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Abstract
Nowadays hydrogen, especially if derived from biomass or produced by renewable power, is rising 
as a key energy solution to shift the mobility of the future toward a low-emission scenario. It is well 
known that hydrogen can be used with both internal combustion engines (ICEs) and fuel cells (FCs); 
however, hydrogen-fuelled ICE represents a robust and cost-efficient option to be quickly imple-
mented under the current production infrastructure. In this framework, this article focuses on the 
conversion of a state-of-the-art 3.0L diesel engine in a hydrogen-fuelled Spark Ignition (SI) one. To 
preliminarily evaluate the potential of the converted ICE, a proper simulation methodology was 
defined combining zero-, one-, and three-dimensional (0D/1D/3D) Computational Fluid Dynamics 
(CFD) approaches. First of all, a detailed kinetic scheme was selected for both hydrogen combustion 
and Nitrogen Oxides (NOx) emission predictions in a 3D-CFD environment. Afterward, to bring the 
analysis to a system-level approach, a 1D-CFD predictive combustion model was firstly optimized 
by implementing a specific laminar flame speed correlation and, secondly, calibrated against the 
3D-CFD combustion results. The combustion model was then integrated into a complete engine 
model to assess the potential benefit derived from the wide range of flammability and the high 
flame speed of hydrogen on a complete engine map, considering NOx formation and knock avoid-
ance as priority parameters to control. Without a specific modification of turbocharger and combus-
tion systems, a power density of 34 kW/L and a maximum brake thermal efficiency (BTE) of about 
42% were achieved, thus paving the way for further hardware optimization (e.g., compression ratio 
reduction, turbocharger optimization, direct injection [DI]) to fully exploit the advantages enabled 
by hydrogen combustion.

© 2022 Politecnico di Torino; Published by SAE International. This Open Access article is published under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits distribution, and reproduction in any 
medium, provided that the original author(s) and the source are credited.
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Introduction

The huge climate changes observed in the last decades 
as a consequence of Greenhouse Gases (GHG) emis-
sions boosted the efforts of the European Union (EU) 

to decarbonize its economy. As a matter of fact, with the 
European Green Deal announced by the European 
Commission at the end of 2019 [1], the EU aims to achieve 
climate neutrality by 2050. In such a framework, particular 
attention is devoted to the shift toward more sustainable 
mobility since the transportation sector is responsible for 25% 
of the total CO2 emissions and, differently from other relevant 
sectors, has shown an increasing trend in the past 25 years 
[2]. Besides the fostering of powertrain electrification, which 
represents the most promising solution to improve the air 
quality in highly congested urban areas, the European Green 
Deal also supports the development and the production of 
sustainable alternative fuels capable to achieve a zero impact 
in their entire life cycle [3]. Among them, hydrogen has 
recently become a highly attractive solution since it could 
be produced from renewable energy sources, and its combus-
tion generates no GHG emissions. In this context, the 
European Commission initiated a new dedicated strategy on 
hydrogen in Europe [4], simultaneously launching the 
European Clean Hydrogen Alliance [5], aiming to assist in 
large scale the deployment of hydrogen technologies and 
infrastructures by 2030.

Although hydrogen may be at first associated with Fuel 
Cell (FC) applications [6], its use as fuel in Internal Combustion 
Engines (ICEs) represents a very attractive option [7, 8]. The 
advantages of hydrogen ICE compared to the FC technology 
include a higher tolerance to fuel impurities, reduction of rare 
materials usage, and a more straightforward transition from 
conventional vehicles [9]. In fact, H2-ICE technology benefits 
from the reduced production cost of using the existing mature 
manufacturing facilities and processes for conventional ICEs. 
Finally, from a thermodynamic point of view, the physical 
properties of H2 allow an excellent combustion quality. As a 
matter of fact, hydrogen, in comparison to other fuels, features 
a high Lower Heating Value (LHV) (i.e., H2 = 120 MJ/kg vs 
Gasoline = 44.1 MJ/kg [10]), and fast flame propagation over 
a wide range of temperature, pressure, and air-to-fuel ratios 
[7]. Therefore, highly lean operations in combination with fast 
and optimally phased combustion results in a high energy 
conversion efficiency and in very low Nitrogen Oxides (NOx) 
emissions thanks to low burning temperature [11]. On the 
other side, the combination of the low H2 density and lean 
mixture may limit the specific power output of the engine or 
create huge challenges for the design of the charging system 
[12, 13]. From the abnormal combustion perspective, the high 
values of both autoignition temperature and octane number 
of hydrogen can limit the knock likelihood. However, the low 
minimum ignition energy (about 0.016 mJ [13]) may strongly 
increase the risk of preignition, glow ignition, and backfiring 
in the case of external mixture preparation [14]. Finally, the 
high diffusion coefficient of H2 leads to fast mixing with the 
induced air (compared to conventional fuels), which is 

beneficial for mixture homogenization in the case of Port Fuel 
Injection (PFI) engines but could be detrimental for stratified 
Direct Injection (DI) engines.

