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Abstract: In the efforts to achieve zero-emission transportation, hydrogen offers a valid choice as
a complete replacement of gasoline. Adapting spark ignition (SI) engines to this alternative fuel
can be implemented with relatively minor changes and limited investment in added components.
The conversion of a small-size passenger car to hydrogen fueling was evaluated initially from the
perspective of achievable range and peak power. Overall, the concept was found to be feasible and
comparable to the fully electric version of the vehicle. Cylinder imbalance was found to be one of
the possible issues compared to gasoline operation. This study looks in more detail at cycle-to-cycle
variability (CCV) and how this could influence vehicle dynamics as well as noise–harshness–vibration
(NHV). CCV was simulated with a 0D/1D approach in vehicle-relevant engine speed–load conditions.
A dedicated laminar flame speed sub-model was implemented so as to include fuel chemistry effects,
while CCV was simulated by inducing perturbations in the initial combustion stages and fuel
system characteristics as well as variation of air–fuel ratio throughout flame propagation. Significant
improvement of stability was predicted with hydrogen, while cylinder imbalance was found to be one
of the main sources of variability. Applying algorithms that compensate for the imbalance through
individual injection valve regulation may not be enough to mitigate the identified issue, and more
extensive changes of control strategies could be required. The start of injection settings may need to
be adapted for each operating condition to maximize the effect of H2 combustion stabilization.

Keywords: vehicle propulsion; spark ignition engine; hydrogen fueling; cycle-to-cycle variability;
0D/1D modeling

1. Introduction

There are numerous indications that battery electric vehicles will be the dominant
propulsion solution for the passenger car sector [1,2]; heavy-duty applications will have a
strong hydrogen-powered market share, including internal combustion engines (ICEs) [3].
On the other hand, H2 ICEs could represent a valid choice for small-size passenger cars
as well. This allows zero-GHG emissions in a cost-effective manner and has the benefit of
seamless integration with the existing maintenance infrastructure.

There is somewhat unanimous consensus that hydrogen will play a major role in
energy and transport [4], with power to x through electrolysis to account for a significant
share of its production. In the context of green H2, i.e., obtained using renewable energy
sources, overall prices will render it competitive with respect to ‘traditional’ fuels [5], even
if numerous aspects need to be considered [6,7]. Cost-of-ownership analysis suggests that
hydrogen will be cost-competitive with existing energy sources when the infrastructure
is ready and by applying the appropriate policies [8]. Within the total cost of ownership,
depreciation plays the most important part for passenger cars [9]; this practically means
that the investment cost is the greatest financial effort in this category of vehicles, and
many owners may consider retrofitting existing combustion-engine-powered cars to use
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H2. There are several specific aspects that need to be considered, but H2 ICEs will con-
stitute a significant part of the transition towards carbon-free mobility [10]. Dual fueling
may represent a valid option for the immediate reduction in ICE carbon footprint [11]
with minimal modifications, and when all characteristics are covered (ranging from fuel
injection [12], overall control requirements [13], emissions [14,15], boosting-abnormal com-
bustion [16], and even safety [17]) the goal of zero-GHG emissions can be achieved with
existing technology and cost-effectively.

The use of hydrogen in spark ignition (SI) engines is relatively straight forward, even if
there are several modifications required by the specific properties of this alternative fuel [18].
One of the main drawbacks is that it significantly reduces volumetric efficiency and thus
requires means for compensating for lower power density [19]. Improved combustion
stability is often cited as an important advantage [20] that enables lean fueling and higher
efficiency. On the other hand, the desirable property of high laminar flame speed can result
in limitations due to increased pressure rise rates [21]. As previously detailed, while there
are multiple aspects that need to be considered when using H2 for powering passenger cars,
one reasonable assumption is that overall, the concept is feasible [22], and there is a need for
studying specific phenomena in detail so as to ensure the best use of this alternative fuel.

The current work focuses on the cycle-to-cycle variability (CCV) and how this param-
eter changes when using hydrogen as a complete gasoline replacement in an SI-engine-
powered small-size passenger car. Simulations in a 0D/1D framework were performed for
several load points representative for urban and highway driving. Compared to previous
publications [23,24] the model was updated for simulating variability, and the entire work
is focused on the actual application of powering a small-size passenger car. A dedicated
CCV sub-model was developed and applied for predicting the effects of H2 on indicated
mean effective pressure (IMEP) as well as in-cylinder peak pressure variability. The multi-
cylinder architecture of the engine was also taken into account by performing more detailed
analysis of the CCV results. Start of injection (SOI) was carefully scrutinized, given its direct
influence on air–fuel mixture formation when using H2 (even if only port fuel injection was
considered) and its correlation to unwanted phenomena such as backfiring.

