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A B S T R A C T

Dual-fuel (DF) hydrogen–diesel engines could offer a retrofit-compatible pathway for medium-/heavy-duty transport decarbonization. In this study, a 6-cylinder 
compression ignition engine retrofitted for hydrogen port fuel injection is investigated through a CFD-supported framework. A validated 3D-CFD model, based 
on an extensive experimental dataset, was applied to investigate injection strategies and calibration parameters in both retrofit and native DF engine modes. The 
model accurately captures combustion behavior, emissions trends, and the factors limiting hydrogen energy share (HES). Results show that an optimized native DF 
calibration enables up to 90% CO2 reduction relative to diesel operation while maintaining combustion stability. Particulate matter emissions are nearly eliminated 
at high HES, whereas low HES combined with non-optimized diesel injection results in PM levels comparable to diesel-only operation. The analysis highlights the 
decisive role of a coordinated optimization of HES and diesel calibration strategy in governing ignition dynamics, combustion efficiency, and soot formation.

1. Introduction

In the current context of decarbonization, driven by stringent emis
sion regulations already in force (EURO VI) and the forthcoming EURO 
VII standards, the transport sector is called to adopt solutions that 
reconcile performance and environmental sustainability [1]. Despite the 
rapid advancement of electrification, significant technical, economic, 
and infrastructural barriers still limit the large-scale adoption of 
battery-electric powertrains in several specific applications [2]. Various 
studies have identified high upfront capital costs, excessive battery 
weight (which reduces payload), limited charging infrastructure, and 
grid constraints as the main barriers to electrification in the medium- 
and heavy-duty sectors [3]. Consequently, alternative fuels represent a 
concrete pathway toward reducing pollutant emissions and achieving 
substantial CO2 mitigation, in line with the European Union's Fit for 55 
package, which targets a 55% reduction in net greenhouse gas emissions 
by 2030 and carbon neutrality by 2050 [4].

Among the available energy vectors, the employment of renewable 
hydrogen has emerged as one of the most promising alternatives to 
conventional fossil fuel for a decarbonized transport sector [5]. Its 
carbon-free molecular structure allows for near-zero tailpipe CO2 
emissions, while its wide flammability limits (4–76 vol%), high Lower 
Heating Value (LHV) and high diffusivity enable the conditions for a fast 
and stable combustion with high thermal efficiency [6]. In addition, 
hydrogen Internal Combustion Engines (ICEs) can leverage the extensive 

existing ICE infrastructure, offering fast refueling times, high durability, 
and reduced implementation costs compared with fuel cell or battery 
electric solutions [7,8]. These features make hydrogen particularly 
suitable for medium- and heavy-duty transport sectors, where the need 
for operational flexibility and long driving range remains crucial.

However, the use of hydrogen in ICEs also introduces several chal
lenges. The high laminar flame speed, low ignition energy, and elevated 
flame temperature of hydrogen can lead to increased NOx emissions and 
abnormal combustion phenomena such as pre-ignition or knocking, 
especially under stoichiometric conditions [9]. Operating with 
ultra-lean mixtures has proven effective in mitigating these issues by 
lowering in-cylinder temperatures and enhancing knock resistance [10]. 
Nevertheless, the very high auto-ignition temperature of hydrogen 
(≈858 K) prevents its direct use in Compression Ignition (CI) engines 
[11]. For this reason, Dual-Fuel (DF) operation, where a small amount of 
diesel acts as a pilot to ignite hydrogen combustion, emerges as a 
practical and efficient strategy, combining the benefits of CI operation 
with the clean potential of hydrogen [12].

In a DF hydrogen–diesel configuration, hydrogen is typically intro
duced in the intake ports via Port Fuel Injection (PFI), forming a pre
mixed charge with air, while a small amount of diesel is directly injected 
into the cylinder near top dead center. The diesel acts as a pilot fuel, 
starting the combustion by auto-ignition and triggering the flame 
propagation of the hydrogen–air mixture [13]. This strategy combines 
the efficiency advantages of CI engines with the environmental benefits 
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of hydrogen substitution, offering a flexible and cost-effective route to 
reduce CO2, CO, HC, and PM emissions while preserving engine archi
tecture and reliability [14]. A further advantage is the potential for 
retrofitting existing diesel engines, as only minor modifications to the 
injection system and fuel supply hardware are required. This makes the 
DF concept particularly attractive from an industrial and economic 
perspective, allowing the reuse of well-established engine platforms and 
facilitating a faster deployment of hydrogen-powered solutions in the 
current vehicle fleet.

Different research studies on hydrogen-diesel DF combustion sys
tems are present in literature, focused on experimental characterization 
in single-cylinder research engines, together with numerical modeling 
and practical implementation in real-world applications. In particular, 
calibration parameters influencing both the DF combustion behaviour 
and the emissions formation have been assessed in the last years, and 
here the main results are summarized.

Vavra et al. [15], investigated the potential of hydrogen as the pri
mary fuel in a DF CI engine equipped with a hydrogen PFI, operating 
across a wide range of engine speeds and loads. Results demonstrated 
that increasing the Hydrogen Energy Share (HES) up to 98% led to 
substantial reductions in CO2, CO, and Particulate Matter (PM) emis
sions, proportional to the decrease in carbon content of the fuel. The 
reduction in PM formation was attributed to hydrogen's carbon-free 
nature and the more homogeneous, high-temperature combustion pro
cess, which limits soot formation in fuel-rich zones and promotes soot 
oxidation. Only at very high loads, where hydrogen displaced part of the 
intake oxygen, was a slight PM increase observed. NOx emissions 
remained comparable to those of conventional diesel operation, while 
indicated efficiency showed a modest reduction at the highest substi
tution levels, mainly due to incomplete combustion at low loads.

