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ARTICLE INFO ABSTRACT
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Hydrogen-powered internal combustion engines offer a viable pathway toward low-carbon propulsion while
leveraging existing engine architectures. This study presents the conversion of a state-of-the-art 2.4 L diesel
engine for off-road applications to direct-injection hydrogen operation through an integrated numerical-

;DACFD . librati experimental approach. Three-dimensional CFD simulations were employed to optimize hydrogen injection
rogen engine calibration . . . . . g . . P . .
RZtroﬁgtabilit}% and mixture formation, with the scope of reducing mixture stratification, while requiring only minor design

modifications (®,/®a, from values greater than 45% to approximately 15-25%). Based on these results, a
prototype engine was developed and experimentally tested. The hydrogen engine achieved performance com-
parable to the baseline diesel unit, reaching 305 Nm and 55 kW with peak indicated thermal efficiency above
40%. Over the LSI-NRTC homologation cycle, engine-out NOx emissions reached 0.68 g/kWh, well below EU
Stage V and EPA Tier 5 limits. With the integration of an SCR system, tailpipe NOx emissions were further
reduced to 0.03 g/kWh, approaching near-zero levels, with only a limited torque derating (< 5%).

1. Introduction tailored to meet the specific needs of different applications and market

segments [7,8]. In the passenger car and light-duty vehicle sectors,

Anthropogenic emissions of greenhouse gases are widely recognized
as the primary drivers of climate change [1-3]. At a global level, the
transport sector — including road, aviation, and shipping — accounted for
22% of the total carbon dioxide (CO2) emissions in 2023 [4]. This sig-
nificant contribution has driven policymakers and legislators to enforce
stringent regulations for an expedited transition of the transport sector

hybrid electric vehicles offer a valuable short- to mid-term solution for
decarbonization. Although battery electric vehicles (BEVs) are gaining a
larger market share [9], their widespread adoption is currently con-
strained by technical factors such as long recharging times and limited
driving range. Additionally, the carbon footprint of BEVs, when assessed
on a life-cycle-analysis basis, is significantly influenced by the energy

toward decarbonized solutions [5,6]. Powertrain manufacturers are
addressing this technological shift through a wide range of solutions,

mix of the electrical grid [10,11]. For heavy-duty (HD) applications, the
operational demands and the requirement for bulk battery packs make
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this powertrain configuration impractical [12]. In off-road and agri-
cultural applications, BEVs do not appear to be particularly suitable
because minimizing operational costs and maximizing machine pro-
ductivity require short refuelling time. Additionally, the necessity of
operating the machine near an electric grid would reduce operational
flexibility in these contexts. Compared to BEVs, hydrogen-based systems
address issues related to range and refuelling time and offer advantages
in terms of powertrain space and weight thanks to the higher energy
density of hydrogen. Besides this, hydrogen serves as both an energy
carrier and an energy vector, thus supporting and enhancing the tran-
sition toward a sustainable and decarbonized economy [13]. Fuel cell
electric vehicles (EVs) feature relatively high efficiency, especially at
part-mid loads [14]. However, in certain applications, such as off-road
vehicles, the dusty operating environment, and critical ambient condi-
tions present significant challenges for the health of fuel cell stacks and
their thermal management [15].

In this context, hydrogen internal combustion engines (H,-ICEs) may
bridge this gap, offering a reliable and robust solution for carbon-neutral
operation at affordable costs for development, integration in existing
machines, production, and maintenance. Indeed, H,-ICEs can be directly
derived from commercially available engines, avoiding the need to
completely design a powertrain from scratch, thus limiting development
resources. Additionally, compared to fuel cell applications, H,-ICEs may
benefit from mature manufacturing processes and facilities along with a
well-established supply chain [16]. Moreover, the carry-over of several
powertrain components greatly simplifies integration into existing ve-
hicles, further reducing adaptation requirements. Lastly, hydrogen has
excellent combustion properties, such as a high laminar flame speed
over a wide range of pressure, temperature, relative air-to-fuel ratios (1),
and residuals concentration, a high lean flammability limit, a large
lower heating value (i.e., 120 MJ/kg) [17]. However, the minimum
ignition energy of hydrogen is roughly one order of magnitude lower
than that of conventional fossil fuels (i.e., 0.016 mJ) [18]. This strongly
increases the risk of preignition [19,20], glow ignition [21,22], and
backfiring [23,24], in the case of external mixture preparation.

High-pressure direct injection (HPDI) systems, enabling a diffusive
combustion process of hydrogen allow for avoiding the mentioned risks
as well as those related to abnormal combustion processes (e.g., preig-
nition and knock). Moreover, hydrogen HPDI fuel systems can achieve
efficiency levels up to 51% and loads up to 30 bar of brake mean
effective pressure (BMEP) [25,26]. Nevertheless, the integration of a
high-pressure injector into the cylinder head and the increased system
complexity required to increase hydrogen pressure up to 300 bar, make
this solution practical only for HD applications. Moreover, the high ni-
trogen oxides (NOy) emissions associated with a diffusive combustion
process makes mandatory the adoption of a dedicated aftertreatment
system [27]. On the other hand, combustion systems based on the
conventional spark ignition (SI) cycle (Otto cycle) can provide accept-
able efficiency levels (up to 44% [25]) while significantly reducing
complexity. Low pressure (LP) port fuel injection (PFI) systems, char-
acterized by an injection pressure between 5 and 10 bar represent the
straightforward approach for retrofitting an existing engine. Indeed, it
does not lead to integration issues, and it can rely on injection systems
with low failure risk. Moreover, knock tendency and NOy emissions are
strongly reduced [28] and combustion variability is minimized [29]
thanks to the high level of in-cylinder mixture uniformity. Nonetheless,
injection timing and valve phasing must be carefully optimized in order
to limit safety problems related to backfire [30]. Moreover, the selection
of the boosting system poses a significant challenge. Indeed, in Ha-ICEs,
the high air excess needed to reduce the risk of abnormal combustion
phenomena and hinder the formation of NOy [31] significantly increases
air requirements [32]. In PFI systems, the injection of hydrogen in the
intake ports further reduces the volume of intake air, generally resulting
in lower power output and lower efficiency [33]. Lastly, as the average 1
is increased, the temperature of the exhaust gases is reduced, lowering
the available exhaust enthalpy and severely limiting boosting
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performances [34-36]. The performances of PFI Hy-ICEs, in terms of
maximum load, combustion stability, and NOyx emissions, can be
improved by equipping the engine with an active pre-chamber. In [37],
the adoption of an active pre-chamber system on an HD engine for off-
road applications, enabling turbulent jet ignition (TJI) operation,
allowed to achieve the same performances as the original diesel engine,
with engine-out NOy emissions (0.24 g/kWh) below the current
legislated tailpipe limit of 0.4 g/kWh over the Non-Road Transient Cycle
(NRTC). However, this combustion system requires the adaptation of the
cylinder head to fit the pre-chamber and the installation of one addi-
tional injector per cylinder, thus increasing the number of design
modifications.

