 1D simulations, help to perform exploratory
studies to choose the best medium/long-term strategy while defining the path towards
the objectives set for 2050. These are especially helpful in the development of new tech-
nologies where the high number of variables leads to a huge amount of experiments and
related costs.

In the past, several investigations tried to predict the combustion process inside
the combustion chamber of ICEs, including the turbulence-combustion interaction [15,16].
In this framework, 1D simulations based on two-zone quasi-dimensional models [17–19] are
the most extended ones. The flame development inside the cylinder during the combustion
process is described by different theoretical approaches. For instance, some models use
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Wiebe functions to model the mass burned fraction [20–23]. Despite being extremely fast,
the accuracy of these models is not good enough when changing the fuel or air-fuel mixture
conditions. The fractal combustion models are based on the hypothesis that turbulence
increases the burning rate as the flame surface is also increased. They are extensively
used in several research works [24,25] since they allow to improve the accuracy in a wide
range of operating conditions. However, problems in estimating the laminar properties
of the flame when switching the fuel or when mixtures of several fuels are used, limit the
application of these models in exploratory studies.

Currently, data-driven modelling, specifically based on Artificial Neural Networks
(ANN), is being implemented in many fields of science and technology [26–28], opening
up a new dimension to data analysis and prediction algorithms. Using machine learning,
the ANN will get the laminar flame speed from the thermo-chemical conditions existing
inside the combustion chamber on run time, eliminating one of the main limitations of the
fractal combustion models.

The main objective of this investigation is to implement a modelling approach that
allows estimating the burning rate of the air-fuel blend inside the combustion chamber
using a combination of an existing combustion model, ANN, and virtual engine modelling.
The target is to find a new way to enhance the accuracy of combustion modelling in a
wide range of operating conditions, air-fuel dilutions, and fuels while maintaining the
computational time.

2. Experimental Setup
2.1. Engine and Test Cell Configuration

The experimental data were obtained from a single-cylinder research version of a
4 cylinder light-duty vehicle, whose specifications and relevant geometrical features are
presented in Table 1. The engine was assembled in a test cell in which a high number
of instruments measure and control every relevant variable. For instance, a dedicated
compressor controls pressure conditions at the intake, the low-pressure EGR system con-
trols the mixture reactivity in the cylinder recirculating part of the combustion products,
and independent oil and water cooling circuits manage the temperature of the fluids.
The fuel is injected in the manifold, 270 mm away from the cylinder to ensure a suitable
mixing between air and fuel, using a port fuel injection system and measured by a BRONK-
HORST F-113AC-M50-AAD-44-V flowmeter. The experimental setup is widely described
in previous research works [7–9].

All relevant combustion parameters, such as the indicated gross mean effective pres-
sure (IMEP), start of combustion (CA10), combustion duration (CA10-90), combustion
phasing (CA50), maximum cylinder pressure, heat release rate (HRR), combustion stability,
and in-cylinder gas temperature were calculated from the cylinder pressure signal by an
in-house 0D combustion diagnostics software [29,30].

Table 1. Main engine specifications.

Engine 4-Stroke SI

Number of cylinders [-] 1

Displacement [cm3] 404

Bore-Stroke [mm] 80.0–80.5

Compression ratio [-] 13.4:1

Valvetrain [-] DOHC

Number of valves [-] 2 intake and 2 exhaust

Fuel injection system [-] PFI (Pmax = 6 bar)
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2.2. Properties of Fuels

Table 2 summarizes the main properties of the fuels used in this investigation. As ex-
plained, hydrogen could be applied to the transport sector to reduce the percentage of CO2
emissions. The low auto-ignition properties point out that spark-ignition engines fueled
with hydrogen should be more feasible than compression-ignition ones. The hydrogen
wide flammability range allows combustion in ultra-lean conditions, increasing thermal ef-
ficiency by reducing heat transfer losses. Also, to avoid abnormal combustion phenomena
such as backfiring, it is highly recommended to operate in a lean environment. The low
ignition energy and high burning speed of hydrogen reduce misfire.