Tsujimura et al. [16] experimentally tested a single-cylinder retro
fitted hydrogen–diesel DF engine equipped with hydrogen PFI, varying 
load, speed, and HES. Increasing HES enhanced indicated thermal effi
ciency at medium to high loads, achieving over 40% efficiency when 
hydrogen accounted for more than 50% of input energy. However, at 
low loads, incomplete combustion and high unburned hydrogen emis
sions were observed due to overly lean mixtures. Despite significant 
reductions in CO2 and soot, NOx emissions slightly increased with HES 
because of higher local combustion temperatures, although EGR effec
tively mitigated this effect.

Following experimental findings, several studies have numerically 
examined the impact of hydrogen substitution and injection strategy on 
performance and emissions. Tripathi et al. [17] employed 3D-CFD 
simulations to optimize diesel injection strategies in a hydrogen DF CI 
engine, validating their model against experimental data for a 19.5:1 
compression-ratio single-cylinder engine. The analysis demonstrated 
that a split-injection strategy with optimized pilot mass could achieve a 
favorable trade-off between efficiency and emissions. Advanced injec
tion timings improved combustion completeness and reduced CO and 
HC emissions, while excessive advancement increased pressure rise rates 
and NOx formation due to higher temperatures. Soot emissions 
decreased significantly with earlier injection timing and with higher 
HES, as hydrogen's absence of carbon and high diffusivity suppressed 
rich fuel pockets responsible for soot precursors. Split injections further 
reduced soot through improved air–fuel mixing and more uniform 
combustion.

Similarly, Scrignoli et al. [18] numerically investigated hydro
gen–diesel DF operation in a light-duty CI engine using 3D-CFD simu
lations validated against experiments. Their study analyzed diesel 
replacement up to 80% at partial and full loads, revealing that moderate 
HES (≈40%) improved brake thermal efficiency and indicated mean 
effective pressure due to faster combustion and enhanced mixture ho
mogeneity. However, at higher substitution levels, incomplete com
bustion and steep pressure gradients limited performance and stability. 
Optimization of diesel Start Of Injection (SOI) proved essential for 
maintaining efficiency and combustion stability, as advanced SOI 

improved performance at low HES, whereas retarded SOI mitigated 
excessive pressure rise and knocking at high HES.

Maroteaux et al. [19] combined experimental and simulation ana
lyses on a single-cylinder optical engine operating at 1500 and 2000 rpm 
varying also the EGR rate. Results showed that increasing the diesel 
mass in the pilot injection extended combustion duration and increased 
NOx formation, while the use of EGR reduced NOx emissions by about 
50%. The mass split between pilot and main injections had negligible 
influence on ignition delay, confirming that hydrogen dominates the 
early flame propagation phase. PM and carbon-based emissions became 
negligible due to hydrogen's carbon-free structure and its high diffu
sivity, which enhance mixture homogeneity and prevent soot formation.

Focused on medium- and heavy-duty applications, Guan et al. [20] 
demonstrated through an extensive experimental campaign the feasi
bility of retrofitting a hydrogen–diesel DF system on a commercial 
Class-8 heavy-duty truck without altering the original diesel injection 
system or Engine Control Unit (ECU). HES up to 30% were achieved with 
proportional CO2 reductions and negligible impact on brake-specific 
energy consumption. However, results revealed that air-path manage
ment and injection control strategies are crucial to prevent increased CO 
and PM emissions at high load due to local oxygen depletion.

Lee et al. [21] using high-speed optical diagnostics, characterized a 
diesel-piloted hydrogen DF concept in a heavy-duty engine, observing 
that hydrogen presence in the premixed charge inhibits pilot ignition 
and increases cycle-to-cycle variability. Complementary simulations 
indicated that maintaining locally rich pilot regions supports stable 
ignition, highlighting the critical coupling between mixing and ignition 
chemistry.

Collectively, these studies demonstrate that the hydrogen–diesel DF 
concept can be effectively adapted across a wide range of ICE applica
tions, from light commercial to heavy-duty transport, also through 
retrofit solutions. Despite the present experimental and numerical 
research on hydrogen–diesel DF combustion, key uncertainties remain 
regarding the complex interaction between the diesel fuel injection 
strategy and the premixed hydrogen–air charge, and their combined 
impact on ignition behaviour, combustion efficiency, and pollutant 
formation. In particular, the decisive role of diesel calibration parame
ters, including injection timing, pressure, and mass, in governing igni
tion dynamics and soot abatement has not yet been systematically 
investigated all together. Moreover, most existing models have been 
validated only on single-cylinder setups or simplified geometries, 
limiting their predictive capability for full-scale engine architectures. 
Additionally, the synergistic optimization of HES and dedicated diesel 
injection strategies, as well as the comparative influence of injection 
timing, EGR rate, and calibration approach between retrofit and native 
DF configurations, has not been explored for the same case study. 
Addressing these gaps requires accurate, experimentally validated CFD 
frameworks capable of capturing the coupled chemical–fluid dynamic 
phenomena that govern ignition delay, heat release rate, and pollutant 
formation across different HES and calibration strategies. In this context, 
in the present study a 3D-CFD numerical platform has been developed 
and calibrated against an extensive experimental dataset, with the aim 
of investigating the combustion and emission behavior of a hydro
gen–diesel DF engine under two representative configurations. 

(i) a retrofit DF mode, in which hydrogen is added to an existing 
diesel engine with minimal modifications, without modifying the 
diesel injection strategies, in order to ensure a flexible switch to 
Diesel Only (DO) mode of the engine.