In contrast, LP direct injection (DI) systems can address many of the
limitations of PFI Hy-ICEs, either partially or completely, without
significantly increasing hardware complexity. Indeed, backfiring is
avoided thanks to the injection of hydrogen directly inside the com-
bustion chamber. For the same reason, boosting demand is significantly
reduced compared to a PFI Hy-ICE. In [38] it was demonstrated that the
intake manifold pressure in a DI single-cylinder engine with a
displacement of 2.13 | is reduced by 200 mbar compared to the PFI
system at the same excess air ratio. DI systems also enhance transient
performance. As a matter of fact, they can exploit post-injection strate-
gies to increase the enthalpy of exhaust gases, thereby improving dy-
namic operations [39-41]. However, in DI Hy-ICEs, mixture
inhomogeneities might lead to higher NOy emissions [38] and increase
the likelihood of knock [42] and pre-ignition [43]. Therefore, the opti-
mization of the air-hydrogen mixing process is a crucial factor for sup-
pressing abnormal combustion processes and reducing engine-out
emissions. Advanced injection timings generally lead to higher unifor-
mity levels [44], and lower NOy emissions. Nonetheless, if the injection
occurs too early during the intake process, some hydrogen can flow back
into the intake ports [45], potentially leading to backfire. Moreover,
volumetric efficiency decreases, while compression work is increased
[46], partially reducing the benefits of a DI layout. On the other hand,
excessively late injection timings generally reduce mixture uniformity,
increasing combustion variability and NOy formation [47]. Neverthe-
less, a suitable optimization of the injection timing, hydrogen targeting,
and interaction with the in-cylinder aerodynamics can strongly enhance
fast and effective air-hydrogen mixing [48-56]. The effectiveness of
such a technology has already been extensively demonstrated by several
works in the literature [11,20,40,52,57-62], most of which either are for
HD applications [40,52,62] or are based on a design from scratch
[11,44]. However, very little is currently known about the performances
of relatively low-displacement DI H,-ICE for off-road applications.

In this context, the present study aims to evaluate the possibility of
developing a DI Hy-ICE from a diesel engine for off-road applications
through limited modifications, while achieving equivalent performance.
This approach allows original equipment manufacturers (OEMs) to limit
investments, shorten development time, and significantly simplify the
installation of carbon-free solutions into existing machinery and vehi-
cles. Consequently, this approach largely preserves the existing supply
chain and production facilities, thereby facilitating market penetration.
The technical targets of the project can be summarized as follows:

1. High retrofitability potential and low conversion costs

2. Same performance as the base diesel engine. Maximum torque of
305 Nm @ 1500 rpm and rated power of 55 kW @ 1800 rpm - 2600
rpm

3. Peak indicated thermal efficiency (ITE) above 40%

4. Engine-out NOy emissions below Stage V limits (4.70 g/kWh of NOy
and non-methane hydrocarbons) over the NRTC

5. Near zero tailpipe NOy emissions with exhaust after treatment sys-
tems (EATS)

To address these challenging tasks, a three-dimensional Computa-
tional Fluid Dynamics (3D-CFD) methodology, validated against
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experimental data gathered from a low-pressure chamber, was first
developed and employed to analyse and optimize the injection and
mixture formation processes. Based on the outcomes of the numerical
analysis, an engine prototype was subsequently built and tested on the
dynamic test bench. The paper is organized as follows. First, the case
study is introduced, highlighting the main specifications of the baseline
diesel engine and the key design modifications implemented to enable
hydrogen operation. Then, the analysis of the injection and air-
-hydrogen mixing process, carried out through 3D-CFD simulations, is
presented. Finally, the engine sensitivity to the main calibration pa-
rameters is analysed, followed by the discussion of experimental engine
maps and performance results under the NRTC cycle.

2. Test case

A state-of-the-art 2.4-1, four-cylinder in-line engine, designed for
diesel operation in off-road applications and compliant with TIER 4
Final/STAGE III B regulations, was selected as the reference case. It can
achieve a maximum torque of 305 Nm at 1500 rpm and a rated power of
55.4 kW at 2600 rpm. It is equipped with a high-pressure (2000 bar)
common rail injection system and a wastegate turbocharger with an
aftercooler. The cylinder head is flat, featuring 4 valves per cylinder
with fixed actuation, a central injector, and a lateral glow plug. Lastly,
the helical shape of the intake ports provides a quite intense swirl mo-
tion to the charge admitted into the cylinder. More details on the
geometrical features of the combustion chamber are reported in Table 1.

To enable hydrogen operation, a reduction in the compression ratio
is necessary. In LP-DI Hy-ICEs, defining the compression ratio signifi-
cantly impacts the trade-off among performance, efficiency, and emis-
sions. Although a high CR can lead to greater thermal efficiency, it also
results in higher NOy emissions and increases the likelihood of knocking.
Consequently, a delayed combustion process would be required to
mitigate these issues, which would in turn deteriorate efficiency. In light
of this, the CR was conservatively reduced from 17:1 to 11:1 for the first
engine generation. The reduction in the compression ratio was achieved
by increasing the volume of the piston bowl and slightly shortening the
length of the connecting rod. To avoid altering the cylinder head design,
the LP hydrogen injector was mounted laterally and near the cylinder
liner in place of the glow plug, while the spark plug replaced the central
diesel injector. Moreover, the sealing angle of both the intake and
exhaust valves was reduced from 45° to 30° to limit their wear. All other
components were carried over from the base diesel engine. Finally, a
forced crankcase ventilation system was designed to maintain the
hydrogen concentration within the crankcase below 2%, thereby
avoiding the risk of uncontrolled combustion processes.