Methane appears as a good candidate to complement hydrogen as fuel. Mixing
hydrogen with other fuels, such as gasoline, alcohol, diesel or methane enhances the
ignition and burning control. Methane also shares with hydrogen a high auto-ignition
temperature reducing the possibility of reaching knocking conditions. The low number of
carbon atoms per methane molecule and the possibility to produce biogas also contribute
to reducing GHG emissions.

Table 2. Hydrogen and methane fuel properties.

Property Unit Methane
CH4

Hydrogen
H2

Molecular
Weight

[u] 16.04 2.02

A/Fst [-] 17.2 34.3

Lower Heating
Value

[MJ/kg] 50 120

Density [kg/m3] 0.657 0.0823

Carbon Atoms
per Molecule

[-] 1 0

Hydrogen Atoms
per Molecule

[-] 4 2

RON [-] >120 >130

Auto-ignition
temperature

[K] 600 645

3. Methodology

In pursuit of the objective of this investigation, several simulations will be performed
considering different fuel blends and air dilution levels in one operating point. This
operating point corresponds to a high engine speed (4000 rpm) and mid-to-high engine
load (14 bar of IMEP). For the reference point, CNG fuel is used in stoichiometric conditions
while using a Spark Timing (ST) that guarantees the Maximum Brake Torque (MBT)
conditions.

Using this point as a baseline for the study, the fuel sharing and dilution conditions
were modified as in the simulation plan presented in Figure 1. In all these simulations,
the amount of energy injected was kept constant by adjusting the total amount of fuel and
fixing the desired mixture conditions (air-to-fuel ratio). The ST was shifted to reach MBT
conditions by optimizing the combustion phasing.
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Figure 1. Simulations plan. The black line corresponds with the CNG simulation plan, sweeping the
air dilution until λ = 1.5. The blue line sweeps the amount of hydrogen in the fuel from 0% to 100%.
The red line considers pure hydrogen combustion varying λ from 1.5 to 2.

In order to account for the different thermo-chemical conditions that modify the
combustion process of each simulation, a database of 10,000 situations was generated using
a 1D laminar flamelet code with the input ranges detailed in Table 3. All these values were
selected to gather all possible situations achieved in the simulations.

Once this database was created, several architectures of ANN were tested to get the
best modelling approach for this particular application. The inputs for the ANN are the
in-cylinder pressure and temperature, the air-to-fuel ratio, the amount of EGR, and the
percentage of H2 in the fuel blend.

The turbulent properties of the in-cylinder flow required for mimicking the turbulent
flame characteristics were obtained from Computational Fluid Dynamics (CFD) simulations.
Several calculations of the complete engine cycle were performed considering different
engine speeds (1350, 2500 and 4500 rpm) and fuel compositions (25%, 50%, 75% and 100%
of H2). The CFD model setup was obtained from previous works [31,32] that consider the
same engine hardware.

Finally, and before proceeding with the analysis of the results, the model was validated
in two stages. First, the new combustion modelling approach coupled with the virtual
engine was validated in a steady operating condition: the reference condition (4000@14)
using a stoichiometric CNG/air mixture. Then, the basis of the combustion model, that
is the laminar flame speed, is validated at several lean conditions considering pure CNG,
pure hydrogen, and a set of mixtures of them.

Table 3. Range of variables for the flame speed simulation table to feed the ANN model.

Sweeping
Variable

Unit Range

Temperature [K] 800–300

Pressure [bar] 30–10

λ [-] 2–1

EGR [%] 40–0

H2 mass [%] 100–0

4. Numerical Setup
4.1. Virtual Model of the Engine

A numerical tool based on a 1D Wave Action Model was used. The engine simulations
were performed by Gamma Technologies GT-SUITE v2020 software whereas the ANN
training was performed using the different machine learning tools available in the same
software. The geometrical information of the single-cylinder engine was implemented to
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create a model as closely as the experimental setup, recreating the different parts; intake,
exhaust, exhaust gas recirculation (EGR), and fuel injection systems. The original model of
the test bench layout was developed in previous work [9] and adapted to implement the
new combustion model. This model was also used in previous research works [7,8].

4.2. Combustion Modelling

The combustion process is simulated by the phenomenological combustion model
developed by Wahiduzzaman et al. [33] and later refined by Mirzaeian et al. [34]. The basis
of this modelling approach can be summarized by the evolution of the entrained mass rate
of the unburned gas and the rate of burnup described in Equations (1) and (2).