(ii) a native DF calibration, specifically optimized for hydrogen 
operation, employing DO as a pilot fuel to premix and ignite the 
hydrogen combustion.

The analysis aims to provide a comprehensive understanding of the 
combustion process, and emission characteristics associated with both 
approaches, thereby outlining the potential and practical limitations of 
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hydrogen dual-fuel technology in different calibration procedures, as a 
viable near-term pathway toward a new generation of DF hydrogen- 
diesel combustion systems.

The remainder of this paper is organized as follows. Section 2 de
scribes the experimental setup and dataset used for the calibration of the 
simulation framework. Section 3 details the 3D-CFD modeling approach, 
including mesh setup, submodels, and chemical kinetics. Section 4
presents the validation of the numerical model against experimental 
data and discusses the main results on combustion behavior, efficiency, 
and emissions for both retrofit and native DF configurations. Finally, 
Section 5 summarizes the main conclusions and outlines future research 
directions for optimizing hydrogen–diesel dual-fuel systems.

2. Case study and available experimental data

The engine selected for the analysis is an inline six-cylinder CI engine 
equipped with a variable geometry turbocharger, developed for 
medium-heavy duty applications by Dumarey Automotive Italia [22]. 
The engine has been retrofitted to a DF configuration from a 
state-of-the-art diesel engine and modified to allow for H2 injection, 
with a PFI system installed on the intake manifold. The fuel rail, sensors 
and injectors were also installed on the intake manifold, leveraging the 
flexibility of the additive manufacturing process. The original diesel 
combustion system was not modified, thus the maximum performance is 
maintained when the engine is operated in diesel mode. The main en
gine specifications are reported in Table 1.

The experimental campaign was carried out at Dumarey Automotive 
Italia and taken as a basis for the calibration and validation of the 3D- 
CFD simulation platform. The test matrix was designed to investigate 
a wide range of HES. In particular, the HES is defined as in Eq. (1): 

HES=100
ṁH2 LHVH2

ṁH2 LHVH2 + ṁdiesel LHVdiesel
, Equation 1 

where the LHV is the lower heating value of the fuel and ṁ the fuel mass 
flow rate.

In the initial phase of the experimental investigation, a pure retrofit 
approach was adopted: besides installing the PFI injectors, the only 
modification consisted of reducing the diesel injection pressure to 
partially substitute diesel with hydrogen, while maintaining constant 
injection duration. The injection strategy defined by the ECU was pre
served, enabling HES of up to 55% in the engine map without inducing 
combustion instability. In the second phase, a more flexible ECU cali
bration was implemented, obtaining a native DF calibration by reducing 
diesel injection to a single pilot event, allowing for higher HES. In this 
configuration, a conventional DF combustion mode was achieved, 
characterized by port fuel injection of gaseous hydrogen with a subse
quent premixed combustion ignited by a small amount of diesel. 
Accordingly, two distinct Operating Modes (OMs) of the engine are 
defined: OM1, corresponding to the pure retrofit configuration, and 
OM2, representing the native DF operation. To validate the simulation 
setup and analyze the DF combustion behavior, one engine Working 
Point (WP) was selected at low load (WP: 2500 rpm × 6 bar BMEP). The 
WP was chosen to represent a wide range of HES and to ensure the 
availability of extensive experimental data from calibration parameter 
sweeps (i.e., EGR rate, diesel SOI), as can be seen in Table 2. The 

calibration parameters in terms of SOI and EGR rate are expressed as a 
variation with respect to the baseline DO. The DO operates at medium 
EGR rate level.

Fig. 1 illustrates the injection strategies and fuel shares for the 
different OMs for the chosen engine condition (WP: 2500 rpm × 6 bar 
BMEP). The upper section of Fig. 1 shows the adopted injection rate, 
comparing DO operation (solid lines) with the native DF mode (OM 2, 
dashed lines) and the retrofit DF configuration (OM1, dotted lines). The 
lower section presents the corresponding energy contribution from the 
different fuels. Going from DO operation to the retrofit DF mode (OM1) 
reduces rail pressure and, consequently, diesel quantity while preser
ving the original injection pattern of two pilots, one main, and one post- 
injection. The reduced diesel contribution is compensated by PFI 
hydrogen, achieving approximately 30% HES at same load. In contrast, 
for native DF operation (OM2), diesel is injected only in a single pilot 
event, with HES up to 90%.

Combustion parameters obtained from the experimental campaign 
are shown in Fig. 2 for the previously analyzed engine WP (see Table 2) 
and three different HES: DO (HES = 0%), OM1 at 30% and OM2 at 90%. 
Specifically, from the top, the Ignition Delay (ID), the SOC, the crank 
angle corresponding to 50% of the Mass Fraction Burned (MFB50) and 
the combustion duration (MFB 10-90) are shown. For the OM2, all the 
parameters are mapped as a function of the main diesel SOI and EGR 
rate, while the results for the OM1 and DO operation are highlighted 
with a textbox in correspondence of the SOI of the main diesel injection. 
The ID is calculated as the difference between the SOC and the hydraulic 

Table 1 
Engine technical specifications.

Displacement 3.0 L
Cylinders 6
Bore x Stroke 84 mm × 90 mm
Compression Ratio 15.2
Diesel inj. system DI Common rail 

Pinj,max = 2000 bar
H2 inj. system PFI 

Pinj,max = 8 bar

Table 2 
Engine WP taken as a reference for the 3D-CFD model validation.