3. Simulation tool chain

As widely recognized, numerical simulations represent a powerful
tool to speed up and support the engine design process, as they signifi-
cantly reduce the need for costly and time-consuming experimental
campaigns. A well-established 1D/3D-CFD synergistic methodology was
adopted to investigate the gas exchange process and optimize the
mixture formation process, respectively. Specifically, mono-dimensional
simulations were employed to define the most suitable boosting

Table 1

Combustion chamber technical specifications.
Displacement [1/cyl.] 0.62
Bore [mm] 88
Stroke [mm)] 102

17:1 (Diesel ICE)
11:1 (H2-ICE)
Number of valves [—] 4

Air motion [—] Swirl

Compression Ratio (CR) [—]
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solution, both in terms of layout and turbine and compressor sizing and
to optimize exhaust and intake valve timing and lift. Meanwhile, multi-
dimensional simulations provided detailed insights into the hydrogen-
air mixing process, enabling further refinement and ultimately
improving mixture uniformity. For reasons of clarity and conciseness,
the complete 1D-CFD analysis has been omitted.

3.1. 3D-CFD analysis

In DI Hy-ICE, the optimization of the mixture formation process is
crucial for enhancing combustion stability, reducing NOy emissions, and
minimizing the risk of abnormal combustion events. Indeed, while in PFI
engines the high degree of mixture uniformity leads to almost zero NOy
emissions under ultra-lean operations [28,33], NOy formation in DI Hp-
ICEs can increase significantly, particularly when dealing with highly
inhomogeneous and stratified mixtures [53]. Moreover, combustion
variability can drastically increase if lean pockets are located in the vi-
cinity of the spark plug when combustion is triggered, whereas the
presence of a rich mixture in the end-gases can promote the onset of
knock. In this context, 3D-CFD Reynolds-Averaged Navier-Stokes
(RANS) simulations were exploited to study and analyse the injection
and hydrogen-air mixing processes with the aim of maximizing mixture
uniformity. Numerical simulations were performed in the rated power
working point (Table 2). This WP was selected for the analysis because
achieving a high degree of mixture homogeneity is particularly chal-
lenging due to the long injection duration and the limited available
mixing time.

3.1.1. Numerical model setup

Multidimensional numerical simulations were carried out by means
of Converge CFD v3.0 adopting a RANS approach. Time-dependent
boundary conditions, in terms of temperature, pressure, and species
concentrations were derived from a 1D-CFD GT-SUITE complete engine
model along with all the data required to properly initialize the
computational domain. As shown in Fig. 1, the computational domain
was discretized using an orthogonal mesh with a base cell size of 2.0
mm. Local mesh refinements were applied within the cylinder, partic-
ularly near the intake and exhaust valves (down to 0.50 mm and 1.00
mm, respectively), to accurately capture the main in-cylinder flow
structures generated during the gas exchange process. A minimum grid
size of 0.25 mm was achieved in the region downstream of the injector,
in line with previous numerical studies on similar engine configurations
[63]. The Adaptive Mesh Refinement (AMR) algorithm was employed to
dynamically refine the grid (down to 0.25 mm) based on sub-grid scale
gradients of temperature, velocity, and hydrogen concentration. Addi-
tionally, near-wall regions were refined through AMR to ensure
adequate resolution compatible with the adopted wall-function
approach. This aspect is particularly important for hydrogen-fuelled
applications, where accurate prediction of near-wall gradients signifi-
cantly affects species diffusion and overall combustion behaviour.

Turbulence modelling heavily affects the simulation of the hydrogen-
air mixing process. In [64], it was shown that all k — ¢ turbulence models
(i.e., standard k — ¢, realizable k — ¢ and k — ¢ with renormalization
group (RNG)) provide similar predictions for jet penetration and
hydrogen dispersion in the cylinder. Among these, the RNG k — ¢ tur-
bulence model was selected for the present work due to its effectiveness

Table 2
Working point selected for the 3D-CFD
analysis.
Speed [rpm] 2600
BMEP [bar] 10.3
A -] 2.3
Pboost [bar] 2.24
Tint.man. [K] 332
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Fig. 1. Combustion system geometry and mesh topology at 180 CAD before
TDC of firing.

in accurately capturing the evolution of rotating structures [65,66], such
as swirl and tumble. Even though the decrease of the turbulent Schmidt
number has proven to reduce the discrepancy between experimental
data and simulation results [64], the default value (Sc = 0.78) was used
in this study due to the lack of experiments. This approach ensures that
the worst-case scenario is considered throughout the simulation activity.
Kinetic and thermal boundary layers were modelled through the law of
walls, and the O'Rourke and Amsden model [67] was selected to
describe the heat transfer. As far as the simulation of the injection
process is concerned a dedicated methodology has been adopted. Spe-
cifically, the bottom portion of the LP hydrogen injector was included in
the fluid domain. Both the injection pressure and the actual injector
valve profile were imposed, thus the hydrogen mass flow rate was
directly computed by the software and compared to the experimental
data, provided by the injector supplier. Lastly, a variable time-step al-
gorithm was used to limit the simulation time-step based on the Courant
Friedrich Lewy (CFL) numbers (CFLconvection = 1.0, CFLpjtfusion = 2.0,
and CFLygach = 50.0). The described numerical model has been exten-
sively validated through comparison with experimental data obtained
from an optically accessible chamber across various injection pressures,
ambient pressures, and injection durations [68,69]. More details on the
numerical schemes employed can be found in [70].

3.1.2. Mixture formation process — Optimization results

The present study aims at developing a DI H»-ICE through only minor
and strictly necessary modifications to the original diesel engine archi-
tecture. In this context, major design interventions. Such as redesigning
the intake port geometry (e.g. to promote tumble motion [62]), modi-
fying the cylinder head to accommodate the LP H: injector with opti-
mized position and inclination, or enhancing the cooling jacket, were
intentionally not considered. Instead, the focus was placed on limited
modifications that can be implemented without altering the core engine
design, such as adjustments achievable through final machining opera-
tions. Consequently, most of the 3D-CFD analyses focused on operating
parameters (i.e., injection timing) and geometrical features (i.e., jet cap
design and intake valve seat geometry) that can be implemented on the
base engine with minimal design efforts.

The start of injection (SOI) was set to coincide with the intake valve

Fuel Processing Technology 289 (2026) 108477

closure in order to prevent hydrogen backflow into the intake ports,
while ensuring sufficiently long mixing time [70]. Afterwards, an opti-
mization study was carried out on the jet cap geometry. When properly
designed, jet caps can significantly enhance mixture uniformity
[48-51,71,72]. Several injector jet caps, both single- and multi-hole,
were designed and tested. In the present work, results are reported
only for two of them, and both were compared with the no-cap design.
These are:

= Central cap: single-hole configuration oriented toward the
centre of the combustion chamber. It was designed to enhance
the hydrogen-air mixing process by exploiting more intense air
entrainment.

m Liner cap: single-hole configuration oriented toward the cyl-
inder liner (corresponding to a 180° rotation of the central cap
about the injector axis). This design aims to promote hydro-
gen-air mixing by inducing a strong tumble motion, effectively
exploiting the interaction between the high-velocity hydrogen
jet and the piston bowl.