2. Materials and Methods

A small-size passenger car was considered for the present study. It is powered by a
600 cc petrol engine that delivers 40 kW peak power. The electric version of the vehicle
features a 41 kW electric motor, and the 17.6 kWh battery ensures a 130 km/h top speed and
125–135 km range. An initial evaluation found that the target of 40 kW peak power and
around 100 km range could be obtained with H2 fueling [23] by adding a 30 L container
alongside the petrol tank. In this way, the vehicle is completely compatible with the
current fuel supply chain and would also be prepared for a future zero-emission scenario.
Moreover, if the liquid fuel tank is replaced with gas containers, autonomy would increase
to over 170 km, which is close to the foreseen maximum distance between H2 refilling
stations [25], and ensure a slight margin so as to alleviate range anxiety. Figure 1 shows
the overall layout for the studied power unit. Apart from the main control parameters that
were included in the model, it also shows the added H2 injectors; it should be noted that
the actual location of these metering valves was considered close to the intake valves (i.e.,
fitted at the end of intake runners). Only the case of port fuel injection was considered,
given its easier implementation, with a reduced number of added components.
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A disassembled engine was available during the initial phase of model develop-

ment, and so measurements were performed on several components that were then in-
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example, the intake manifold was implemented as a series of T elements (as shown in 
Figure 2), the runners were equivalent to round pipes, and so on. 

Other OEM data were used for building equivalent turbine and compressor maps 
[27,28] and for validating (at least partially) model output. More to the point, the simula-
tions predicted peak power with a boost pressure of 0.5 bar, which is completely in line 

Figure 1. Schematic layout of the studied power unit and illustration of the main control parameters.

Table 1 shows the main engine characteristics when fueled with gasoline. Peak power
ratings were verified to be reachable with H2 as well [23], with possible limitations of full
load characteristics confined only to low rpm [24].

Table 1. Engine characteristics.

Description

Displacement 599 cm3

Number of cylinders 3
Rated power 40 kW @ 5250 rpm
Rated torque 80 Nm @ 2000–4400 rpm
Bore x Stroke 63.5 mm × 63.0 mm

Connecting rod length 114 mm
Compression ratio 9.5:1
Number of valves 2 per cylinder

Intake valves opening/closure 363/164 deg bTDC
Exhaust valves opening/closure 157/349 deg a/bTDC

Fuel system port fuel injection at 3.5 bar for gasoline and 5 bar
for hydrogen

Ignition inductive discharge, 2 spark plugs per cylinder

2.1. 0D/1D Model Overview

A disassembled engine was available during the initial phase of model development,
and so measurements were performed on several components that were then inserted in
the 0D/1D simulation framework [26]. The overall concept is to represent components that
feature complex geometries as an equivalent of simple volumes. For example, the intake
manifold was implemented as a series of T elements (as shown in Figure 2), the runners
were equivalent to round pipes, and so on.
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Figure 2. Overview of the 0D/1D model with highlighted sub-parts for indicating the approach to
CCV simulation.

Other OEM data were used for building equivalent turbine and compressor
maps [27,28] and for validating (at least partially) model output. More to the point, the
simulations predicted peak power with a boost pressure of 0.5 bar, which is completely
in line with OEM specifications. Unfortunately, there was no in-cylinder pressure data
available for further validation, and so several parameters (e.g., calibration coefficients for
the flow and combustion sub-models) were left at their default value.

Previous publications contain more detailed settings of the simulation [23,24], and
for brevity, only the specifics of CCV-related sub-models and newly added elements will
be described.

2.2. PID Controllers

One issue that was scrutinized was the possible effect of the implemented control
components on CCV modeling. More to the point, even after convergence, slight variations
of the output signal are always present from one cycle to the next.

The injection PID was implemented in a straightforward manner with a certain target
AFR measured in the exhaust line, before the component that models the three-way catalytic
converter. The actual engine features two narrow-band oxygen sensors, one before and one
after the converter, but only the one upstream is used for controlling injection settings.