Speed 
[rpm]

BMEP 
[bar]

OM HES 
[%]

ΔSOI main 
diesel [deg]

ΔEGR rate 
[%]

2500 6 DO 0 - -
OM1 30 0 − 5
OM2 90 − 12; − 9; − 6; − 20; 0

Fig. 1. Diesel injection rate (top) and energy content (bottom) for different HES 
and engine OMs. WP: 2500 rpm × 6 bar BMEP.

B. Peiretti Paradisi et al.                                                                                                                                                                                                                      International Journal of Hydrogen Energy 227 (2026) 154634 

3 



SOI of the first diesel injection event.
Starting from the first combustion phases, OM1 exhibits a slightly 

longer ID with respect to DO operation, despite of the lower EGR rate, 
highlighting an inhibiting effect of hydrogen on the autoignition char
acteristics of the blend and a detrimental effect on the ID of the lower 
diesel injection pressure for the OM1. The situation is reflected also on 
the SOC values, with a retarded combustion for the OM1 with respect to 
DO conditions. However, both the mentioned OMs ignite prior to the 
main diesel injection event. The, for all the mapped conditions in OM2, 
the ID is always much larger than the diesel injection duration (almost 3 
deg), ensuring a pure premixed combustion mode. Regarding the trend 
with the main calibration parameters for the OM2, the higher the EGR 
rate, while keeping the SOI constant, the higher the value of ID. 
Regarding the trend of ID with respect to SOI at constant EGR rate, the 
more advanced SOI the longer the ID, with a more pronounced ID in
crease at medium/high EGR rates. As a result, in terms of SOC the trend 
is the following: at medium/high EGR rate the impact of SOI variation 
on the SOC is almost negligible, counterbalancing the SOI advance with 
a longer ID and obtaining a SOC close to the TDCf for all the conditions. 
On the contrary, at low EGR rate advancing the SOI clearly advance the 
SOC, despite of the longer ID. It could be explained by a combination 
between the mixing time available for the evaporated diesel fuel and the 

in-cylinder thermodynamic conditions found during the diesel injection 
event, as already found in [23] for a DF marine engine. In particular, 
advancing diesel injection allows a favorable timing between the mixing 
process of diesel evaporated fuel and hydrogen/air with the pressure 
and temperature conditions in the cylinder, crucial to obtain a distri
bution of diesel fuel at reactive equivalence ratios close to the TDCf and 
ignite the blend. Moving to the MFB50, its behavior reflects the trend of 
the SOC for the OM2, with a more advanced center of combustion for 
low EGR rate and advanced SOI, and a postponed MFB50 for higher EGR 
rate and retarded SOI. Going ahead, at low/medium EGR levels, a 
minimum combustion duration is observed for a medium level of SOI; 
whereas at high EGR levels, advancing the SOI results in shorter com
bustion durations. For OM1, combustion is longer than that of OM2 and 
comparable to DO, highlighting a slower combustion process.

Then, in Fig. 3 the delta Coefficient of Variation (COV) of the IMEP 
with respect to DO operation are mapped as in Fig. 2 and for the same 
operating conditions. At first, higher COVs are evident in presence of 
hydrogen in the mixture with respect to DO mode varying all the cali
bration parameters, as already pointed out in [21]. In particular, the 
OM1 shows the maximum increase of COV with respect to DO, while a 
clear trend is present for the OM2 as a function of SOI. Finally, at 
medium/low EGR rate, the COV is comparable to the one of the DO 
mode.

Going ahead, in Fig. 4 the variation of equivalent Brake Specific Fuel 
Consumption (BSFCeq) and CO2 emissions with respect to DO operation 
are mapped as in Fig. 2 and for the same operating conditions. In 
particular, the BSFCeq is defined as in Eq. (2): 

BSFCeq =
ṁdiesel

Pb(100 − %HES)
Equation 2 

where Pb is the engine brake power.
Across all working conditions, an increase in BSFCeq can be observed 

with respect to the reference DO operation. In particular, the higher the 
EGR rate, the greater the increase in BSFCeq. At low EGR levels and with 
more advanced SOI timings, BSFCeq values are comparable to those of 
DO combustion. In summary, for the OM2, under low EGR rates and 
intermediate/advanced diesel SOI, combustion starts earlier and pro
ceeds faster, achieving more favorable in-cylinder conditions, with the 
combustion phasing closer to the TDCf and higher efficiency, resulting in 
lower fuel consumption. Conversely, at higher EGR rates and retarded 
SOI, combustion becomes slower and longer. The BSFCeq of OM1 is 5.4% 
higher than the DO mode, comparable to the value obtained for OM2 at 
same EGR rate. Regarding the reduction of CO2 emissions for the OM2, it 
remains around 90%, proportional to the HES, varying all the calibra
tion parameters. On the contrary, OM1 exhibits just a moderate decrease 
in CO2 emissions (lower than 20%), despite a 30% of HES.

A similar analysis is carried out for pollutant emissions, as reported 
in Fig. 5, for the same WP. Specifically, from the top, the figure shows 
the variation in NOx and Filter Smoke Number (FSN) emissions with 

Fig. 2. Impact on combustion parameters of different HES and sweep of cali
bration parameters. (a) ID, (b) SOC, (c) MFB 50, (d) MFB 10-90.

Fig. 3. ΔCOV of the IMEP with respect to the DO mode of different HES and 
sweep of calibration parameters.