The rate of the unburned gas depends on the unburned gas density (ρu), the flame
front area (A f ) computed by a geometric sub-model detailed in [33] and the sum of the
laminar and turbulent flame speeds (sL and sT).

dMe

dt
= ρu A f (sL + sT) (1)

The rate of burnup ( dMb
dt ) is related to the unburned mass behind the flame front

(Me + Mb) as in Equation (2).
dMb

dt
=

Me + Mb
τ

(2)

The τ parameter, expressed in Equation (3), represents the time needed by the laminar
flame to cover the Taylor microscale (λ) of turbulence. This parameter can be obtained by
Equations (4) and (5) if considering isotropic turbulence. Cλ is a calibration parameter.

τ =
λ

sL
(3)

λ =
Cλ Lt√

ReT
(4)

ReT =
ρu u′ Lt

µ
(5)

The laminar flame speed is traditionally obtained from empirical correlations adjusted
for a specific fuel blend. For instance, Huang et al. [35] established a relationship for
mixtures of methane and hydrogen whereas Ömer et al. [36] got a correlation for light
hydrocarbons. Di Sarli et al. [37] obtained a good prediction by means of a Le Chate-
lier’s Rule-like formula, this correlation together with the laminar flame speed expression
obtained by Ma et al. [38] were implemented with success in the quasi-dimensional com-
bustion model proposed by Perini et al. [39]. However, the accuracy of this method over
a wide range of dilution and/or thermodynamic conditions is rather limited. Therefore,
in recent years there has been growing interest in developing new methods to obtain
the laminar burning velocity while maintaining the calculation speed and improving the
accuracy over a wide range of conditions to increase the flexibility of the model.

The transition from laminar to turbulent flame is accounted by the Equation (6). In this
equation three turbulent characteristics are included: the flame radius (R f ), the fluctuation
of the velocity field (u′), and turbulent length scale (Lt). In addition, the flame kernel
growth multiplier (Ck) scales the flame structure from a smooth surface (characteristic of the
laminar conditions) to a fully developed turbulent wrinkled surface. Finally, the turbulent
flame speed multiplier (Cs) is a scaling parameter for calibration.

sT = Cs u′

1− 1

1 +
Ck R2

f

L2
t

 (6)
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4.2.1. Modelling Laminar Flame Speed

In the present work, an ANN to estimate the laminar flame speed for the combustion
modelling is used. The basis of ANNs relies on the data used for its training. These data
can be obtained from experiments, as did Huang et al. [35] for mixtures of hydrogen and
methane, or from simulations. In this case, the database was generated by a 1D laminar
flamelet code that calculates the flame speed of the combustion reaction using a freely
propagating flame in a simulated channel with a fixed cross-sectional area. To extend the
range of application, simulations included multiple situations on hydrogen and methane
mixtures in numerous conditions of pressure, temperature, air, and exhaust gases dilution.

For these simulations, a chemical kinetic mechanism is required, several of them are
available in the literature. According to Ji et al. [40] in a recent investigation, the GRI-Mech
mechanism [41] has the best performance when simulating the combustion process of
methane and hydrogen mixtures for different air dilution (λ) conditions. This mechanism
contains 325 chemical reactions with 53 species and the possibility of using it in a wide
range of conditions, especially in the case of light hydrocarbon fuels (CH4, C2H6, CO and
H2).

This mechanism was validated in relevant conditions for this investigation: pure
methane combustion, pure hydrogen combustion, and different blends of both fuels. This
wide validation was done to increase the reliance on the results obtained.

Figure 2 shows a comparison of the laminar flame speed obtained by the flamelet code
and measured by Dong et al. [42] for different air-to-fuel ratios of methane. As it can be
seen, results are reasonably close to experiments in the whole dilution range.

Experimental results of pure hydrogen combustion obtained by Ravi and Petersen [43]
for different dilution cases are presented in Figure 3. Again good results are obtained for
the whole range of dilution.

Finally, results for the validation of different mixtures of methane and hydrogen are
included in Figure 4. Trends are well captured by the model in the whole range of H2
substitution percentage.