Control of engine load was less simple to implement, given that the power unit is
turbocharged. For this reason, a certain boost level was set for each load point, and this
value represented the target for the PID controller that adjusts the waste gate. The throttle
PID was set to achieve a certain power level; for boosted conditions, wide open throttle
(WOT) was imposed.

The PID controller that adjusts ignition timing was fed with an MFB50 (i.e., 50% mass
fraction burned crank angle point) target of 9 deg aTDC, which was found to be a good
compromise of optimized spark control in various conditions [21]. A condition was imple-
mented so as to limit knocking. More to the point, if the model predicted the occurrence of
knock, spark timing was reduced by 0.2 deg for the next cycle.
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It was found that these three PID controllers induced negligible COV. The boosted
condition variability was below 0.1% for IMEP and around 0.3% for peak pressure, mainly
due to the fact that knock limitations induced slight variations of the spark timing. These
figures were much lower for throttled operation.

2.3. Cyclic Variability Sub-Model

CCV modeling was approached as in [29], given that it was more fundamentally
oriented. The two main assertions were based on the observed correlation of peak pressure
variation, due to changes in the duration of the initial stages of combustion, and that of
IMEP, mainly due to fluctuations of the injected fuel quantity. The first effect was modeled
by implementing a random (uniform distribution) flame kernel growth (FKG) multiplier
value for each of the three cylinders. Compared to the previous version of the sub-model,
the generation of random numbers was imposed to have a lower limit of 0.794 and an
upper limit of 1; the output of the FKG signal generator was then passed to a x10 function,
thus resulting in a minimum value of 0.1 and a maximum of 1. Mean values were therefore
around 0.897 and 0.337 for the signal generator and FKG, respectively. The additional step
allowed the reduction in bias towards larger values of FKG.

The effect related to fuel injection was simply implemented as a random multiplier
coefficient between 0.95 and 1.05 applied to the injection duration at the output of the PID
controller. This meant that the injected quantity was randomly varied within ±5%, so as to
account for pressure pulsation in the fuel rail [30,31]. Variability of the liquid mass added to
the fuel film was set between 90 and 100%, given the presence of combined interaction with
the port and valves, as well as incoming flow. The imposed figure was based on observed
shot-to-shot injection variability, with as high as 7% COV noted in terms of jet penetration
in cross-flow conditions [32]. Gas fuel injection is free of fuel film dynamics [33]; therefore,
only the pressure pulsations in the rail were kept when performing simulations with H2.

In a first attempt, the model predicted quite low COV for peak pressure at low load.
For this reason, it was inferred that the effect of local variation of residual gas concentration
(xr) was not accounted for. The basis for this thinking is that when reducing engine load,
xr was the main factor of variation in terms of influences within the combustion sub-
model. Local residual gas concentration is not distributed uniformly, i.e., even if overall
the concentration of diluents is the same from one cycle to the next, the fact that there is a
certain degree of stratification will result in different influences on flame propagation and
therefore combustion. Measurements in the region of the spark plug have indeed shown
that there can be significant local variations of fluid composition from one cycle to the
next [34]. Starting from this fundamental observation, a random (uniform distribution)
perturbation to the dilution exponent multiplier (DEM) was implemented, thus directly
acting on the calculated value of laminar flame speed. A lower limit of 0.1 was imposed,
while the upper limit was set at 2.1. The two limits were chosen by considering the effect of
dilution on calculated laminar flame speed values, as evidenced in Equations (1) and (2),

SL =
[

Bm + BΦ·(Φ − Φm)
2
]
·
(

Tu

Tre f

)α

·
(

p
pre f

)β

· f (xr) (1)

f (xr) = 1 − 2.06·(xr)
0.77·DEM (2)

where SL is the laminar flame speed in m/s, Bm the maximum speed value, BΦ is the
roll-off value in m/s, Φ is the equivalence ratio, while Φm is the value at maximum speed,
Tu and Tref are the unburned mixture temperature and reference value in K, α and β are
the temperature and pressure exponents, p and pref are in-cylinder and reference pressure
measured in Pa, while the term f (xr) is used for modeling the effect of residual gas at a mass
concentration xr. Full-load conditions usually feature xr values below 5% and consequent
reduction of less than 10% of SL (with DEM set at its default value of unity). For part load
instead, xr can be as high as 20%, resulting in laminar flame speed values close to 60%
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lower with respect to the xr = 0 situation. Given the hypothesis of uneven distribution of
residual gas, even higher local concentrations are possible; as an example, xr of over 35%
would result in over 90% reduction in SL at reference conditions.