B. Peiretti Paradisi et al.                                                                                                                                                                                                                      International Journal of Hydrogen Energy 227 (2026) 154634 

4 



respect to the DO mode.
Regarding NOx emissions of the OM2, a clear decrease compared to 

the DO mode is observed at high EGR rates, whereas a significant in
crease occurs at lower EGR levels. It is worth mentioning that the EGR 
rate of the DO condition is the higher considered for this WP, and at this 
level of EGR rate corresponding NOx emissions for the OM2 are lower. In 
addition, at low EGR rate the highest NOx emissions are recorded at 
intermediate SOI timings, confirming observations reported in another 
DF case study [23] and the relation between the trend in combustion 
phasing and NOx emissions. In particular, if combustion is triggered 
near the TDCf higher temperatures are reached at MFB50 with a larger 
NOx production. This condition is reached for low EGR levels and 

advanced/intermediate SOI timings. For the OM1, an increase in NOx 
emissions with respect to the DO mode is present, partially justified by 
the different levels of EGR rate (i.e., 5% lower EGR rate for OM1). 
Finally, a substantial reduction in soot emissions is achieved, with de
creases of up to 96% relative to the DO reference mode across all 
operating conditions of OM2. In contrast, OM1 exhibits PM emissions 
comparable to those of the DO configuration, despite the 30% share of 
HES. This outcome can be attributed to the lower injection pressure of 
OM1 compared with the DO mode, which promotes soot formation and 
is only partially offset by the reduced diesel quantity. Given the complex 
and highly localized mechanisms governing soot formation and oxida
tion, a more detailed investigation through high-fidelity 3D-CFD simu
lations has been required.

3. 3D-CFD simulation setup

The 3D-CFD analysis was carried out by means of a commercially 
available software, CONVERGE CFD V4.1 [24], in two different steps. 
Initially, a full-cylinder cold-flow simulation was performed, starting 
during the exhaust stroke and continuing until the Intake Valve Closing 
(IVC), in order to model the hydrogen injection and the gas exchange 
process. In particular, H2 PFI is simulated neglecting injector internal 
dynamics and imposing an incoming hydrogen mass flow rate on the 
intake ports, in correspondence of the nozzle of the H2 injector, as 
highlighted in red in Fig. 6. This first stage of the model aimed to 
evaluate the in-cylinder thermodynamic conditions, gas exchange, and 
charge motion up to the end of the compression stroke, accounting for 
the interaction between the moving geometry, the fluid dynamics, and 
the hydrogen PFI injection. The full-cylinder simulation was initialized 
using the 1D-CFD complete engine model results as time-varying 
boundary conditions. At the IVC, the 3D solution in terms of tempera
ture, pressure, species concentration, and velocity field was mapped 
across the entire computational domain to provide the initial conditions 
for the combustion simulation. Differently from previous works focused 
on diesel engine simulations [25], in the present case, the combustion 
phase was also simulated under full-cylinder conditions in order to ac
count for potential non-homogeneous hydrogen distribution inside the 
combustion chamber. The base grid size for all simulations was fixed at 
0.5 mm, reaching a minimum cell size of 0.25 mm through specific grid 
refinement. Owing to this fine base resolution, a fixed first-level 
embedding was applied near the diesel injector nozzle region to accu
rately capture spray dynamics. Outside the near-nozzle region, the 
Adaptive Mesh Refinement (AMR) technique was applied throughout 
the cylinder volume, thanks to which, the mesh was dynamically refined 
in regions characterized by high velocity and temperature gradients.

Turbulence was modeled using the RANS-based Re-Normalization 
Group (RNG) k–ε approach [26]. The spray atomization and droplet 
breakup were simulated using the Kelvin–Helmholtz and 

Fig. 4. (a) ΔBSFCeq and (b) ΔCO2 with respect to the DO mode of different HES 
and sweep of calibration parameters.

Fig. 5. Impact on pollutant emissions variation with respect to the DO mode of 
different HES and sweep of calibration parameters. (a) NOx, (b) FSN.

Fig. 6. Mesh refinements during hydrogen injection process, boundary for H2 
injection highlighted in red. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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Rayleigh–Taylor (KH–RT) model [27]. In particular, both models have 
been calibrated against the available experimental dataset obtained 
from constant-volume vessel tests. The O'Rourke model was adopted to 
describe the turbulent dispersion of spray parcels. Droplet collisions 
were modeled using the No Time Counter (NTC) approach [28], com
plemented by dynamic droplet drag [29] to account for shape variations. 
Fuel evaporation was described by the Frossling model [30], converting 
the evaporated liquid fuel mass into the specified vapor species. The 
O'Rourke wall-film model was applied for spray–wall interactions. For 
combustion modeling, the detailed chemistry solver SAGE was 
employed in combination with the Skeletal Zeuch mechanism, a reduced 
version of the complete Zeuch mechanism enhanced with soot reaction 
pathways based on Mauss's work [31]. The mechanism includes 121 
species, among which Polycyclic Aromatic Hydrocarbons (PAHs), 
enabling the use of the particulate mimic model [32], based on the 
method of moments, to predict the cell-averaged soot mass and number 
density. Particular attention was devoted to selecting the most appro
priate chemical kinetic mechanism for the simulations. Previous studies 
have clearly shown that hydrogen addition to air strongly influences the 
autoignition behavior of diesel fuels [33,34]. Depending on the tem
perature range, hydrogen can either accelerate or inhibit the ignition 
process, resulting in substantial variations in ignition delay times as a 
function of the hydrogen mass fraction. To capture this complex 
behavior, a zero-dimensional (0D) chemical kinetics analysis was con
ducted by testing several reaction mechanisms. Fig. 7 shows the ignition 
delay as a function of temperature for different hydrogen mass fractions 
in a diesel–hydrogen blend, as predicted by the Zeuch mechanism. Two 
distinct trends can be observed: at higher temperatures, increasing the 
H2 mass fraction reduces the ignition delay; at lower temperatures, 
instead, the presence of hydrogen appears to inhibit ignition. The 
selected mechanism accurately reproduces the transition region be
tween these two regimes, previously observed in the mentioned litera
ture studies. [33,34], as well as the overall dependence of ignition delay 
on hydrogen concentration.