A database was generated considering the input ranges summarized in Table 3. These
ranges were specifically defined to gather all the possible conditions simulated by the
virtual engine model. A 26-neuron 3-Layer Feedforward ANN was chosen after an opti-
mization and selection procedure. This ANN architecture is represented in Figure 5 where
the three layers of output nodes are fed directly via a series of weights applied to the inputs.

Figure 2. Validation of CNG laminar flame speed for different air-to-fuel ratios.
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Figure 3. Validation of H2 laminar flame speed for different air-to-fuel ratios.

Figure 4. Validation of methane-H2 laminar flame speed for different air-to-fuel ratios. The hydrogen
percentage is expressed in the volume percentage of the total fuel volume.
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Figure 5. Artificial Neural Network architecture used for the laminar flame speed modelling.

This ANN calculates the outputs (y) using the equation Equation (7).

y = f (w · g(z · h(v · u + a) + b) + c) (7)

where u is the input data. (v and a), (z and b) and (w and c) are the weights and biases of
input, hidden and output layers respectively. Functions g(x) and h(x) are the activation
functions for the input and hidden layers, being both expressed by Equation (8).

g(x) = h(x) = −1 +
2

1 + e−2x (8)
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Lastly, f (x) is the activation function for the output layer which corresponds with the
identity function presented in Equation (9).

f (x) = x (9)

25% of the data is randomly selected to validate the neural network after the training
process. These data points were not used in the training process. The training process is
based on the Levenberg-Marquardt algorithm. The performance of the ANN is presented
in Figure 6. The RMS training error is 5.63 ×10−3 and the RMS testing error is 6.04 ×10−3,
both values can be considered acceptable for this investigation.

Figure 6. Training results for the ANN used for the laminar flame speed modeling.

4.2.2. Modelling Turbulent Flame Speed

The turbulence properties needed for calculating the turbulent flame properties were
estimated from a Computational Fluid Dynamics model. Although the turbulent length
scale and the velocity fluctuation can be obtained by simpler models (such as the energy
cascade method [44]), CFD offers improved accuracy and further information about the
turbulence field.

The CFD model used for this purpose has been widely used in other investiga-
tions [31,32]. Using this configuration, several simulations were performed to obtain
the evolution of Lt and u′ along the engine cycle for different engine speeds. Results
of these simulations are presented in Figure 7, where the turbulent length scale and the
velocity fluctuation are shown for three different engine speeds. Data from this figure was
used to approximate the temporal evolution of both parameters as a function of the engine
speed in the virtual engine model. The profiles were normalized and later customized to
obtain the turbulent values for the combustion modelling. It was found, after calculating
multiple simulations with different CNG/hydrogen mixtures, that fuel composition does
not affect the turbulent length scale nor the velocity fluctuation, being equally valid these
parameters for CNG as for hydrogen.
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Figure 7. Temporal evolution of the turbulent length scale (Lt) and the velocity fluctuation (u′) inside
the combustion chamber for three engine speeds.

4.3. Validation of the Virtual Engine Model

The virtual engine model was validated using the operating condition defined in
Section 3. This operation condition consists of an engine speed of 4000 rpm and 14 bar of
IMEP operating with pure methane fuel in stoichiometric conditions.

Figure 8 shows the comparison between the instantaneous signals obtained by the
model and measured in the engine. In the case of simulations, two different cases are
included to compare the performance of the proposed model against the more conventional
combustion modelling approaches (i.e., empirical models based on flame speed correla-
tions). The top graph shows the good agreement observed when contrasting the in-cylinder
pressure signal. Similarly, the accuracy of the model to predict the combustion process
is depicted in the bottom graph through the instantaneous evolution of the heat release
rate (HRR). Although there are more differences than in the pressure, the characteristic
values, such as combustion onset (CA10), combustion duration (CA90-10), and maximum
HRR peak are well captured. All these parameters, included in Table 4, show an acceptable
scatter from the experiments. Similarly, some of the most relevant engine outputs (indi-
cated) are also included for verifying the model response to engine-related parameters.
The difference in the CA50 estimation comes from the limitations of the model. As will
explain later, the model cannot predict the cycle-to-cycle variation which is critical in this
operating condition. That means that the dispersion observed in the HRR profiles and
then, in the CA50 estimation, is significant. The difference observed in CA50 between the
simulation and the experiments can be explained by a combination of modelling limitations
and experimental uncertainties due to CCV.