Actual implementation of the variations for the DEM was achieved by solving an
exponential equation, i.e., by setting the condition f (random · xr) = f (xr), resulting in the
formula DEM = ln(random · xr)/ln(xr). For example, with an average xr value of 10%, SL is
reduced by around 35%; the lower limit of the random number signal (0.1) would result in
close to 6% reduction, while the upper limit (2.1) reduces SL by over 60%. This gives an idea
of the variations that were present during the simulations with gasoline. Implementing
the influence for the H2 cases was not as straightforward. The residual gas term has a
different formula [35,36], and the condition becomes f (random · xr) = 1 − (2.715 – 0.5 · Φ) ·
random · xr = 1 − 2.06 · xr

0.77 · DEM, thus resulting in a more complex form for calculating
the required parameter DEM = ln((2.715–0.5 · Φ) · random · xr/2.06)/(0.77 · ln(xr)). Both
calculations were implemented as RLTDependenceXY components, where DEM takes the
value calculated by using the derived expression each simulated cycle.

Figure 3 shows the distribution of f (xr) values obtained starting with the same set
of 200 random numbers, when changing the residual gas fraction from 5 to 10 and 20%.
Evidently, a higher percentage of residual gas results in more consistent reduction in
laminar flame speed (low values of function f ). It is interesting to note that for both fuels,
a wider distribution is predicted at an increasing concentration of residuals. Another
important observation is that the effect is different for H2 compared to gasoline; the effect
would seem to be less significant for the gaseous fuel, especially at low values of xr.
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three different percentages of xr.

Overall, with this approach, the model was found to ensure the expected trend when
reducing engine load, similar to those usually observed in the literature, e.g., [37].

3. Results and Discussion

Once the model was set up with its sub-components aimed at CCV simulations, several
situations were investigated so as to give a better idea on how the engine would perform
when fueled with H2 and whether it would significantly influence vehicle dynamics. To
this end, the characteristics of the small-size passenger car were used for defining specific
operating points. A simple calculation of the power required to drive the car at top speed
results in around 31 kW brake power. An overall transmission efficiency of 84% (intended
as the ratio between wheel/crankshaft power) was obtained by performing a simplified
wheel power requirement calculation at the top speed of 135 km/h. It was assumed that
the sixth gear was selected (the gearbox features overall transmission ratios of 14.2, 10.3, 7.4,
5.6, 4.1, and 2.9, respectively), that the vehicle is equipped with a 15-inch rim with 175/55
R15 tire combination; these are equivalent to an engine speed of 4400 rpm and full-load
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power of 37 kW for a frontal area of 2.4 m2 and a Cx value of 0.37. The aforementioned
value of 0.84 is completely comparable to measurements on other vehicles [38]. Using
this efficiency figure, four load points were defined at 30, 50, 90, and 130 km/h, chosen as
representative of urban and highway driving. This results in a combination of 1.3 kW at
2480 rpm, 3.2 kW at 3130 rpm, 12.5 kW at 2940 rpm, and 33.2 kW at 4240 rpm, respectively,
for the four vehicle velocity conditions. Rather than going into a detailed analysis of
conversion efficiency (previous publications already give an idea of the relative changes
with respect to gasoline [23,24], and more consistent improvements can only be achieved
with significant hardware modifications [10]) or emissions (the stoichiometric operation
considered throughout the study ensures significant reduction in NOx with a three-way
catalytic converter [22]), the results focus on the effects of hydrogen on combustion variabil-
ity. After an initial evaluation of CCV effects on in-cylinder pressure for the two fuel types,
an overview is given of the intended vehicle use. Finally, the effect of SOI was scrutinized
as well.