All the details of the final simulation setup are listed in Table 3.

4. Results

The abovementioned simulation setup was validated at the WP of 
Tables 2 and in comparison with the available experimental data. Then, 
Fig. 8 compares experimental and simulated results for the WP at 2500 
rpm and 6 bar BMEP, for different HES. The EGR rate analyzed for OM2 
is at medium level. The upper panels display the injection profiles, while 
the lower panels illustrate the corresponding in-cylinder pressure and 
Heat Release Rate (HRR) traces. From left to right, the figure presents 
results for the three operating OMs: DO operation, OM1 with 30% HES, 
and OM2 with 90% HES. The grey shaded areas indicate the experi
mental cycle-to-cycle variability considering 100 consecutive cycles. 
Overall, the simulations show good agreement with the experiments, 
accurately reproducing the combustion phasing except for a slight 

ignition advance in the DO case. The combustion behavior is well 
captured in both OM1 and OM2, with simulated pressure traces 
consistently falling within the experimental variability range. In OM1, 
the combustion process exhibits multiple stages influenced by the diesel 
injection pattern, reflecting the interaction between diesel and hydrogen 
fuels. In contrast, OM2 is characterized by a single, predominantly 
premixed combustion phase, in which the ignition is triggered by a 
single diesel pilot injection. To conclude, the developed 3D-CFD model 
is able to fully characterize either the diesel and the DF combustion 
behaviour, also in presence of different combustion modes.

Fig. 9 presents a similar comparison for OM2 under varying diesel 
SOI conditions, for a medium level of EGR rate. Overall, the simulations 
show good agreement with the experiments, accurately reproducing the 
combustion phasing, the peak pressure and the HRR curves. The simu
lated trends varying the diesel SOI are consistent with experimental 
data, obtaining an anticipated MFB50 and a shorter combustion dura
tion for the case with intermediate SOI. An increase of the experimental 
COV is evident anticipating the SOI, as already observed in [23]. The 
COV variation was not captured by the numerical simulations as out of 
the scope of the analysis. The condition with the intermediate SOI value 
seems the most promising in terms of combustion efficiency, obtaining 
an experimental BSFCeq (see Fig. 5) among the closest to the DO refer
ence and was then chosen to be further analyzed in the subsequent 
3D-CFD simulations.

Fig. 10 illustrates the outcome of the model for NOx and soot emis
sions. The top panels show experimental data (black dots) of the Filter 
Smoke Number (FSN, left axis) compared with simulated soot mass at 
the Exhaust Valve Opening (EVO) (red dots, right axis). For soot emis
sions the two considered variables from experiments and simulations are 
different, but the comparison is consistent in terms of trend. The bottom 
panels display the corresponding comparison for ISNOx emissions. Re
sults on the left side of the figure are presented as a function of the HES 
variation (same operating conditions of Fig. 8), while those on the right 
correspond to variations in diesel SOI (same operating conditions of 
Fig. 9). The model effectively captures the trends in soot emissions with 
respect to both calibration parameters, predicting comparable values for 
DO operation and OM1 with 30% HES, and negligible soot levels for all 
conditions at 90% HES. Regarding NOx emissions, the model shows 
good quantitative agreement, with deviations between experimental 
and simulated values generally within 1 g/kWh, except for the case with 
retarded SOI. Going from 0 to 90% of HES, the model shows a NOx in
crease of 40% consistent with 52% of the experiments. On the contrary, 
anticipating the SOI a 70% of NOx reduction is obtained numerically, 
consistently with 65% of experiments.

To further characterize the combustion evolution in the different 
OMs, Fig. 11 presents a 3D analysis for the same operating conditions as 
in Fig. 8. In the top row, the diesel injection rate (black lines) is shown 
together with the simulated HRR (red dashed lines). The crank angles 
corresponding to MFB2, MFB50, and MFB75, used for the 3D snapshots 
are highlighted. In the subsequent panels, sector views of the combus
tion chamber focusing on two diesel jets are reported at the selected 
crank angles, showing an iso-temperature surface representative of the 
high-temperature flame region (T = 1800 K).

At SOC, ignition occurs between the pilot and main injections in both Fig. 7. 0D evaluation of Ignition delay times for diesel/H2/air flames with 
different H2 mass fractions, obtained with the Zeuch mechanism. P = 30 bar.

Table 3 
3D-CFD simulation setup.

Minimum grid size 0.25 mm
Turbulence model RANS – RNG k–ε
Injected fuel (liquid) Diesel #2
Evaporating species N-Heptane (N–C7H16)
Spray breakup model Calibrated KH-RT
Spray/wall interaction model Wall film model
Combustion model SAGE detailed chemistry solver
Chemical kinetics Zeuch mechanism
Soot formation/oxidation model PM soot model
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DO and OM1. Diesel mode exhibits a slightly earlier SOC due to the 
larger amount of evaporated pilot fuel available for ignition. In addition, 
hydrogen presence in the mixture could increase the ignition delay of 
OM1 with respect to DO at this level of temperature. The early flame in 
diesel mode follows the shape of the fuel plumes, whereas in OM1 the 
initial kernel appears more localized and nearly spherical. Moreover, 
due to the lower spray momentum associated with OM1's reduced in
jection pressure, the in-cylinder swirl motion becomes more evident, as 
shown by the appearance of a third ignition center near one of the 
adjacent diesel plumes. The differences in flame topology, elongated in 
diesel mode and more compact or spherical in OM1, reflect the com
bined influence of spray momentum and in-cylinder swirl on mixture 
stratification. In OM2, ignition is significantly delayed with respect to 
EOI, resulting in predominantly premixed H2 combustion. The individ
ual ignition kernels in OM2 appear less symmetric than in the other 
modes.