Fig. 2 shows isosurfaces of hydrogen mass fraction at 1%, used to
identify the outer boundary of the hydrogen plume, together with ve-
locity field distributions on a plane passing through the injector axis.

-180 CAD
aTDCf

-160 CAD
aTDCf

-120 CAD
aTDCf

Central cap w/o cap

Liner cap

0 50 100

Fig. 2. Iso-surfaces of hydrogen mass fraction at 1% and velocity field distri-
bution on a plane passing through the injector axis at — 180, — 160, and — 120
CAD aTDCf for the configurations without jet cap (top), with Central cap
(middle), and with Liner cap (bottom).
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These are reported at — 180, — 160, and — 120 crank angle degrees
(CAD) aTDCf to highlight the impact of the injection event on the main
in-cylinder flow structures. In the baseline configuration, which does not
include any jet cap (top row), the injected hydrogen splits into two
distinct flow paths due to the Coanda effect. One portion adheres to the
flame deck, while the remainder advances along the injector axis.
Shortly after the end of injection (— 160 CAD aTDCf), the jet structure
becomes strongly distorted by the in-cylinder swirl, causing the bulk of
the hydrogen to move toward the bowl centre. When adopting the
central cap configuration (middle row), the hydrogen jet is efficiently
redirected toward the chamber centre, preventing attachment to the
flame deck. The jet preserves a compact and coherent shape rather than
splitting into separate streams, as observed in the reference case. After
impinging on the piston bowl wall (— 180 and — 160 CAD aTDC(), the jet
deflects generating a pronounced tumble flow. A similar effect is ach-
ieved by the liner cap, although in this configuration the jet penetrates
more vertically into the combustion chamber and interacts with the
opposite side of the piston bowl compared to the central cap. As a result,
the induced tumble vortex develops with an opposite rotational direc-
tion relative to that generated by the central cap.

To assess the degree of mixture homogeneity, the relative standard
deviation (og) was adopted, defined as the ratio between the standard
deviation (®,) and the mean value of the equivalence ratio (®ay). In
contrast to the commonly used uniformity index (UI), lower og, values
indicate a more uniform mixture. Fig. 3 reports the hydrogen distribu-
tion at the TDCf for the three configurations together with og. and the
corresponding mass fraction classified by A. From a global viewpoint, the
enhanced interaction between the hydrogen jet and the piston bowl,
obtained through optimized jet targeting, markedly improves the overall
mixing performance. Although the strong swirl generated by the helical
intake ports tends to create a non-uniform, circular-arc-shaped A dis-
tribution (top view in Fig. 3), the strengthened jet-piston interaction

w/o cap

//‘

ORel = 46.4%

Central cap
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mitigates vertical stratification (front view in Fig. 3), leading to a more
homogeneous charge. Among the tested designs, the central cap provided
the best mixing performance. At TDCf, oz, decreases from over 45%
(capless) to slightly below 30%. As indicated by the histograms in the
lower section of Fig. 3, the share of ultra-lean mixture (A > 3) drops from
approximately 31% to less than 18%, while the portion within optimal A
levels (2.0 < A < 2.6, i.e., average A & 0.3) increases from 23% to 34%.
Simultaneously, the rich region (A < 1.5) shrinks from 18% to below 5%.
The liner cap achieves an intermediate uniformity (ogrq = 34.6% at
TDCf). In this case, the strong jet-induced tumble weakens during the
compression stroke, allowing the swirl motion to dominate and drive
hydrogen rotation around the cylinder axis, ultimately confining the
mixture near the liner and reducing air utilization. Consequently, over
25% of the in-cylinder charge falls within the ultra-lean region (A > 3),
while approximately 17% lies below A = 1.5.

Finally, after having identified the optimal jet-cap configuration, the
influence of swirl intensity on mixture formation was investigated.
Variations in swirl were achieved by modifying the intake valve seat
geometry. This approach was selected to preserve the original cylinder
head architecture of the diesel engine, thus minimizing hardware
changes during conversion to hydrogen operation. Three chamfer con-
figurations were developed and evaluated through numerical simula-
tions (Fig. 4):

m Swirl chamfer on the long port (baseline): corresponding to the
current diesel setup, in which the long-port chamfer is
machined eccentrically to reinforce the swirl generated by the
helical intake ports.

m No swirl chamfer: both chamfers are concentric, resulting in a
swirl motion entirely driven by the intake port geometry.

= Counter-swirl chamfer on the long port: the long-port chamfer
is eccentrically shaped to induce a swirl direction opposite to

Liner cap

)\

ORel = 34.6%

A[-]

| . B ]

1 2 4 5
0.15 1 = 0.15 1 = 0.15 1 =
5 — | 5 5
- _—Jos § - 0.8 § - 0.8 §
S 0.1 £ S 0.1 £ 501 £
i 06 g = 06a 2 06 9
g 2 2 g g

P 0.4 @ 0.4 2 0.4
%005 2 Boos 2 Boos 2
® © ©
= 023 = 023 = 023
= = 23
0 o © 0 o © 0 o ©
1 2 3 4 1 2 3 4 1 2 3 4
Al AL Al

Fig. 3. A distribution at TDC of combustion (top) and cylinder mass distribution on a A basis (bottom) for the configurations without jet cap (left), and with central

(middle) and liner cap (right).
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w/ counter-swirl chamfer
on the long port

w/ swirl chamfer on the w/o swirl chamfer

long port

Fig. 4. Bottom view of the flame deck for the three swirl chamfer configura-
tions, with the intake valve seat eccentricity highlighted.

that produced by the intake ports, while the short-port chamfer
remains concentric. This configuration effectively neutralizes
the global in-cylinder swirl.