Despite the first studies were carried out at the beginning 
of the twentieth century, only in the last decade the growing 
demand for a decarbonized mobility, together with the tight-
ening of the emission standards, and the development of 
renewable hydrogen technologies have increased the global 
interest toward hydrogen powertrains [15, 16]. Besides the 
activities of automotive manufacturers which are investigating 
the feasibility of hydrogen propelled vehicles through the 
development of several prototypes for both passenger cars and 
heavy-duty (HD) applications [17, 18, 19], a huge number of 
research projects is currently ongoing to identify the most 
attractive hydrogen powertrain solutions [20]. As a matter of 
fact, scientific literature presents a wide range of possible H2 
applications relying on either fuel autoignition [21], Dual Fuel 
concepts [22, 23], or premixed combustion. In such a frame-
work, Spark Ignition (SI) engines represent the most common 
solution with studies on both PFI and DI systems. Despite DI 
configurations are able to achieve better performance thanks 
to the higher volumetric efficiency [24] and the lower risk of 
abnormal combustion [14], PFI may represent the preferred 
midterm solution to boost the diffusion of new H2 engines, 
limiting, at the same time, the initial investments and the 
additional costs [20, 25]. Indeed, they do not require the devel-
opment of new components (e.g., high-pressure injectors) [26], 
and they can be easily derived from existing units propelled 
with conventional fuels. For example, Koch et al. [25] have 
proved that the revamping could be performed also with diesel 
engines since the spark plug can be installed in the cylinder 
head through the machining of the injector seat. Moreover, 
the presence of the Exhaust Gas Recirculation (EGR) loop, 
mandatory in the latest generation of compression ignition 
engines, may enable additional strategies to reduce pumping 
losses, NOx emissions, and the occurrence of abnormal 
combustion phenomena. Finally, the use of a turbocharger 
may allow to overcome the limitations on the engine power 
output even if the poor volumetric efficiency of PFI configura-
tions in combination with highly lean operations generate 
several challenges in the design of the charging system [2, 27].

To preliminarily assess the performance of H2 engines, 
despite several research projects only relying on experimental 
activities [12, 27], the exploitation of numerical tools is crucial 
to fully understand the fundamentals of both mixture prepa-
ration [28] and combustion process [29] and to perform a 
comprehensive optimization of the system. Klepatz et al. [13] 
presented a combined approach where the one-dimensional 
(1D) Computational Fluid Dynamics (CFD) model of the 
H2-ICE has been primarily validated against a set of experi-
mental data and then used to compare the efficiency of 
different engine concepts. In a subsequent work [25], the same 
methodology has been exploited to optimize the calibration 
of a diesel-revamped H2 engine and to assess the benefit of 
EGR on its performance and emissions. Scarcelli et al. also 
proposed a similar synergic approach: the results of an experi-
mental campaign on a single-cylinder optical engine fuelled 
with hydrogen have been used to validate a three-dimensional 
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(3D)-CFD model [30] through which several sensitivity 
analyses on the injector geometry and of injection parameters 
have been performed [31]. Nevertheless, for such innovative 
ICE, experimental data for model validation are quite often 
not available, and the simulation of such an alternative fuel 
places several challenges related to the presence of supersonic 
jets [32], to the correct estimation of the burning speed [33, 
34], and to the prediction of the abnormal combustion 
phenomena [35]. In such a framework, the development of a 
reliable simulation tool capable to preliminarily assess the 
potential of the hydrogen-fuelled engine and to drive its design 
in the early stage of the development process is to be of para-
mount importance especially when experimental data are 
lacking. To tackle this task, this article aims to provide a 
comprehensive methodology to assess, through numerical 
simulations, the performance of a Hydrogen SI ICE revamped 
from a state-of-the-art turbocharged Common Rail (CR) 
diesel engine. This methodology was exploited for the prelimi-
nary assessment of the H2-ICE potential employed on a hybrid 
bus for urban applications [36].

After a short description of the tested engine, the article 
presents the hierarchical 0D/1D/3D approach for the simula-
tion of a hydrogen engine. Primarily the 3D simulation setup 
is deeply analyzed proving its capabilities to catch the impact 
of charge dilution and Spark Timing (ST) on the combustion 
development. Afterward, the main features of the 1D combus-
tion model and its calibration against the 3D-CFD results are 
presented. The last part of the article deals with the optimiza-
tion of the engine calibration parameter: primarily the setup 
of the virtual test rig is described, paying particular attention 
to the target and the constraints of the study. Then the 
outcomes of the optimization process represented by the maps 
of the main operating parameters are discussed. Finally, two 
sensitivity analyses on the compression ratio and the turbo-
charger size are shown to prove the capabilities of the proposed 
methodology to drive the design of the engine architecture 
and not only to optimize its operating parameters.