3.1. CCV Effects on In-Cylinder Pressure

A condition of 3000 rpm and 5 kW brake power was arbitrarily chosen for these
simulations. Throttled operation was predicted for both fuel types. After an initial step
in which the PID controllers were active, the waste gate opening, throttle angle, injection
duration, and spark timing were identified for stable operation with the mean FKG and
no fuel injection effects. Afterwards, simulations were performed with the fixed control
parameters and changing FKG, injection duration, and DEM within the limits imposed in
the CCV sub-models. This was done so as to easily identify the effect of induced variability.
Figure 4 illustrates the effect of varying the FKG parameter on in-cylinder pressure. A clear
difference between gasoline and hydrogen is evident. If, for the liquid fuel, the change
resulted in peak pressure variations of up to 5 bar, for H2, the variation was slightly over
0.2 bar. This is directly correlated to the laminar flame speed of the gaseous fuel, predicted
to be in the range of 15–20 m/s during combustion (compared to 1.0–1.2 m/s for gasoline);
an interesting observation is that it is even higher than the turbulence intensity, calculated
to be between 5 and 18 m/s. Therefore, flame propagation is dominated by the laminar
process, and the variations during the initial combustion stages are no longer as dominant.
The code features a multiplication term in the equation for calculating turbulent flame
speed in the form of (1 − 1/(1 + FKG · (Rf/Li)2)), where Rf is the flame radius and Li the
integral length scale; this simulates the transition from the laminar flame phase to the
turbulent stage. Basically, when the flame radius is 0, the contribution of turbulence is not
present, while at large Rf values, the flame is fully turbulent. Evidently, for low FKG, the
passage is delayed (resulting in slow flame propagation), while the opposite is true for
high FKG figures. The effect of this term is practically insignificant for H2, due to its high
laminar flame speed.

As expected, no significant influence on IMEP was simulated. Please note that the
results are shown only for cylinder 2; there is a cylinder-to-cylinder difference in volumetric
efficiency between the two fuel types, and these effects will be discussed in the ensuing
section. Nonetheless, what is immediately evident is that changes in the initial stages of
combustion induce slight variations in IMEP for gasoline, while for H2 there was practically
no influence.

Figure 5 shows the influence of changing the DEM parameter for the two fuels. Just as
for FKG, the effect is much more prominent for gasoline. Even more so, by combining the
effect of DEM and FKG (i.e., the ‘worst’ possible situation, characterized by ‘slow’ transition
to the turbulent phase and high concentration of residual gas), the code predicts a significant
drop in peak pressure as well as IMEP. For hydrogen on the other hand, the influence was
much more contained, even if more evident compared to that of changing FKG.
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Figure 4. Effect of varying the flame kernel growth multiplier on in–cylinder pressure, at 3000 rpm
and 5 kW brake power.
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Figure 5. Effect of varying the dilution exponent multiplier on in-cylinder pressure at 3000 rpm and
5 kW brake power.

More insight can be gained by analyzing the two parameters that define flame propa-
gation and fuel oxidation in the reaction zone. These are governed by turbulence intensity,
its characteristic length, and of course, laminar flame speed.

Figure 6 shows that predicted overall turbulence intensity was quite similar for both fu-
els; integral length scale was also practically the same. Therefore, the turbulence component
in the process of flame propagation should be relatively the same. Laminar flame speed, on
the other hand, is over an order of magnitude higher for H2 at reference conditions. As
Figure 7 shows, this results in SL values in the range of 10–25 m/s, compared to 0.4–1.6.
Apart from the wider range in terms of relative values (around 3–4 times from minimum to
maximum DEM during combustion for gasoline, compared to around 2 for H2), the fact
that the absolute SL is significantly lower for the liquid fuel means that the influence on
in-cylinder pressure is much more pronounced in terms of overall combustion duration. On
the contrary, for the gaseous fuel, overall ‘fast’ combustion means that there is less influence
of the chemistry part of the process. As detailed in a previous study [21], there is a certain
laminar flame speed threshold above which the actual influence on combustion is no longer
as evident. Of course, other phenomena such as increased heat loss may result in unwanted
effects such as local hotspots, but in terms of an actual link to the thermodynamics of the
process, there is less evidence of a connection.
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Figure 6. Predicted turbulence intensity for the two fuels at 3000 rpm and 5 kW brake power; mean
piston speed is also indicated with a dashed line.
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Figure 7. Simulated laminar flame speed for the two fuels when varying the dilution exponent
multiplier at 3000 rpm and 5 kW brake power.

3.2. CCV Effects for Different Vehicle Speed Values

Once the detailed analysis of underlying phenomena was performed for a single
operating point, a more comprehensive view was ensured by looking at global parameters
and their variability. More to the point, for the actual intended application, the IMEP and
its coefficient of variation (COV) are the two essential figures that define usability; the first
gives a direct measure of power available to drive the car, and the second can be used for
evaluating acceptable noise–harshness–vibration (NVH) limits.