The simulations were conducted using the same methodology
adopted for the jet-cap analysis. As illustrated in Fig. 5 (right), the
configuration featuring a counter-swirl chamfer on the long port (cor-
responding to zero swirl intensity), achieves the highest degree of
mixture homogeneity at the TDCf. In this case, o, decreases from
29.2% in the baseline configuration (swirl chamfer on the long port) to
slightly above 15%. This improvement arises from the dominance of
tumble motion, which governs the in-cylinder flow field. Once the
hydrogen jet impacts the piston bowl, it is redirected upward toward the
injector region rather than being trapped by the swirl or deflected to-
ward the liner. Consequently, at TDCf the ultra-lean fraction (A > 3)
drops below 4%, the rich fraction (A < 1.5) nearly vanishes (< 0.03%),
and about 65% of the charge lies within the optimal A range (2.0 < A <
2.6). Interestingly, the no-chamfer configuration, which generates an
intermediate swirl level (approximately 30% lower than the baseline)

w/ swirl chamfer
long port

w/o swirl
chamfers

Fuel Processing Technology 289 (2026) 108477

yields a moderate uniformity (g = 25.0%). In this case, the ultra-lean
mixture fraction decreases from 18% (baseline) to below 14%, while the
proportion within the optimal A range increases from 33% to 45%. These
findings confirm that, in direct-injection hydrogen engines derived from
diesel units with a flat flame deck and side-mounted injector, the swirl
motion is the primary mechanism limiting mixing performance.

While global mixing metrics provide an overall assessment, local
flow behaviour plays an equally important role in identifying the
optimal design. Fig. 6 shows the temporal evolution of A within the jet
cap volume (a) and near the spark plug (b). Inside the cap, A must remain
sufficiently high to prevent the formation of an excessively reactive end-
gas region, to mitigate the risk of abnormal combustion phenomena. A
clear difference is observed between high- and low-swirl cases. In the
zero-swirl configuration (i.e., counter-swirl chamfer on the long port), A
remains close to or slightly above unity from —90 CAD aTDCf to TDCA.
This trend results from the dominance of tumble motion, which drives
mixture rotation within a plane nearly aligned with the injector.
Consequently, the hydrogen jet is continuously entrained inside the cap
volume throughout compression. Only in the final stage, as hydrogen
disperses across the chamber, A slightly rises due to leaner charge
entering the cap. Conversely, in high-swirl configurations, the jet de-
viates from the symmetry plane, causing the mixture to rotate on a tilted
path. This results in a leaner region below the injector, thus improving
scavenging efficiency. At the spark-plug location, A should remain
moderately low and stable over time to ensure combustion stability. In
low-swirl conditions, the strong tumble effectively transports hydrogen
toward the spark plug, maintaining A ~ 2 from —90 CAD aTDCf to TDCf.
In the baseline high-swirl case, tumble initially carries hydrogen toward
the ignition zone (—90 CAD aTDCf), but the subsequent swirl dominance
produces strong A fluctuations until TDCf. The no-chamfer geometry,
corresponding to an intermediate swirl level, yields an average A near 3

w/ counter-swirl
chamfer long port

ORel = 29.2%

ORel = 25.0%

ORel = 15.6%
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Fig. 5. A distribution at TDC of combustion (top) and cylinder mass distribution on a A basis (bottom) for the configurations with swirl chamfer on the long port (left),
without swirl chamfers (middle), and with a counter-swirl chamfer on the long port (right).



A. Scalambro et al.

w/ swirl chamfer long port
w/o swirl chamfers
w/ counter-swirl chamfer long port

4 :
(a)

/\Spray Cap -]

(b)

)‘Spark Plug -]

CAD [deg]

Fig. 6. Mass-weighted average ) in the volume below the injector tip (a), and in
the spark plug (b) as a function of the crank angle for the configurations with
swirl chamfer on the long port, without swirl chamfers, and with a counter-
swirl chamfer on the long port.

between —40 CAD aTDCf and TDCf.

Considering both global and local indicators, the configuration
without swirl chamfer was identified as the most effective and therefore
selected for engine prototyping and experimental validation. Indeed,
this layout offers the best trade-off between overall mixture uniformity
(oret = 25.0% at the TDCf) and local mixture features, such as the evo-
lution of A within the jet cap and in the spark plug region.

4. Testing

The key findings from the simulation campaign were employed to
develop the engine demonstrator used for the experimental tests. The
prototype was equipped with a new camshaft and a variable nozzle
turbine (VNT) boosting system, both defined based on the analyses
carried out within the 1D-CFD framework. The combustion chamber
geometry, including the injector jet cap, piston bowl shape, and intake
valve seat eccentricity, was designed consistently with the outcomes of
the 3D-CFD investigations on injection and mixture formation.

4.1. Experimental setup

Experimental activities were performed using the test bench setup
schematically represented in Fig. 7.

To complement the schematic layout, a photograph of the actual
experimental engine installation is provided in Fig. 8.

In-cylinder pressure was monitored through four Kistler 6056 A
piezoelectric transducers, one per cylinder, each featuring a measuring
range from 0 to 250 bar and an accuracy of 0.5% of the full scale (FS), as
summarized in Table 3. For every analysed operating condition, 200
consecutive engine cycles were recorded for each cylinder with an
angular resolution of 0.1 CAD. The maximum permissible peak firing
pressure (PFP) was fixed at 150 bar. Whenever this limit was reached or
exceeded, an automatic engine shutdown was triggered to ensure safe
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~——2= Pressure transducer
B8, Thermocouple

(1) Pressure regulator (6) Mass flow meter

(2) Pressure relief valve (7) Air filter

(3) Coriolis flow meter (8) 1 sensor

(4) Throttle (9) Data acquisition system
(5) Charge air cooler (10) Emissions analyser

Fig. 7. Layout of the setup and instrumentation used for the experi-
mental testing.

Fig. 8. Experimental test bench setup for the testing of the H>-ICE prototype.

Table 3
Instrumentation type and accuracy of the equipment used for the experimental
testing.

Variable Instrument Accuracy
Cylinder pressure Kistler 6056 A 0.5% FS
Air flow rate FEV-AirRate 1.0% FS
Pressure (intake line) Keller M5HB 0.1% FS
Pressure (exhaust line) Keller M8coolHB 0.1% FS
Hydrogen mass flow meter Emerson CMFS015M 0.25% FS
Engine torque HBM T12 0.01% FS
FEV EmissionRate
issi 0,
Exhaust gas emissions FEVER 1.0% FS