At MFB50, the diffusive combustion phase develops around the 
diesel plumes in both diesel and OM1. Diesel mode shows a more intense 
burn, with a larger fraction of the chamber already involved in the 
combustion process and visible plume–plume interactions. In OM1, the 
diesel contribution burns more slowly with a smooth peak of the HRR, 

due to lower injection pressure and the low turbulence level linked to a 
typical diesel combustion system that slows down the H2 flame propa
gation. In OM2, the flame front expands with a distinct morphology, 
growing almost spherically from the initial kernel toward the walls, 
following the typical pathway of DF combustion.

By MFB75, most of the mixture in diesel mode is involved in com
bustion, including the central area and the combustion is shifted to the 
bottom part of the chamber, following the diesel jet motion that im
pinges on the walls and comes back guided by the bowl profile. In OM1, 
the interaction among plumes becomes evident, and a slower jet pene
tration anchors the combustion in the upper part of the chamber. A 
slower combustion progression is highlighted by a negligible HRR peak 
observed during the post-injection event. In OM2, hydrogen combustion 
is sharper and shorter, in agreement with the more pronounced HRR 
peak. This is visually confirmed in the iso-temperature fields, where 
OM2 shows a thinner, more continuous high-temperature shell encom
passing most of the chamber. This single-stage, predominantly premixed 
combustion regime at high HES values aligns with recent observations 
by Mancaruso et al. [35], where hydrogen enrichment was found to 
shorten the combustion duration.

To conclude, a characterization of the in-cylinder conditions leading 

Fig. 8. Simulated (red) vs experimental (black) in-cylinder pressure and heat release rate (bottom), and injection rate (top). Left: DO, center: 30% H2, right: 90% H2. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Simulated (red) vs experimental (black) in-cylinder pressure and burn rate (bottom), and injection rate (top) for the OM2 at 90% of HES and different SOI. 
Left: advanced SOI, center: intermediate SOI, right: retarded SOI. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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to soot formation and oxidation processes is carried out for the same HES 
variation as in Fig. 11. In particular, contour plots of the temperature 
and O2 mass fraction are reported in Fig. 12 on two slices aligned with 
two spray jets, together with a selected isosurface of soot volume to 
highlight regions of high soot concentration, at three different crank 
angles. In the top row of the figures, the diesel injection rate is recalled 
together with the evolution of the total soot mass in the cylinder. The 
crank angles used for the 3D snapshots are also highlighted with black 
dashes on the top. 

• At θ1: For the DO and OM1 modes, the main injection event is 
concluded, and soot production starts to rise. Owing to the higher 
momentum of the liquid jet in DO mode, combustion is shifted along 
the spray axis and into the lower part of the combustion chamber. 
Here favorable temperature distribution and oxygen deficiency 
promote larger soot formation compared to OM1. The soot-rich 
zones coincide with regions of elevated temperature and low O2 
availability towards the tip of the jet, as seen in the corresponding O2 
contours. Conversely, in OM1, the liquid plume remains away from 
the walls and combustion evolves near the center of the cylinder, 
where soot starts to form. The more confined and lifted flame in OM1 
produces smaller, centrally located soot rich regions compared with 
the extended soot cloud in diesel mode. No soot production is 
observed in OM2, thanks to both the lower temperatures reached and 
the higher O2 distribution associated with the higher HES fraction.

• At θ2: For the DO and OM1 modes, the post-injection event is nearly 
concluded. The jet penetration in DO mode is higher (visible as a blue 
region in the temperature map), reaching an area where a high level 
of oxygen is available around the diesel plume, thanks to the fact that 
the diesel main injection burns in the lower part of combustion 
chamber. In OM1, the slower liquid penetration keeps the ignition 
along the jet plume near the chamber center where oxygen defi
ciency continues to promote soot formation. In OM2, the flame 

propagates spherically, impinging on the chamber walls and 
expanding toward the center in a predominantly premixed mode, 
with no soot formation.

• At θ3: In DO mode, the combustion moves toward the bowl center 
thanks to the jet momentum, where a wide high-temperature region 
driven by the post combustion and the available oxygen presence 
favors soot oxidation. The O2 distribution also indicates localized re- 
entrainment of fresh oxygen near the bowl center, reinforcing 
oxidation processes. This is highlighted also by the soot mass curve 
on the top, showing a clear decrease, and by the visible reduction of 
the soot volume in the 3D field, confirming the effectiveness of the jet 
momentum in the post injection strategy to enhance soot oxidation 
[36]. In contrast, in OM1, the combustion process remains confined 
to the lower part of the chamber, where low temperature and oxygen 
scarcity hinder soot oxidation, as indicated by the flat soot mass 
curve and the persistent low-O2 zones. Hence, in OM1, the 
post-injection strategy is not effective in promoting soot oxidation. In 
OM2, combustion involves available H2 in the chamber with no soot 
formation.