Figure 8, a shows a comparison between the ANN and the empirical model. The ANN
model presents a better accuracy. The empirical model shows in-cylinder pressure and
heat release rate profiles that are further from the experimental results. Not only accuracy,
also flexibility make, the ANN model, a more attractive approach.
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Figure 8. Validation of the virtual engine model coupled with the combustion model. In-cylinder
pressure and HRR signals are compared with the results measured in the test bench.

Table 4. Validation of the virtual engine model coupled with the combustion model. Combustion-
related parameters are included together with other engine outputs.

Parameter Experiment Simulation

CA10 [CAD] −8.8 −10.8

CA50 [CAD] 4.8 1.7

CA90-10 [CAD] 35.4 30.2

HRRmax [J/CAD] 43.5 40.1

IMEP [bar] 13.58 12.71

ISFC [g/kWh] 171.9 167.0

Ind. eff. gross [%] 42.78 43.06

5. Results and Discussion

After explaining the numerical methodology, this section discusses the results obtained
from the virtual model simulations. The analysis is focused on the combustion process itself
and the engine performance when the dilution ratio and the fuel composition are modified.

5.1. Combustion of Methane

Results from pure CH4 combustion are summarized in this section. The combustion
process is analyzed in Figure 9, where the HRR profiles are plotted for different air dilution
rates. These curves evince how the combustion process degrades as the dilution rate
increases. While the curves scarcely differ between cases gathered by λ = 1.0 and λ = 1.3,
they significantly change for values above λ = 1.3: the leaner condition, the wider HRR
profile. In addition, the peak of the energy released is reduced approximately 12% from
λ = 1.1 to λ = 1.5. The drop of the burning velocity due to the leaner conditions increases
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the combustion duration as it is shown in Figure 9. The combustion phasing is delayed
towards the expansion stroke, moving from a CA50 of 1.5 CAD aTDC to 7.5 CAD aTDC.

-60 -40 -20 0 20 40 60
0

10

20

30

40

50

60

Figure 9. Trends of the main characteristics of the combustion process. Heat release rate profiles (top),
combustion duration (bottom-left), and combustion phasing (bottom-right) for different air-to-fuel
ratios considering methane fuel.

In-cylinder pressure profiles simulated by the virtual model are shown in Figure 10.
As observed for the HRR trends, the maximum peak of the in-cylinder pressure is similar
from λ = 1.0 to λ = 1.3, reaching a maximum value at λ = 1.3. Moreover, the decreased
flame speed due to leaner combustion conditions produces a distributed energy release that
also affects the maximum pressure change rate. Since combustion noise is strongly related
to this parameter [45,46], it can be claimed that increasing air dilution could contribute to
reducing noise, vibration, and harshness (NVH).

Inspecting the indicated efficiency trends plotted in Figure 11, it can be seen the
efficiency gains obtained as the dilution rate is increased. Here, no maximum is reached
for indicated efficiency, despite the reduction in the growth rate observed after λ = 1.4.
Considering the iso-energy assumption, the IMEP trend is equal to the indicated efficiency,
reaching at λ = 1.5 a maximum value of approximately 13.4 bar.

Although these trends make sense from a theoretical point of view, other research
works based on engine experiments [8,47] showed that the indicated efficiency slightly
decrease before reaching the maximum dilution rate. In both investigations, the maximum
dilution rate achieved before facing excessive misfiring is gathered between λ = 1.4 and
λ = 1.5 depending on the operating condition. Considering a similar operating condition,
the indicated efficiency reaches a maximum around λ = 1.4 and then decreases with
higher dilution rates. This behavior can be explained by the increased cycle-to-cycle
variability (CCV) experienced when the dilution rate reaches λ = 1.5. As the proposed
combustion model does not take into account this cyclic variability, it is not possible to
capture this trend.
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Figure 10. In-cylinder pressure evolution. Pressure profiles (top), maximum peak pressure (bottom-
left), and maximum pressure change rate (bottom-right) for different air-to-fuel ratios considering
methane fuel.