Figure 8 shows the IMEP and COVimep predicted in conditions of constant driving
speed at 30, 50, 90, and 130 km/h. The power output was practically the same for both fuels
(slight differences, below 1%, were due to the various stable conditions reached by the PID
controllers for each operating point), while predicted variability was quite different. For
the 30 km/h case, the model predicted a COVimep of over 12% for gasoline, close to the 10%
limit considered as the threshold for acceptable engine output variability in automotive
applications [39]; of course, continuous driving at 30 km/h is seldom encountered, as at
such low speed, start/stop vehicle use due to traffic is more likely. As the engine load
increases, less residual gas is present in the cylinder; thus, the related variability is less
evident. For 130 km/h, the predicted COVimep was around 1.0% for the liquid fuel and
0.4% for H2. The absolute values are completely comparable to those recorded at similar
load on an automotive SI engine [40], and the relative difference between the two fuels is
also directly analogous. These results give further confidence to the analysis in terms of the
capability of predicting the effects of hydrogen on CCV.
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Figure 8. Crank-train based IMEP and its COV.

The overall conclusion that can be drawn from the COVimep simulations is that H2
considerably improves stability compared to gasoline, especially in part-load conditions.
This hints towards the possibility of operating the engine ultra-lean at low load, thus
ensuring important margins for improving efficiency.

The results shown in Figure 8 are crank-train based evaluations, meaning that the
COVimep parameter was taken from the “crank-train” component illustrated in Figure 2.
This, however, may not be representative for all three cylinders. For this reason, a more
detailed analysis was performed at 50 and 130 km/h. Figure 9 shows the predicted IMEP
and COVimep for all three cylinders.
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Figure 9. Cylinder-by-cylinder IMEP and its COV for two load points.
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If, for gasoline, the cylinder-to-cylinder IMEP variation was below 1% at 50 km/h, with
H2, this parameter was close to 4%; at 30 km/h, the difference was even more prominent, at
over 10%. Somewhat counter-intuitively, the situation was the opposite for the 130 km/h
case, for which gasoline featured the higher figure. This further highlights particular
aspects that would normally be neglected (e.g., with gasoline fueling) but that may become
important with H2. Cylinder imbalance was indeed identified as a possible issue [23]
which results in different volumetric efficiency for each cylinder. Even if this parameter
was overall around 26.5% for the 50 km/h case, the individual volumetric efficiency was
25.7, 26.3, and 27.5% for cylinders 1, 2, and 3, respectively; this is the main reason for the
predicted relative air–fuel ratios of 0.91, 0.97, and 1.09 at cycle start (exhaust lambda was
instead close to stoichiometric). As a consequence, the COVimep of cylinder 3 was more
than twice that of the other two cylinders. Interestingly enough, the situation is not exactly
the same for the 130 km/h case, for which cylinder 2 featured the highest variability when
using hydrogen.

No direct correlation to volumetric efficiency (and therefore lambda values) of each
cylinder can be made with respect to COV, but it is one of the main factors of influence.
More to the point, even if the combustion CCV model is linked primarily to residual
gas concentration at ignition and not volumetric efficiency, the fact that there are larger
differences in cylinder-to-cylinder filling performance results in more pronounced effects
of this phenomenon on variability. In fact, as Figure 10 shows, much higher COV values
are obtained when performing the analysis based on cylinder-to-cylinder data rather
than the crank-train component. For completeness, the results shown in Figure 8 were
obtained by considering IMEP during the last 200 cycles of the simulation (which totaled
3000 cycles for each point) recorded in the crank-train component, while those shown in
Figure 10 were the product of considering a dataset of all three cylinders during the last
200 cycles of the simulation (thus a population three times larger compared to the previous
evaluation). Nonetheless, all COV values were significantly lower for the gaseous fuel
compared to gasoline.
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Figure 10. Overall cylinder-based evaluation of COVimep.

One other reason for concern is that peak pressure tends to be higher when using
hydrogen. The main reason is its ‘faster’ combustion; lower volumetric efficiency requires
higher boost levels and thus further contributes to an increase in peak pressure. If at
low load this is not a problem (e.g., an increase from around 20 to 25 bar at 50 km/h),
at high load this could become an issue. As shown in Figure 11, at 130 km/h, predicted
peak pressure was around 70 bar when using gasoline, while with H2 it was over 100 bar.
This increase of close to 50% could push the operating regime beyond the limit usually
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employed for containing peak pressure during the working cycle. Just as for the IMEP data,
COVpmax was much lower for the gaseous fuel. The fact that hydrogen features such high
laminar flame speed practically eliminates the influence of the FKG parameter and thus
greatly reduces variability.
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Figure 11. Cylinder-by-cylinder peak pressure and its COV for two load points.