Overall, the evolution of the in-cylinder conditions clearly confirms 
an excellent soot-oxidation capability driven by the post injection event 
in the DO mode. On the contrary, in OM1 the post-injection event is not 
effective in promoting soot oxidation: the lower spray momentum and 
the limited oxygen availability in the lower bowl region inhibit the re- 
entrainment of fresh air, resulting in persistent high-soot zones. This 
finding aligns with the observations of Tripathi et al. [17], who reported 
that, in DF hydrogen–diesel engines with split injection, soot oxidation is 
hindered by oxygen-depleted regions at the center of the bowl, where 
low-temperature conditions prevent effective burnout of soot. Similarly, 
Vávra et al. [15] noted that, at higher HES the displacement of intake 
oxygen by hydrogen becomes the dominant factor controlling PM for
mation and oxidation process, limiting oxidation efficiency even when 

Fig. 10. Simulated (red) vs experimental (black) soot emissions (top) and ISNOx (bottom), as a function of HES (left) and SOI (right). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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overall soot formation decreases. These consistent results suggest that, 
under DF operation, the lack of oxygen in localized regions and the 
altered mixing dynamics introduced by hydrogen addition both 
constrain the post-injection soot oxidation mechanisms that are other
wise effective in conventional diesel combustion. Finally, OM2, con
firms the fully premixed nature of H2 combustion and the subsequent 
absence of soot formation thanks to the limited amount of diesel 
involved in the combustion.

Although the developed CFD framework demonstrated good agree
ment with the experimental measurements and proved effective in 
capturing the main combustion and emission trends, some limitations of 
the present study should be highlighted. First, the presented analysis 
focuses on a single representative engine operating point (2500 rpm, 6 
bar BMEP). The generalization of the results to other operating condi
tions, loads, and engine speeds has been preliminarily investigated, but 
these results are not presented in this study and will be addressed in 
future work. Second, the SAGE combustion model, based on the well- 
stirred reactor approach, may limit the capability to fully capture tur
bulence–chemistry interactions. Finally, the use of a RANS turbulence 
model focuses only on the average engine behavior and is therefore 
unable to reproduce the well-known cycle-by-cycle variability observed 
experimentally.

5. Conclusions

This work presented a comprehensive CFD-supported methodology 

for the analysis and optimization of hydrogen–diesel Dual-Fuel (DF) 
combustion systems, calibrating a detailed 3D simulations on an 
extensive experimental database. The developed framework was applied 
to two distinct Operating Modes (OMs) of a medium-duty compression 
ignition engine: a retrofit DF configuration (OM1), in which the original 
diesel multi-pulse injection strategy was preserved, and a native DF 
calibration (OM2) specifically optimized for high Hydrogen Energy 
Share (HES) operation with a single pilot diesel injection.

The results demonstrated that these two operating modes exhibit 
fundamentally different combustion behaviors. In the retrofit configu
ration (OM1), hydrogen presence in the in-cylinder mixture contributes 
to a longer ignition process, and the retained diesel multi-pulse injection 
produces a mixed diffusive–premixed combustion regime. Conversely, 
in the native DF configuration (OM2), the single pilot event promotes 
predominantly premixed combustion. This configuration results in 
shorter combustion duration, and more homogeneous temperature dis
tribution. The transition from OM1 to OM2 thus represents a shift from 
diffusion-controlled to fully premixed combustion typical DF combus
tion, confirming the strong coupling between diesel injection charac
teristics and HES.

The distinct combustion regimes are reflected in the emission 
behavior. In OM1, limited air entrainment and the persistence of 
oxygen-depleted regions near the lower bowl promote soot formation 
during the main and post-injection phases, while the reduced spray 
momentum prevents effective air entrainment in the combustion region 
and subsequently the soot oxidation. Consequently, particulate 

Fig. 11. Top: Diesel IR and simulated HRR. Bottom: Isosurface of temperature (T = 1800K) for the chosen HES at MFB2, MFB50 and MFB75.
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emissions remain comparable to diesel operation despite 30% of HES. In 
contrast, OM2 achieves nearly complete soot elimination, with re
ductions of up to 96%, due to hydrogen's carbon-free nature and the 
homogeneous in-cylinder conditions that prevent soot formation. These 
findings confirm that the increase of HES alone does not guarantee 

optimal DF performance, as pollutant formation mechanisms remain 
strongly influenced by the diesel injection strategies and local thermo
dynamic conditions.

Overall, the study highlights the decisive role of the diesel calibra
tion strategy, its timing, pressure, and mass, influencing ignition 

Fig. 12. Contour plots of the temperature and O2 mass fraction distribution for the chosen HES at three different crank angles. Isosurface of high soot volume 
concentration in black.
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dynamics, combustion efficiency, and pollutant formation. A proper 
dual-fuel calibration must therefore combine an optimized HES with a 
dedicated diesel injection strategy to ensure stable combustion and 
enhanced soot emissions abatement. The developed and validated 3D- 
CFD framework proved effective in capturing the coupled effects of in
jection dynamics, hydrogen–air mixing, and detailed chemical kinetics, 
providing a predictive tool for the design of next-generation hydro
gen–diesel DF engines.
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3D-CFD Three-Dimensional Computational Fluid Dynamics
AMR Adaptive Mesh Refinement
BMEP Brake Mean Effective Pressure
BSFCeq Equivalent Brake Specific Fuel Consumption
CI Compression Ignition
DF Dual Fuel
DO Diesel Only
ECU Engine Control Unit
EGR Exhaust Gas Recirculation
EOI End of Injection
EVO Exhaust Valve Opening
FSN Filter Smoke Number
HES Hydrogen Energy Share
HRR Heat Release Rate
ICE Internal Combustion Engine
IVC Intake Valve Closing
LHV Lower Heating Value
MFB Mass Fraction Burned
NOx Nitrogen Oxides
OM Operating Mode
PFI Port Fuel Injection
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SOC Start of Combustion
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