Case Study
A state-of-the-art low compression ratio, 3.0L multicylinder 
diesel engine architecture was selected as a case study. The 
combustion system conversion from diesel to hydrogen was 
divided into two main steps: first of all, a centrally mounted 
spark plug was properly adapted in the original diesel injector 
location, keeping unchanged the original flat cylinder head; 
secondly, PFI system coupled with original highly reentrant 
diesel bowl, was adopted to demonstrate the target achieve-
ment with the minimum level of cost and complexity. The 
original diesel engine block and the swirl-based cylinder head 
were kept unchanged to meet the main requirements of the 
retrofit application, but the adaptation of its compression ratio 
through a specific cylinder head gasket thickness was also 
considered to increase the knock margin of the engine at high 
loads. Additional details related to specific engine features 

cannot be disclosed due to confidentiality reasons. Figure 1 
shows the selected combustion system.

The selection of PFI configuration for H2 injection has 
implied a properly redesigned of the intake system to comply 
with two port fuel injectors, one for each intake port. The 
main characteristics of the hydrogen injection system are 
reported in Table 1.

As far as the boosting system is concerned, even if the 
adoption of PFI configuration reduces the engine volumetric 
efficiency due to the low density of the gaseous H2 injection 
in the intake port, the original turbocharger system (featuring 
a Variable Geometry Turbine, VGT) was selected for a prelimi-
nary performance estimate. However, taking into account the 
intake air reduction and the lean and fast combustion induced 
by H2, thus resulting in low temperature at turbine inlet, a 
proper turbocharger was defined and its potentials in terms 
of power density improvements will be reported later in the 
manuscript. The air path modification consisted also of the 
introduction of a throttle valve at the Charge Air Cooler 
(CAC) outlet since throttling operation is needed at low loads 
to reduce the intake air, without increasing the risk of combus-
tion instabilities. Although additional benefits in terms of 
in-cylinder flow field intensity could be achieved with an opti-
mization of the valve timing or adopting a variable valve 
actuation, the original valve timing, both for intake and 
exhaust valves, was considered to assess the performance with 
a limited conversion complexity.

The original high-pressure EGR path was modified by 
introducing an EGR cooler to recirculate cooled exhaust gas 
into the intake manifold. However, the increment of charge 
temperature at the intake manifold can lead to H2 autoignition 
in the combustion chamber, especially at high loads. Therefore, 
in this application, EGR has been used to increase charge 
dilution and to control combustion and NOx emission levels 
at low-medium engine loads.

 FIGURE 1  Selected architecture for combustion system 
conversion from diesel to H2 engine.
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Simulation Methodology
As well known, numerical simulation, with both detailed 
3D-CFD and system-level 1D-CFD approaches, is commonly 
used in the engine concept design phase to reduce costly and 
time-consuming experimental investigations thanks to its 
high predictive capabilities and affordable computational 
times with the actual Central Processing Unit (CPU) power. 
In this scenario, the proposed architecture (depicted in 
Figure 1) was investigated by means of a dedicated 
0D/1D/3D-CFD synergetic approach with the aim of capturing 
and reproducing the hydrogen combustion characteristics. A 
3D-CFD numerical setup based on a detailed chemistry 
scheme was defined, and its outcomes were used as a reference 
for calibrating a predictive combustion model in a 1D-CFD 
environment, necessary for a preliminary assessment of the 
engine operating maps for the selected architecture. In 
addition, 0D autoignition calculations, based on the above-
mentioned detailed chemistry scheme, were used for a prelim-
inary system-level knock risk evaluation. To properly repro-
duce the hydrogen combustion peculiarities and to address 
the consequent calibration of the quasi-dimensional combus-
tion model, several engine operating conditions, in terms of 
Brake Mean Effective Pressure (BMEP) and engine speed, 
were selected. In addition, dilution rate, both in terms of EGR 
and relative air-to-fuel ratio (lambda), and ST were swept, as 
highlighted in Table 2, to exploit the complete wide flamma-
bility range of H2. The target load, the dilution, and spark 

advance levels were obtained from preliminary 1D-CFD 
calculations that relied on combustion assumptions from the 
available literature.

3D-CFD Simulation 
Environment
The first step of the multidimensional simulation method-
ology was the 3D-CFD analysis, which was carried out in 
commercially available software, CONVERGE CFD v3.0 [37]. 
To properly initialize the computational domain, a prelimi-
nary 1D-CFD complete engine model was built in GT-SUITE, 
providing the time-dependent boundary conditions for 
pressure, temperature, and species concentrations. As far as 
numerical schemes are concerned, a second-order central 
difference scheme for spatial discretization and a first-order 
implicit Euler scheme for temporal discretization were 
selected, with a variable time-step size that assured the mini-
mization of simulation time without affecting simulation 
accuracy. The Navier-Stokes conservation equations were 
solved through the Pressure Implicit with Splitting Operator 
(PISO) algorithm of Issa [38] coupled with the Rhie-Chow 
scheme for pressure-velocity coupling [39]. After a mesh grid 
sensitivity analysis, not reported in the herein study for the 
sake of brevity, a base grid size equal to 2 mm was chosen. 
Moreover, adopting several user-defined mesh refinements, 
as fixed embedding and Adaptive Mesh Refinement (AMR) 
techniques [40], a minimum grid size of 0.25 mm was reached. 
The resulting mesh grid can be considered consistent with 
previous computational studies on similar engine applications 
[28, 41]. Regarding turbulence modelling, the Reynolds-
Averaged Navier-Stokes (RANS)-based Re-Normalization 
Group (RNG) k-ε model [42] was used since it is capable to 
account for flame-induced compression, expansion, and rapid 
strain effects on the turbulent quantities [43] without any 
specific modification on thermal and diffusive model constants 
(turbulent Prandtl and Schmidt numbers). Kinematic and 
thermal boundary layers were described by means of law of 
the walls [44], featuring standard wall functions and fixed 
embedding for wall mesh refinement. Additionally, the 
O’Rourke and Amsden model [45] was set for the turbulent 
heat transfer prediction.