Peak pressure and its variability directly influence knocking and how it is mitigated.
Figure 12 shows the maximum pressure predicted for cylinder 2 during the last 200 cycles
of the simulation, as well as the calculated knock induction time integral (a value below
unity means that no knocking was predicted, while greater than or equal to 1 means that
knocking occurs). There is an evident correlation of knocking cycles (those that feature an
induction time integral greater than or equal to 1) and peak pressure in the case of gasoline
fueling; no abnormal combustion was predicted for hydrogen, given the high RON number
of 130 used in the simulations. As mentioned in the previous section, the ignition PID
controller contains a limit aimed at preventing knock. Indeed, every time the code would
calculate an induction time integral over 1, spark timing would be reduced so as to run
the engine at the limit of abnormal combustion. Of course, given the variable nature of
combustion, there are cycles that go over the limit, but overall severe knock can be avoided.
This poses an interesting question with respect to reduced COVpmax obtained with H2.
Even if knocking would occur when using the gaseous fuel, its much more repeatable
combustion process could provide the basis for ‘tighter’ control of ignition and thus obtain
important gains in efficiency.
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Figure 12. Cycle-to-cycle evolution of peak pressure and knock induction time integral for one of the
cylinders; the average value of the integral is also shown with a dashed horizontal line.

As an overall conclusion of the analysis performed in this sub-section, it can be stated
that the use of H2 results in significantly lower COV with respect to gasoline. Cylinder
imbalance was identified as a possible issue that results in quite a different air–fuel ratio
for each individual cylinder. Normally, correction algorithms are developed for handling
differences in the range of ±5% [39]; they usually employ an analysis of the signal given
by the exhaust gas oxygen sensor to identify deviations from stoichiometry and apply
injection trimming to reduce imbalance [41–43]. The fact that with H2 fueling the engine
features more than double the expected cylinder-to-cylinder difference could be a problem
that may result in undesired effects.

3.3. Start of Injection Effects

All the results presented in the previous sub-sections were obtained with a fixed SOI
of 360 deg bTDC. This setting was found to be compatible with a wide range of engine
speed conditions [24]; intuitively completing the entire fuel delivery process during the
intake stroke should minimize the difference in volumetric efficiency from one cylinder to
the next, as well as the risk of backfire. In fact, the flow rate of the H2 injectors was imposed
at 6 kg/h, which is relatively high for such a small engine size, so as to ensure complete
delivery of the fuel required for rated power within a 180 deg window.

Figure 13 shows the results obtained by setting the SOI at during the exhaust stroke
(180 and 270 deg aTDC), during intake (360 and 450 deg aTDC), and with the valves
closed (540 deg aTDC). It should be noted that all cases featured practically the same
IMEP, ensured by the load control through throttling or turbocharging. The fact that not all
cases featured the same COV trend when sweeping the SOI highlights the complexity of
interactions and further emphasizes the need to carefully evaluate control strategies when
considering conversion to H2 fueling. Nonetheless, SOI variations resulted in relatively
reduced benefits in terms of COVimep. Low-velocity conditions featured variability much
lower than that predicted for gasoline. Only one condition resulted in COVimep higher for
H2 (the 90 km/h case with SOI at 450 deg aTDC), but this was directly comparable to the
value calculated for the liquid fuel. Therefore, as an overall conclusion, it can be stated that
changes in the SOI bring relatively reduced benefits in terms of improving stability. These
results were, however, obtained by evaluating crank-train-based IMEP. Given that cylinder
imbalance was found to exert an important influence on variability (Figure 10 compared to
Figure 8), cylinder-based COV was also scrutinized.
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Figure 13. Crank-train-based COVimep for different start of injection settings.