operation. The indicated pressure signals were processed using the
FEVIS indication system. Low-frequency pressure and temperature data
were collected at several locations along the intake system: upstream
and downstream of the air filter, at the compressor outlet, downstream
of the charge air cooler, and after the throttle body. The pressures at
these five measurement points were acquired using Keller M5HB
transducers, characterized by a 0-3 bar range and 0.1% FS accuracy. In
the exhaust system, low-frequency pressure and temperature were
monitored both upstream and downstream of the turbine. A Keller
M8coolHB pressure sensor, featuring the same accuracy and range as the
M5HB but rated for gas temperatures up to 1000 K, was employed for
this purpose. The emission analysis was carried out using the FEV
EmissionRate FEVER system, which enabled the real-time measurement
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of CO, COz, Oz, NOx, and unburned hydrocarbons. Engine torque was
measured via an HBM T12 dynamometer, offering a maximum capacity
of 500 Nm and a rotational speed limit of 10,000 rpm. Hydrogen was
supplied from high-pressure storage tanks (210 bar, 99.999% purity).
The test bench pressure regulator reduced the pressure to 50 bar, which
was then further lowered by the hydrogen rail regulator to the injector
operating pressure (ranging from 5 to 30 bar). Hydrogen mass flow rate
was determined using an Emerson CMFS015M Coriolis mass flow meter
positioned upstream of the rail, providing an accuracy of 0.25% FS. The
air mass flow rate was measured using an FEV-AirRate flow meter
located before the air filter. Instantaneous air and hydrogen flow data
were employed to calculate the actual relative air-to-fuel ratio (A). To
validate the computed )\ values, an additional lambda sensor was
installed in the exhaust line. Both injection and ignition events were
managed via a rapid proto-INCA control module. Engine coolant was
maintained at a constant temperature of 90 °C, whereas the oil tem-
perature was left unregulated. Hydrogen concentration inside the
crankcase was continuously monitored to ensure it remained below 2%,
thereby providing a safety margin relative to the lower flammability
limit (3.8%) and to assess the efficiency of the crankcase ventilation
system. Two experimental configurations were considered: one
including an exhaust throttling valve to replicate backpressure levels
typical of an exhaust aftertreatment system (EATS), and another
employing an actual selective catalytic reduction (SCR) device to ach-
ieve near-zero tailpipe NOx emissions.

The testing campaign initially involved steady-state experiments, in
which key calibration parameters, such as relative air-to-fuel ratio, in-
jection timing, and combustion phasing (MFB50), were systematically
varied. Subsequently, the optimized engine calibration map was used to
assess transient performance and emissions under the NRTC.

4.2. Engine control and limitations

Thanks to hydrogen's high flame speed across a broad A range and its
wide flammability limits [73], Hy-ICEs typically operate under lean
conditions. Lean operation enhances thermal efficiency by lowering
combustion temperatures, reducing wall heat losses, increasing the
specific heat ratio, and minimizing pumping losses through reduced
throttling, particularly at low loads. Lower combustion temperatures
also mitigate the occurrence of abnormal combustion phenomena and
limit NOx formation. However, lean operation introduces challenges for
component design, especially for the charging system, and affects engine
operation.

Fig. 9 identifies four regions in the engine map where different
constraints limit the maximum achievable A:

350
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Fig. 9. Engine map with highlighted regions illustrating the operational con-
straints that limit the maximum achievable \.
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1. Region 1 — Low-speed, high-load: A is limited by compressor surge,
which also increases NOy formation. As engine speed rises, higher air
mass flow allows the compressor to operate further from surge,
enabling full-load operation at higher A.

2. Region 2 — Medium-speed, high-load: A is mainly limited by
abnormal combustion. Indeed, increased air demand at higher load
raises intake charge temperature, while higher in-cylinder pressures
enhance end-gas autoignition.

3. Region 3 - Medium-to-high-speed, high-load: turbine speed ap-
proaches its maximum, limiting A.

4. Region 4 — Low-load: A is limited by combustion stability.

Based on this characterization, the H,-ICE was experimentally cali-
brated across the entire map using steady-state measurements. Cali-
bration considered charging strategies (i.e., air-to-fuel ratios), injection
timing, and ignition timing. To provide representative insight into the
engine, three specific conditions were selected for detailed analysis. Two
of them correspond to the regions limited by charging performance and
combustion stability, respectively, while the third represents a typical
mid-load operating point, highly relevant for off-road applications:

m Low-load combustion stability analysis.

= 1000 rpm - 200 Nm (10.1 bar BMEP): the limited air mass flow
forces the compressor near surge, restricting A and strongly
influencing efficiency.

= 1800 rpm - 200 Nm (10.1 bar BMEP): the higher mass flow rate
enables achieving the same load at higher A, enabling the
assessment of engine behaviour at medium loads under leaner
conditions.

4.2.1. Combustion stability at low loads

Operating under high dilution conditions, particularly at low loads,
improves engine efficiency by reducing throttling and pumping losses.
However, lower intake manifold pressure decreases turbulence in-
tensity, leading to higher combustion variability. These effects are
amplified at higher engine speeds, where unstable flow fields coupled
with highly stratified mixtures exacerbate variability. Fig. 10 reports
coefficient of variation (COV) and lowest normalized value (LNV) of
IMEP for three speed regimes (1000, 1800, and 2400 rpm) at 50 Nm
(2.5 bar BMEP) across three dilution levels (A = 1.8, A = 2.5, and A =
3.0), considering a MFB50 sweep. The LNV of IMEP represents the
minimum IMEP value observed over 800 consecutive engine cycles,
normalized with respect to the mean IMEP. Thresholds were set at
COVivEep = 2.5% and LNVyyep = 89% [37] (solid and dashed red lines in
Fig. 10, respectively). At 1000 rpm, COVyygp remains below 2.5% even
for highly delayed combustion at A = 3.0. At 1800 rpm, the leanest
mixture exceeds the COVpygp limit for MFB50 > 12 CAD aTDCf, while
partial misfires occur at more advanced phasing (LNVpyep < 90%). A
similar trend is observed at 2400 rpm. However, in this case, the COV-
vep threshold is exceeded even at A = 2.5 for late combustion processes.
To maintain stability under lean conditions, MFB50 must remain below
10 CAD aTDCf. This increase in combustion variability with engine
speed, at constant MFB50, is primarily attributed to the reduced mixing
time, which produces less homogeneous mixtures and greater stratifi-
cation at higher speeds, ultimately affecting combustion stability.