Figure 11. Indicated efficiency trends when the air dilution rate is increased from λ = 1.0 to λ = 1.5
using methane as fuel.

5.2. Combustion of Methane-Hydrogen Blends

In this section, the simulated results obtained when changing the fuel blend com-
position from pure methane to pure hydrogen are presented. For this study, the fuel
composition is varied by 20% of hydrogen and the air dilution rate is fixed at λ = 1.5.
As shown in Figure 12, the heat release rate profile does not change proportionally with
the addition of hydrogen. The maximum peak value increases with the amount of H2
in the fuel blend, reaching a maximum value when the fuel blend sharing is between
40% and 60% of hydrogen. The combustion duration is reduced as hydrogen percentage
increases and the optimum CA50 is advanced towards the compression stroke. This trend
of decreasing combustion duration as the hydrogen percentage increase is also reported in
previous research works [38,48].
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Figure 12. Trends of the main characteristics of the combustion process. Heat release rate profiles
(top), combustion duration (bottom-left), and combustion phasing (bottom-right) for different
fuel compositions.

Focusing on in-cylinder pressure profiles, Figure 13 shows the same parameters
studied in the previous section for methane combustion. Pressure profiles indicate that the
maximum peak pressure increases with the amount of H2 present in the fuel. The maximum
is achieved around 80% and then, it is maintained for further increments of H2. Moreover,
pressure profiles practically overlap from 40% to 100% of H2. Similarly, the pressure rise
rate also increases with the amount of H2, suggesting an increase of the combustion noise
when switching from 0% of H2 to 60%.

Figure 14 shows the evolution of the indicated efficiency as the H2 amount increases in
the fuel. This parameter is progressively reduced from 45.4% to 42.1%, showing a relevant
efficiency loss related to the hydrogen addition. Referring to previous research studies,
it is possible to qualitatively validate the trends obtained using the current modelling
approach. In the work of Nagalingam et al. [49], different methane-hydrogen mixtures were
used to compare the most relevant engine outputs, such as IMEP or indicated efficiency.
The experimental results were obtained under the iso-energy assumption also considered
in the current study. In this investigation, the reference methane fuel was supplemented
with H2, showing a reduction of the engine power and the indicated efficiency.

This research work [49] also evinced that the optimum spark timing has to be delayed
as more and more methane is replaced by H2. The high knock resistance of methane
is reduced with the addition of hydrogen, favouring the end-gas auto-ignition while
compromising the engine integrity due to severe knocking combustion. This phenomenon
limits the spark advance in the search of MBT conditions as also shown by Lim et al. [50].

Contrary to these results, the proposed modelling approach shows the opposite
effect when increasing the percentage of H2 in the fuel: the optimum spark timing is
advanced as the burning rate is increased due to H2 addition. Thus, this trend cannot be
captured without a knocking combustion model that predicts the end-gas auto-ignition of
the mixture.
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Figure 13. In-cylinder pressure evolution. Pressure profiles (top), maximum peak pressure (bottom-
left), and maximum pressure change rate (bottom-right) for different fuel compositions.

In absence of a knock limitation, the spark timing can be freely advanced to optimize
the indicated efficiency, predicting higher efficiency values than expected. Therefore,
the proposed approach tends to advance the combustion process as the burning rate
increases due to the H2 addition. Consequently, the results in this section should be treated
with care, although the physics related to flame propagation shows consistent results,
an additional model needs to be implemented to account for the knock phenomenon.

Figure 14. Indicated efficiency trends when the amount of hydrogen is increased in the fuel blend at
λ = 1.5.

5.3. Combustion of Hydrogen

This section discusses the results of changing air dilution using hydrogen as fuel. As in
Figure 9, results of Figure 15 show the effect of increasing the air dilution on combustion-
related parameters. In this case, the air-to-fuel ratio is increased from 1.5 to 2. Similar to
what we observed for the methane combustion, the HRR profile becomes wider and its
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peak is reduced as the air dilution increases. However, this trend is slightly different: the
combustion duration is reduced until reaching a minimum around λ = 1.7 which coincides
with the maximum peak on the HRR profiles. Then, the combustion process is extended
again when increasing the dilution ratio. At λ = 2 condition, the combustion duration
reach similar values as λ = 1.5 conditions. The combustion phasing is progressively
delayed due to this effect.