Concerning combustion modelling, in recent years 
different research activities on SI engines have been focused 
on the Well-Stirred Reactor (WSR) assumption showing 
encouraging results [46, 47, 48]. This approach guarantees an 
accurate combustion prediction relying on a proper chemical 
reaction mechanism, avoiding the calibration of dedicated 
model constants that usually requires experimental data, not 
available in preliminary investigations as the herein study. 
Moreover, typical engine operating conditions when hydrogen 
is used as a fuel exploit lean mixture thanks to the wide flam-
mability range and high laminar flame speed of H2. In these 
conditions, the combustion regime may go outside the 
“f lamelet” assumption, as widely reported in [49, 50], 
confirming the WSR approach as the best solution to properly 
predict the combustion process. Considering all the above, in 

TABLE 2 Engine operating conditions test matrix.

Engine speed 
[RPM]

Target BMEP 
[bar]

Lambda 
[—] EGR [%]

ST [CA deg 
aTDCf]

2000 2.0 1.8 30 −25

2.35 22 −24

2.5 5 −20

4.0 2.1 30 −30

2.35 22 −30

2.45 5 −25.4

8.0 2.3 0 −16.5

2.3 0 −8.5

2.3 15 −28

2.3 15 −20

3000 8.0 2.3 10 −20

2.5 0 −16.4

3500 10.0 2.3 0 −2.5 ©
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TABLE 1 Main characteristics of the hydrogen PFI system.

Maximum rail pressure 1000 kPa

Maximum static H2 flow >1.4 g/s

Minimum dynamic H2 flow 0.06 g/s

Maximum ET at maximum speed 30 ms at 4000 RPM

H2 temperature range No temperature conditioning

Maximum tank pressure 700 bar ©
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this study the SAGE detailed chemistry combustion model 
[40], which is based on WSR assumption, was adopted. A 
comprehensive sensitivity analysis was carried out to select 
the most appropriate reaction mechanism. The one proposed 
by Zhang et al. [51] (44 species and 234 reactions) was selected 
since it considers significant updates related to hydrogen and 
NOx reactions. More in detail, the hydrogen submechanism 
is based on the previously developed Kéromnès et al. [52] 
reaction mechanism, which has shown the lowest error both 
for ignition delay and flame velocity prediction among several 
reaction mechanisms for hydrogen combustion [53]. The main 
features of the reaction mechanism used in this study are listed 
in Table 3.

To deeper investigate the importance of each chemical 
reaction to the mixture reactivity, 0D constant volume simula-
tions were carried out in CONVERGE CFD v3.0 for the 
selected reaction mechanism by means of the adjoint sensi-
tivity analysis [40, 54]. Indeed the sensitivity analysis shows 
how a variation of reaction rate constants determines a change 
of temperature, which can be considered a suitable indicator 
of the contribution of each chemical reaction to the overall 
reactivity. Figure 2 shows the normalized sensitivity coeffi-
cients of the 9 most relevant reactions for lambda 2.3-EGR 
0% mixture conditions at 850 K and three different pressure 
values (15, 30, and 60 bar), considered as representative of 
typical engine operating conditions at the end of compression. 

High sensitivity coefficients can be highlighted for reactions 
R21 and R23 suggesting that the reactivity of the mixture is 
mainly controlled by the reactions involving the production 
and consumption of H2O2. R21 and R23 are counterbalanced 
by the R33 chain-terminating reaction, which consumes two 
HO2 radicals producing H2O2. Increasing the pressure, R21 
and R23 remain the most sensitive reactions, suggesting that 
the H2O2 can be considered as a suitable tracer of preflame 
reactions and autoignition. This is also confirmed by the study 
of Kéromnès et al. [52], in which the thermal decomposition 
of H2O2 was found to be  the dominant chain-branching 
reaction for hydrogen ignition, at high pressure and interme-
diate temperature conditions.