4.2.2. Effect of A and MFB50 at low-end torque

The influence of combustion phasing at low-end torque was assessed
for three air-to-fuel ratios (i.e., A = 1.8, A, = 2.0, and A = 2.3). Higher A
values were not tested due to compressor surge limitations. The end of
injection (EOI) was fixed at —100 CAD aTDCf, while MFB50 was varied
between 6 and 18 CAD aTDCf. Fig. 11 presents ITE (a), MFB1090 (b),
engine-out NOy (c) emissions, hydrogen slip, and COVyygp (d) as func-
tions of MFB50. For A = 2.0 and 2.3, the maximum ITE is similar but
occurs at different combustion phasings. In the leanest case (A = 2.3), the
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Fig. 10. Coefficient of variation and lowest normalized value of IMEP at 1000
(a), 1800 (b), and 2400 rpm (c) at a constant load of 50 Nm (2.5 bar of BMEP)
considering A = 1.8, A = 2.5, and A = 3.0.

optimal MFB50 is advanced (~ 6.5 CAD aTDCf), whereas for A = 2.0,
peak efficiency occurs at MFB50 ~ 8.5 CAD aTDCf. Beyond this differ-
ence, ITE remains nearly constant as the efficiency gain at A = 2.3 from
lower wall heat losses is compensated at A = 2.0 by shorter combustion
duration and lower pumping losses. Delaying combustion reduces ITE at
all dilution levels due to prolonged burn times, but the associated in-
crease in turbine inlet temperature (~30-40 K from advanced to delayed
MFB50) reduces pumping work and partially offsets efficiency losses.
Combustion variability grows with A and retarded phasing due to lower
turbulence and temperature, yet remains below 2% even in the most
extreme case (A = 2.3 and delayed MFB50). NO4 emissions are lowest for
higher A and delayed combustion, as both lower in-cylinder tempera-
tures. Compared to the optimal MFB50, delaying combustion reduces
NOx by 70%, 80%, and 85% for A = 1.8, 2.0, and 2.3, respectively. At the
same time, ITE decreases by an average of 1.5%, too. When operating at
the optimal MFB50, leaner mixtures achieve substantial NOx reductions:
70% at A = 2.0 and 95% at A = 2.3 versus A = 1.8. These results indicate
that increasing A is more effective than delaying combustion for
reducing NOx without compromising efficiency. However, At low-end
torque, the high backpressure needed to reach the target A largely off-
sets the benefits of ultra-lean operation.

4.2.3. Effect of A and injection phasing at medium loads
The effect of injection timing on combustion performance was
assessed through an EOI sweep for two air-to-fuel ratios (A = 2.0 and A =
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Fig. 11. ITE (a), MFB1090 (b), engine-out NOy emissions (c), unburned
hydrogen and COVypygp (d) at 1000 rpm - 200 Nm (10.1 bar of BMEP),
considering EOI = —100 CAD aTDCf and a MFB50 sweep for A = 1.8, A = 2.0,
and A = 2.3.

2.5) at 1800 rpm and 200 Nm (BMEP = 10.1 bar). The end of injection
was varied between —160 and — 80 CAD aTDCf, while MFB50 was kept
constant at 8.5 CAD aTDCf. As illustrated in Fig. 12, advancing the in-
jection timing reduces ITE, mainly because delaying injection lowers
compression work without compromising combustion. Indeed, com-
bustion duration remains almost constant across the EOI range, with a
slight shortening for the latest injection, particularly at the leanest
mixture (A = 2.5). At the same time, NOx emissions, hydrogen slip, and
combustion variability show negligible sensitivity to injection timing.
These results indicate that the engine tolerates delayed injections, which
can improve efficiency while shortening the residence time of hydrogen
in the cylinder prior to ignition, thereby reducing the risk of pre-
ignition.

4.3. Engine map calibration

The sensitivity analysis of the main engine control parameters at
steady-state WPs, provided the basis for the calibration strategy adopted
for the complete engine map. During the initial development stage,
experimental activities were carried out without any EATS, with the
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Fig. 12. ITE (a), MFB1090 (b), engine-out NOy emissions (c), unburned
hydrogen and COVpygp (d) at 1800 rpm - 200 Nm (10.1 bar of BMEP),
considering MFB50 = 8 CAD aTDCf and an EOI sweep for A = 2.0, and A = 2.5.

objective of evaluating whether the hydrogen-fuelled engine could
match the performance of the reference diesel unit. As previously re-
ported by the authors in [74], the engine fulfilled the target load re-
quirements over the entire full-load curve, reaching a maximum torque
of 305 Nm at 1600 rpm and sustaining a constant power output of 55 kW
between 1800 and 2600 rpm.

In a subsequent phase, the engine calibration was performed with the
SCR system installed in the exhaust line, consistently with the configu-
ration adopted for homologation testing. This approach was required to
address the dual objective of meeting Stage V engine-out NOx limits over
the certification cycle and achieving near-zero tailpipe NOx emissions
when the complete EATS is considered. The inclusion of the SCR system
during the mapping process also allowed the influence of the associated
exhaust backpressure on engine performance to be quantified. Fig. 13
summarizes ITE (a), A (b), combustion phasing expressed as MFB50 (c),
and engine-out NOy emissions (d) over the full operating map.
Leveraging the engine's capability to tolerate relatively delayed injec-
tion timing, the calibration was developed using a fixed end of injection
set at —80 CAD aTDCf. The additional backpressure introduced by the
SCR results in a moderate reduction of the maximum attainable torque
at engine speeds above 1200 rpm. Nevertheless, a peak torque of 300
Nm is still achieved between 1400 and 1600 rpm, corresponding to a
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Fig. 13. ITE (a), A (b), MFB50 (c), and engine-out NOy emissions (d)
throughout the optimized engine map developed including the SCR in the
exhaust line.

derating below 5% with respect to the baseline diesel engine. Despite the
presence of the exhaust aftertreatment system, high efficiency levels are
preserved over a broad range of operating conditions, with ITE values
exceeding 40% and a maximum of 40.3% recorded at 1600 rpm and 200
Nm. The engine operates under lean-burn conditions across the entire
map. At low loads, highly diluted mixtures (A > 2.6) are employed
without adversely affecting combustion stability, while increasing load
levels require a progressive reduction in dilution. The minimum air-fuel
ratio, equal to A = 1.85, is observed in the low-speed high-load region
(800 rpm — 200 Nm), where compressor surge limits prevent operation
at higher dilution levels, leading to engine-out NOy emissions above
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1000 ppm. Another region characterized by slightly higher NOy emis-
sions is identified along the full-load curve at engine speeds exceeding
1800 rpm. This behaviour is mainly associated with the reduction of A
toward values around 2.2 due to turbocharger speed constraints, com-
bined with increased intake air temperatures resulting from higher mass
flow rates through the charge air cooler. To mitigate NOy formation
under these conditions, combustion phasing was progressively retarded
by approximately 10-15 CAD relative to the efficiency-optimal setting.
As a consequence, NOy emissions remain low over most of the operating
map, with the low-speed torque region representing the dominant
contribution to the overall emission level.