Figure 14 shows the results obtained by extending the population of IMEP values
to all three cylinders. While the overall trend is very much the same as that shown in
Figure 13 (with SOI360 ensuring a good compromise for all vehicle speed cases), the higher
values emphasize the effect of injection phasing on COVimep. One interesting result is
that for 30 km/h cruising speed, the model predicted better stability with SOI at 450 deg
aTDC. Given the reduced injection duration (below 1 ms), fuel delivery is completed during
the intake stroke, even with relatively retarded SOI. For 130 km/h, the best choice was
predicted to be SOI 360 deg aTDC; the end of injection was before intake valve closure
(IVC) for this case as well (injection duration was slightly below 5 ms).
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Figure 14. Overall cylinder-based evaluation of COVimep for different start of injection settings at 30
and 130 km/h.
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One other important aspect to be considered is the risk of backfire. The previous
study [24] showed the requirements of adjusting SOI settings so as to reduce the risk of
fresh charge ignition in the intake port. Basically, the main mechanism is that the H2-air
mixture can ignite at intake valve opening (IVO) as it comes in contact with hot residual
gas or high-temperature surfaces (e.g., the spark plug or exhaust valve). Minimizing the
concentration of fuel at the instant of valve opening would therefore greatly reduce the risk
of backfire.

The predicted relative air–fuel ratios in this component at IVO for the 130 km/h case
with SOI360 were 2.2, 2.5, and 2.4 for cylinders 1, 2, and 3, respectively. These values
were even higher with SOI270, at 3.5, 4.3, and 4.6. When comparing these figures with
the explosion limit AFRrel of around 1.8, both SOI settings would feature reduced risk of
abnormal combustion. Even if all concentrations are above the lower flammability limit
(with an AFRrel of over 9), increasing the lambda value means that backfiring is less likely
to occur.

One cause for concern is that the model predicted lambda values of 0.7, 0.9, and 1.0 for
cylinders 1, 2, and 3 at 30 km/h with SOI450 (which featured the lowest COVimep). Given
that all three cylinders would be at high risk of backfire, this SOI setting would be best
avoided. Starting the injection at 360 deg aTDC would bring the AFRrel values to 1.6, 2.0,
and 2.4 respectively. Even if cylinder 1 is still below the lambda 1.8 limit, the risk would be
greatly reduced compared to the SOI450 setting. The fact that this condition features very
low pressure (intake and in-cylinder) as well as high residual gas concentration (around
17% for all three cylinders) further reduces the likelihood of backfire.

4. Conclusions

Within the context of a future zero-GHG emissions scenario, hydrogen fueling of
a small-size passenger car was investigated. The overall idea is to achieve complete
integration within this scenario of a retrofitted ICE vehicle for ensuring the use of this
alternative fuel efficiently and cost-effectively. For the specific case of the current study,
the effect of hydrogen on combustion variability was investigated. CCV was modeled in a
0D/1D framework for a small-size passenger car powered by a H2 SI engine. Results were
also compared to gasoline operation.

A dedicated laminar flame speed model was implemented for modeling hydrogen
combustion. Variability was simulated with the same approach for both fuels by imposing
random deviations of the flame kernel growth (FKG) and dilution exponent multipli-
ers (DEM); fuel delivery variations were included as pressure oscillations in the rail and
changes in the liquid fuel fraction added to the intake port film. These perturbations were
found to correctly predict the expected trend when simulating gasoline combustion. The
first parameter had a significant effect on in-cylinder peak pressure, while the second influ-
enced IMEP results more consistently. Both were found to feature much more contained
influence with H2 fueling, directly correlated with the higher laminar flame speed.

Simulations were performed at four levels of vehicle velocity chosen as representative
for urban and highway use (30, 50, 90, and 130 km/h cruising speed). Overall (crank-train-
based) COVimep ranged between 13% and 1% for gasoline (at increasing load), while for
hydrogen this parameter was below 1% for all four cases. Knocking was predicted to be a
problem only for gasoline, and due to reduced peak pressure COV, increased margins for
controlling abnormal combustion would be available with H2. Cylinder imbalance was
found to be more prominent for the gaseous fuel; it increased COVimep values up to 5%,
but they were still much lower compared to the liquid fuel.

Optimized start of injection was predicted to provide additional improvements of
stability. Initiating from a rule of thumb that completed the entire fuel delivery during the
intake stroke would ensure the best results; the simulations confirmed that SOI 450 deg
aTDC and SOI 360 deg aTDC ensured the highest stability at 30 and 130 km/h cruising
speeds, respectively. These settings were, however, not compatible with the requirement
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of reducing fuel concentration in the intake port. Nonetheless, SOI360 was predicted to
ensure good margins for reducing the risk of backfire in all four operating conditions.
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