In this preliminary analysis, 3D-CFD simulations were 
used as a reference for the analysis of H2 combustion and the 
subsequent calibration of the 0D/1D combustion model. 
Indeed thanks to the developed 3D-CFD simulation setup, 
the impact of the retrofit reentrant piston bowl on flame/wall 
interaction and the effects of different engine calibration, both 
in terms of dilution rate and ST, were evaluated. In this regard, 
to understand the effect of the combustion system on flame 
velocity and the dilution rate tolerance, the in-cylinder flame 
evolution was investigated at 2000 RPM and high-load oper-
ating conditions, where the high turbulence induced by the 
intake stroke affects the combustion rate as well. Firstly, the 
combustion process was analyzed under a high relative air-
to-fuel ratio and without EGR (Case#1: lambda 2.3-EGR 0%). 
Then the dilution rate was increased, adopting an EGR = 15%. 
For this latter engine calibration, two different STs were 
considered, one equal to Case#1 (Case#2: lambda 2.3-EGR 
15%), while the other 11 deg earlier (Case#3: lambda 2.3-EGR 
15%-early ST). Figure 3(a) shows the in-cylinder pressure and 
the Heat Release Rate (HRR) for each engine calibration under 
investigation. At constant ST, the increment of EGR rate 
results in a slower combustion duration, as clearly highlighted 
by the comparison between Case#2 and Case#1. To speed up 
and to make the combustion process again efficient, the 
advanced ST was adopted (Case#3): in this case, a comparable 
combustion duration is reached in comparison with Case#1 
thanks to the high laminar flame speed of hydrogen even 
considering an increment of the dilution rate.

The in-cylinder flame evolution was investigated in terms 
of temperature and distribution of H2O2 cylinder mass 
fraction (yH2O2). Figure 3 shows the temperature (plane A) 
and yH2O2 (plane B) distributions at each crank angle degrees 
after the ST (deg aST) highlighted in Figure 3(a) (i.e., θ1, θ2, 
θ3). At θ1 = +15 deg aST [Figure 3(b)], increasing the EGR rate 
(Case#2) results in lower flame temperature and slower flame 
propagation with respect to Case#1 due to the increment of 
dilution level within the combustion chamber, which reduces 
both the flame radius and the flame temperature. With early 
ST (Case#3), a slightly lower flame radius can be observed 
with respect to Case#2 due to the reduced temperature at the 
ignition. Moving ahead in the combustion process, at θ2 = +23 
deg aST [Figure 3(c)], the flame front of Case#1 reaches the 
piston bowl rim and propagates toward the cylinder liner in 
the reduced volume of the squish region thanks to the high 
laminar flame speed of hydrogen which reduces the flame 

TABLE 3 Reaction mechanism features.

Fuel species H2

Species 44

Reactions 234

H2/O2 submech Kéromnès et al. [52]

NOx submech Embedded in the reaction mechanism©
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–4.E+30.E+04.E+3

Normalized sensitivity 

coefficient

R34. H + O2 (+M) <=> HO2 (+M) 

R33. HO2 + HO2 <=> H2O2 + O2

R3. H2 + OH <=> H + H2O

R27. HO2 + H <=> OH + OH

R2. H2 + O <=> H + OH

R28. HO2 + H <=> H2 + O2

R5. O2 + H <=> O + OH

R23. H2O2 + H <=> H2 + HO2

R21. H2O2 (+M) <=> OH + OH (+M)

15 bar

30 bar

60 bar

Lambda 2.3

EGR 0%

Temp. 850 K

Pressure:

 FIGURE 2  Normalized sensitivity coefficients for the 9 most 
sensitive reactions, at 850 K; 15 bar, 30 bar, 60 bar; lambda 2.3; 
and EGR 0%.
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 FIGURE 3  Combustion evolution among different dilution rates and STs. Plane A: temperature contour plot. Plane B: H2O2 mass 
fraction distribution. Left (Case#1): lambda 2.3-EGR 0%; middle (Case#2): lambda 2.3-EGR 15%; right (Case#3): lambda 2.3-EGR 
15%-early ST. Engine operating condition of 2000 RPM at a high load.
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thickness. At this stage, the HRR exhibits its maximum value, 
then reduces its intensity due to heat transfer and to the flame 
propagation hindered by the geometry of the squish region. The 
cases with higher EGR (Case#2 and Case#3) show a similar 
flame propagation; however, the advanced ST calibration results 
in higher unburned temperature, and thus, a higher flame 
velocity could be expected later in the cycle. In the late combus-
tion phase, at θ3 = +42 deg aST, the flame front reaches the liner 
for Case#1, as highlighted by the yH2O2 distribution of Figure 
3(d). The high diffusivity of hydrogen can overcome the 
geometric obstacle for the flame propagation, thus suggesting 
the possibility to implement without any modification a diesel-
like combustion system, even with a reduced squish height. 
However, as expected, the increased dilution rate leads to a 
slower combustion process, as highlighted for Case#2 by yH2O2 
distribution placed near the bowl rim due to an attenuated 
flame propagation in the squish region. Thanks to the advanced 
ST (Case#3), the flame almost reaches the liner, resulting in a 
similar combustion duration with respect to Case#1.