4.4. NO, emissions on NRTC homologation cycle

After the complete calibration of the main operating parameters
across the full engine map, the engine-out NOx emissions were assessed
over the LSI-NRTC. This homologation cycle, specifically designed for
large spark-ignition engines (rated power between 19 and 56 kW)
employed in off-road applications, aims at reproducing the broad range
of speed and load conditions typically encountered in real operation. In
the LSI-NRTC, both torque and speed are normalized with respect to the
engine's maximum values. This normalization makes the cycle appli-
cable to engines with different power levels, enabling consistent per-
formance and emission comparisons without the need for engine-
specific test procedures.

Fig. 14a-b presents the speed and load profiles of the LSI-NRTC
applied to the tested engine. The complete test lasts approximately
1200 s (equivalent to 20 min). The first part of the cycle (0-900 s) is
characterized by pronounced transient events and large load fluctua-
tions, simulating dynamic working conditions such as those experienced
by telehandlers, skid-steer loaders, or agricultural machines during
heavy-duty tasks like lifting or towing. These transients are particularly
demanding for hydrogen-fuelled engines, as rapid load variations often
require temporary mixture enrichment to enhance dynamic response,
which in turn leads to increases in engine-out NOx emissions. In contrast,
the final phase of the cycle (900-1200 s) corresponds to high-speed, low-
load operation, representative of light-duty tasks or vehicle reposition-
ing. In this regime, the engine runs at nearly constant load and elevated
speeds.

In Fig. 14c-d the instantaneous A together with engine-out and
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Fig. 14. LSI-NRTC speed (a) and torque (b) profiles, operating A (c), and
engine-out and tailpipe instantaneous and cumulative NOy emissions (d).
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Table 4

Engine-out and tailpipe cumulative NO, emissions over the LSI NRTC cycle.
LSI NRTC
Engine-out [g/kWh] 0.68
Tailpipe NOy [g/kWh] 0.03

tailpipe NOy emissions are presented. The experimental campaign was
carried out with a SCR system installed in the exhaust line to evaluate its
effectiveness under transient conditions. Throughout the cycle, the rapid
load variations require frequent and abrupt mixture enrichments to
ensure adequate torque response and maintain combustion stability.
These transient enrichments produce short, localized peaks in engine-
out NOy emissions, clearly visible in the first 900 s of the test, where
load changes are most pronounced. Conversely, during the final segment
of the cycle (from roughly 900 to 1200 s), the engine operates under
quasi-steady conditions, characterized by high speed and low load. In
this phase, the calibration reported in Fig. 13 is applied, resulting in
operation with ultra-lean mixtures (average A ~ 3). Under these con-
ditions, NOx formation is almost completely suppressed, and both
engine-out and tailpipe emissions approach zero. This confirms that at
high-speed/low-load regimes, lean-burn combustion enables near-zero-
emission performance without compromising engine stability.

As reported in Table 4, the cumulative engine-out NOy emissions
amount to 0.68 g/kWh, remaining well below both the EU Stage V
regulatory threshold (4.70 g/kWh for NOyx + non-methane hydrocar-
bons) and the EPA Tier 5 proposal (2.50 g/kWh for NOy), thus allowing
the engine to operate without a dedicated EATS.

The tailpipe NOy emissions are over one order of magnitude lower
than the corresponding engine-out values, reaching 0.03 g/kWh, and
exhibit an interesting temporal trend. Contrary to what might be ex-
pected, NOy levels at the tailpipe are initially zero, then show inter-
mittent peaks, before returning to and remaining at zero for the
remainder of the cycle. This behaviour can be attributed to the engine
preconditioning procedure. Prior to starting the test, the engine is
warmed up to a coolant temperature of 90 °C, bringing the SCR catalyst
closer to its effective operating temperature range. As a result, NOy
produced during early combustion phases is fully converted. However,
the very lean mixtures used during this initial stage tend to lower the
SCR temperature, temporarily reducing its effectiveness. In the subse-
quent high-load phases, the increased exhaust enthalpy promotes SCR
reactivation, increasing conversion efficiency and leading to a drastic
reduction of tailpipe NOy throughout the remainder of the cycle.

5. Conclusions

In the present work, an integrated numerical-experimental meth-
odology was applied to develop a 2.4 L four-cylinder DI H2-ICE for off-
road applications starting from a diesel engine, with only minor hard-
ware modifications. The air-fuel mixing process was optimized via 3D-
CFD simulations and subsequently validated on a prototype engine
under steady-state and transient conditions, including homologation
cycle assessment. The main outcomes are summarized as follows:

m 3D-CFD analysis: optimized jet targeting and reduced swirl
intensity significantly improved mixture formation, lowering
the relative standard deviation of the equivalence ratio (oge) at
TDC from values greater than 45% to approximately 15-25%.
This resulted in a strong reduction of ultra-lean (A > 3) and rich
regions (A < 1.5), with up to 65% of the charge within the
optimal range (2.0 < A < 2.6).

m Steady-state testing: preliminary experimental activities car-
ried out without exhaust aftertreatment demonstrated that the
engine was capable of matching the full-load performance of
the reference diesel engine, reaching 305 Nm and 55 kW.
Further calibration showed that lean-burn operation (A up to
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3.0) combined with optimized combustion phasing enables
stable combustion (COVyypp < 2%) even at very low loads
(BMEP = 2.5 bar). The effect of injection phasing was also
investigated: delayed injection leads to shorter combustion
duration and improved thermal efficiency (compression work
reduction), while showing negligible sensitivity in terms of NOx
emissions, hydrogen slip, and combustion stability.

m Effect of SCR integration: the SCR system induced a limited
torque derating (<5%, ~5 Nm) due to increased exhaust
backpressure. Nevertheless, high efficiency levels (ITE > 40%)
were preserved.

= Homologation cycle: over the homologation cycle, the engine
achieved engine-out NOx emissions equal to 0.68 g/kWh, well
below EU Stage V (4.70 g/kWh) and EPA Tier 5 (2.50 g/kWh)
limits. With the SCR system, tailpipe NOx emissions were
reduced to 0.03 g/kWh, approaching near-zero levels.

The results demonstrate that DI H2-ICEs can be derived from existing
diesel platforms with minimal modifications, achieving diesel-like per-
formance, > 40% ITE, and ultra-low NOx emissions, thus providing a
cost-effective and scalable pathway toward zero-COz powertrains.
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