The in-cylinder pressure increases with the air dilution until λ = 1.8 is reached,
as Figure 16 shows. Pressure profiles almost collapse in all cases between λ = 1.7 and
λ = 2. The differences observed during the compression and expansion strokes are a direct
consequence of the physical properties of the air-fuel mixture. Regarding the maximum
pressure rate of change, results show a maximum around λ = 1.7 following the inverse
trend as the combustion duration.

Values of indicated efficiency are shown in Figure 17. Increasing the air dilution,
indicated efficiency increase, recovering similar levels to those obtained when operating
with methane. Therefore, this confirms the potential of lean hydrogen combustion to
reduce the CO2 footprint of internal combustion engines.
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Figure 15. Trends of the main characteristics of the combustion process. Heat release rate profiles
(top), combustion duration (bottom-left), and combustion phasing (bottom-right) for different air-
to-fuel ratios considering hydrogen fuel.
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Figure 16. In-cylinder pressure evolution. Pressure profiles (top), maximum peak pressure (bottom-
left), and maximum pressure change rate (bottom-right) for different air-to-fuel ratios considering
hydrogen fuel.

Figure 17. Indicated efficiency trends when the air dilution rate is increased from λ = 1.5 to λ = 2.0
using hydrogen as fuel.

5.4. Effects on Fuel Consumption

In this final section, a comparison between all simulated cases is performed to identify
the benefits of using hydrogen as partial or complete fuel in gas-powered engines. In addi-
tion, this section could be considered as a small flavor of the potential applications of this
modelling approach, being extended to more complex and interesting studies in the future.

Results of the Indicated Specific Fuel Consumption (ISFC) are presented in Figure 18.
The positive impact of including hydrogen in the fuel is evident in this figure. The ISFC
decreases from almost 170 g/kWh to 70 g/kWh if the methane is completely replaced by
H2. The effect of the dilution is not so marked in both fuels.
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These results can be qualitatively validated with the experiments performed by
Singh et al. [51]. They operated an SI engine with methane and methane-hydrogen blends
(18% H2), observing an important gain in terms of specific fuel consumption (SFC).

Figure 18. Specific fuel economy of all simulated conditions. The black line corresponds with the
CNG simulation plan, sweeping the air dilution from λ = 1 to λ = 1.5. The blue line sweeps the
amount of hydrogen in the fuel from 0% to 100%. The red line considers pure hydrogen combustion
varying λ from 1.5 to 2.

6. Conclusions

A new modelling approach for methane-hydrogen combustion in SI engines has been
proposed in this paper. This model has been implemented and coupled with a virtual
model of a light-duty engine version for automotive applications. The combustion model
estimates the flame propagation from the laminar flame speed predicted by an ANN.
The ANN was trained by a set of data that considers a wide range of operating conditions
including both air and exhaust gases dilution.

The model has been widely validated, from the most fundamental aspects (laminar
flame speed) to the most complex ones (real engine experiments), including different
dilution and blend sharing conditions.

Results demonstrate how machine learning and data-driven modelling techniques,
can be implemented in several science fields reducing time calculation while allowing more
complex and interesting studies which contribute to finding new solutions for the most
relevant problems of society.

Modelling results indicate that hydrogen addition helps to increase the burning rate,
overcoming the negative effects of lean mixture environments on combustion. However,
there are some thermodynamic losses due to the physical properties of the fuel blend when
adding hydrogen. Nevertheless, the potential advantages of using H2 as fuel for internal
combustion engines have been evidenced.

Despite the benefits of this modelling approach, several limitations have been identi-
fied that need to be corrected in the future to improve the model accuracy. The cycle-to-cycle
variation should be estimated to correctly predict the losses due to excessive misfiring at
high dilution rates. Moreover, the auto-ignition of the mixture must be considered in a
dedicated submodel to predict the efficiency losses due to severe knocking combustion.
To this end, several submodels available in the literature will be evaluated and validated in
relevant engine conditions with hydrogen-enriched CNG fuel blends. Finally, a quantita-
tive validation is required in a wider range of operating conditions, including other engine
speeds and loads, and dilution conditions using exhaust gases.
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