As already highlighted in the results of the adjoint sensi-
tivity and confirmed by Figure 3, the highest magnitude of 
yH2O2 is localized in the flame front, where a rapid tempera-
ture change can be detected due to the combustion progress. 
In addition, the yH2O2 magnitude in the flame front appears 
quite similar among different dilution rates, despite the 
different chemical compositions of the charge. Therefore, the 
flame front can be traced with high accuracy through the 
definition of a certain yH2O2 distribution threshold. Thanks 
to this methodology, different characteristic quantities of the 
combustion process can be detected, such as the relative air-
to-fuel ratio on the flame front, which is crucial for the analysis 
of H2 DI concepts and design, as well as for 1D-CFD combus-
tion prediction under non-premixed combustion. In this 
study, the flame location was evaluated by averaging the flame 
radius in the region with the highest magnitude of yH2O2 to 
quantitatively evaluate the combustion progress. Figure 4 
shows the resulting average flame radius for the same engine 
calibrations previously investigated in Figure 3, having as a 
reference for the start of the analysis the relative ST.

As expected, Case#1 shows a higher flame speed than the 
cases with a higher EGR rate (Case#2 and Case#3). In partic-
ular, the average flame radius reaches the liner even consid-
ering the attenuated propagation in the squish region, repre-
sented by the slope change close to the dashed line that repre-
sents the liner location.

Increasing the EGR rate (Case#2), a significant flame 
speed reduction can be detected, with the flame that does not 
reach the liner even 45 deg aST. However, as already pointed 
out, the f lame propagation slowdown can be  avoided by 
advancing the ST (Case#3). More specifically, during the first 
stage of the combustion process, the flame shows a reduced 
propagation radius in comparison with Case#1 due to the 
increased dilution and reduced mixture temperature at the 
ST. Indeed, Case#3 shows a lower average flame radius than 
Case#2 up to +20 deg aST, thus confirming the combined 
effect of EGR and not optimal thermodynamic conditions on 
the flame propagation. Then the increased flame temperature 
for early ST speeds up the combustion progress, highlighting 
a similar flame propagation speed of Case#1.

1D-CFD Simulation 
Environment
Combustion and Emissions Modelling In view of 
the results obtained through 3D-CFD analysis, the proper 
simulation of the combustion process plays a crucial role if 
the reliable predictions of engine power, fuel, and air consump-
tion have to be performed within a system-level simulation 
framework. In this regard, this section focuses on the develop-
ment of a 1D-CFD combustion model in a GT-SUITE simula-
tion environment for the hydrogen combustion simulation. 
The recent works available in the literature concerning the 
simulation of the combustion process for H2-air mixture 
showed both numerical approaches [13, 55, 56] and phenom-
enological models [57, 58] to address this objective. However, 
the absence of an extensive experimental dataset concerning 
the application of H2 in ICEs, which is needed to properly 
calibrate a numerical combustion model (e.g., Wiebe function), 
made the numerical approach unsuitable and guided the 
authors toward the adoption of phenomenological models. 
Indeed 0D/1D phenomenological predictive combustion 
models can accurately reproduce the combustion process even 
considering a limited dataset of experimental data or 3D-CFD 
detailed simulations, as in the herein study. Therefore, the 
SITurb predictive combustion model available in GT-SUITE 
was considered for the hydrogen combustion simulation. This 
combustion model was successfully exploited in several case 
studies available in the literature, especially for gasoline SI 
engines [59, 60]. It is a two-zone combustion model capable 
to simulate the HRR in a spark-ignited combustion process 
characterized by a turbulent propagating flame. The turbulent 
flame brush is modelled via a spherical propagation and with 
a typical entrainment and burn-up approach, where the flame 
wrinkling effect is captured by the turbulent flame speed [61]. 
More in detail, the entrained mass (Me) rate of the unburned 
air-fuel mixture in the flame front is dependent on the flame 
area (Af ), the unburned gas density (ρu), and the sum of the 
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 FIGURE 4  Average flame radius among different dilution 
rates and STs. Engine operating condition of 2000 RPM at a 
high load.
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turbulent and laminar flame speeds (ST and SL, respectively), 
as expressed by Equation 1:

	
dM

dt
A S Se

u f T L� �� �� 	 Eq. (1)

Besides, Equation 2 is used to determine the burn rate:

	
dM

dt

M Mb e b�
�
�

	 Eq. (2)

where τ is assumed to be the time needed by the laminar flame 
speed to cover the Taylor microscale (λ) of turbulence, which 
depends on the turbulence integral length scale (Li) and on 
Reynolds number (Ret), as expressed by Equation 3.

	 �
�

� �
�S

C
L

Re SL

TLS
i

t L

1 	 Eq. (3)

CTLS is a tuning parameter that can be used to adjust the 
burn rate of the unburned mass entrained in the flame brush. 
Both laminar and turbulence flame speed are evaluated by the 
software according to empirical formulations, which can 
be optimized to properly consider the burning properties of the 
fuel involved in the combustion process. Since hydrogen is 
characterized by flammability properties drastically different 
from conventional fuels, a specific and accurate correlation of 
the laminar flame speed model was defined. In line with a recent 
work by Rezaei et al. [57], in the herein study a specific laminar 
flame speed model for the hydrogen-air combustion was devel-
oped and correlated against detailed chemistry 1D-CFD calcu-
lations carried out by means of CONVERGE CFD software. 
The detailed Zhang et al. mechanism [62], used for the previ-
ously described extensive 3D-CFD analysis, was employed as 
a reaction scheme to preserve the consistency of the proposed 
methodology. A wide range of thermodynamic and mixture 
properties was evaluated for the laminar flame speed model 
development, covering from stoichiometric to ultra-lean 
hydrogen-air mixture at engine-relevant pressures and temper-
atures, as well as considering up to 30% of burned gas mass 
concentration. The simulation matrix is reported in Table 4, 
resulting in more than 1600 different operating conditions.

The laminar flame speed equation, defined as a power-law 
formulation, is presented in Equation 4.

	 S T p x S
T

T

p

p
xL u u b L

u u
b� �

� �

, , ,� � � �

�
�

�

�
�
�

�
�

�

�
� �� �0

0 0

1 	 Eq. (4)

where SL0 is the velocity evaluated at Tu = T0 = 298 K, pu = p0 = 1 atm, 
and without burned gas (xb = 0), while α, β, and γ are coefficients 
that consider the sensitivity of the laminar flame speed to the 

temperature, pressure, and residual gasses, respectively. This 
laminar flame speed formulation has been widely adopted by many 
researchers for different fuels [63]. As far as the SL0 is concerned, 
the approach proposed by Verhelst and Sierens [64] has been 
adopted in this work: the laminar flame speed at T0 and p0 was 
expressed by means of a fifth-order polynomial function, which 
depends on the equivalence ratio, as reported in Equation 5:

	 S a a a a a aL0 5
5

4
4

3
3

2
2

1 0� � � � � �� � � � � � � � 	 Eq. (5)

Moving to α, β, and γ coefficients, a second-order polynomial 
expression upon the equivalence ratio was selected for all these 
parameters and tuned to minimize the deviation from the 
1D-CFD calculations. For the sake of conciseness, the optimized 
parameter set of the proposed laminar flame speed correlation 
is reported in the Appendix of this manuscript. A satisfactory 
agreement between the developed model and the laminar 
burning velocity computed with the Zhang et al. detailed kinetic 
scheme was obtained, as depicted in the correlation plot in 
Figure 5, considering more than 1600 different operating condi-
tions of Table 4. An average error close to 7% was reached, with 
R2 = 0.97. The extended validation confirms the high accuracy 
level reached by the developed correlation, thus successfully 
overcoming one of the main issues in hydrogen combustion 
simulation. More details can be found in the Appendix, where 
a comprehensive comparison between the detailed chemistry 
1D calculations and the result of the optimized model is reported.

Moving to the turbulence flame speed evaluation, the 
standard function implemented in GT-SUITE was used, as 
reported in Equation 6:

	 S C u

C
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T TFS

FKG
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� 1
1

1

2
	 Eq. (6)

TABLE 4 Simulation matrix considered for the 1D-CFD 
detailed chemistry laminar flame speed and induction 
time calculations.

Minimum Maximum
Equivalence ratio [—] 0.2 1

Unburned temperature [K] 600 1100

Pressure [bar] 10 120

Burned gas content [%] 0 30 ©
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 FIGURE 5  Correlation plot between detailed chemistry 
laminar flame speed calculations and laminar flame speed 
values predicted by the developed model.
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where Rf, u′, and LT are flame radius, turbulent intensity, and 
turbulent length scale, respectively. CTFS and CFKG are two 
coefficients that can be optimized to tune the flame velocity 
and to adjust the initial growth rate of the flame kernel, respec-
tively. Equation 6 was modified introducing an explicit 
pressure dependency in the CTFS coefficient, essential for 
hydrogen-air flames [65]. All the turbulence-related quantities 
required by the SITurb are evaluated by a phenomenological 
0D turbulence model developed by Gamma Technologies [66]. 
The turbulence model, which is based on the K-k-eps approach, 
has been calibrated considering two operating conditions at 
different engine speeds. The optimization of the model cali-
bration parameters by means of Genetic Algorithm (GA) has 
allowed the minimization of both the mass averaged integral 
length scale and Turbulent Kinetic Energy (TKE) deviations 
with respect to outcomes from 3D-CFD “cold-flow” analysis 
(i.e., without simulating the combustion process). A good 
agreement between the 3D-CFD analysis and the calibrated 
0D turbulence model was obtained as shown in Figure 6, in 

which the TKE and length scale levels for both operating 
conditions at the related ST are reported.

Once both the laminar flame speed model and the turbu-
lence model are defined, the SITurb combustion model was 
calibrated against 3D-CFD results by optimizing the three 
tuning parameters involved in Equations 3 and 6 by means 
of the GA optimizer. The 13 investigated operating conditions, 
reported in Table 3, were considered for the SITurb calibration 
and validation, featuring engine speed, load, ST, EGR, and 
lambda variations. A Three Pressure Analysis (TPA) model 
was exploited for the combustion model calibration: pressure 
signals together with mixture composition at the intake and 
exhaust manifolds were imposed as boundary conditions, in 
line with the methodology adopted for the 3D-CFD simula-
tions. In this way, a perfect match in terms of in-cylinder 
mixture composition and thermodynamic conditions at IVC 
between the 3D-CFD analysis and the 1D-CFD results were 
obtained, thus confirming the reliability of the proposed 
multidimensional synergetic simulation methodology. The 
above-mentioned match between 3D- and 1D-CFD boundary 
conditions has allowed a consistent comparison between the 
HRR evaluated with the 3D-CFD analysis and the one 
predicted by the SITurb combustion model, whose deviation 
was minimized during the calibration activity. A comparison 
between the 3D-CFD and the predicted 1D-CFD in-cylinder 
pressure (solid) and burn rate (dashed) profiles at low- and 
high-load conditions is given in Figure 7.

The correlated combustion model is able to faithfully 
simulate the combustion process leading to limited deviation 
from the 3D-CFD burn rate and in-cylinder pressure. 
Moreover, the effect of different mixture dilutions (combining 
both equivalence ratio and EGR content variation) is properly 
captured by the SITurb combustion model at low-load engine 
conditions, as depicted in Figures 7(a) and 7(b). Finally, the 
predictive capabilities of the combustion model are preserved 
at higher engine loads [Figure 7(c)]. Indeed the combustion 
process is reproduced with a high accuracy level even retarding 
the ST as necessary to avoid abnormal combustion phenomena. 
The satisfactory agreement achieved by the SITurb combustion 
model is confirmed extending the validation to the whole test 
matrix as shown by the correlation plots in Figure 8, in which 
combustion parameters from 1D- and 3D-CFD simulation 
results are compared. The combustion anchor angle (top left) 
and duration (top right) are properly predicted by the combus-
tion model achieving an average error lower than 3 deg. The 
same accuracy is reached for maximum pressure (avg. error 
lower than 5 bar) and its location in the engine cycle (avg. 
error lower than 3 deg).

As it is possible to notice from Figure 8, the developed 
SITurb combustion model is able to reproduce with satisfac-
tory accuracy level the combustion process of the PFI SI 
hydrogen engine. Nevertheless, for a complete investigation 
of the H2 engine potential, NOx emissions should be further 
considered. To this aim, the SITurb combustion model was 
finally coupled with the NOx emissions model available in 
GT-SUITE, based on the Extended Zeldovich Mechanism 
(EZM) [67]. The NOx model was calibrated and validated 
against the results of the 3D-CFD investigations thanks to the 
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 FIGURE 6  Results of 0D turbulence model (in red) 
compared to 3D-CFD results (in blue) at ST for a high speed-
high load and low speed-low load operating conditions: (a) 
TKE comparison; (b) turbulence length scale comparison.
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N2 oxidation kinetic scheme embedded in the adopted Zhang 
et al. mechanism. The results of the optimized NOx model 
show an average error of 8% in comparison with 3D-CFD 
results, and a maximum error that lies in the ±20% tolerance 
band, in line with similar simulation studies [68, 69]. The 

effects of lambda, EGR, ST, and boost pressure are captured 
by the EZM with good accuracy, as shown in Figure 9.

Knock Risk Evaluation The same properties that make 
hydrogen such a desirable fuel for SI ICEs are also responsible 
for the risk of abnormal combustion even considering the 
higher Research Octane Number (RON) with respect to 
common fuels (i.e., RON > 130) [7]. Indeed the wide flam-
mability limits, the low required ignition energy, and the high 
flame speed can result in the autoignition of the unburned 
mixture, a prime limitation that needs to be avoided while 
maintaining acceptable performance. Therefore, a robust 
methodology of the knock risk is of paramount importance 
to preliminarily evaluate the impact of H2 usage in ICEs.

The literature on the knock modelling considering H2 as 
a fuel is quite limited. Li and Karim in [35] have proposed a 
knock criterion comparing the energy released by end-gas 
reactions to the energy released by the normal flame propaga-
tion. However, most of the authors [70, 71] have computed the 
prediction of knock occurrence by adopting the approach 
proposed by Livengood and Wu [72], in which the self-ignition 
of the end gas occurs when

	
t

t

IVC

knock

dt� �
1

1
�

	 Eq. (7)

where τ is the induction time of the air-fuel mixture while tIVC 
and tknock are the time instants corresponding to the intake 
valve closing and the autoignition of the unburned gas, 

 FIGURE 7  Pressure and burn rate from 3D-CFD analysis 
and 0D/1D-CFD predictive combustion model at (a, b) 2000 
RPM × 2 bar BMEP considering low (a) and high (b) dilution 
rate and at (c) 3500 RPM × 10 bar BMEP.
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 FIGURE 8  Correlation plot between 1D-CFD predictions 
and reference 3D-CFD results: combustion anchor MFB50 (top 
left), combustion duration MFB10-75 (top right), maximum in-
cylinder pressure (bottom left), and crank angle at maximum 
in-cylinder pressure (bottom right).
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respectively. As far as induction time calculation is concerned, 
usually it has been relied on phenomenological formulations 
[73, 74] originally developed for gasoline mixtures. However, 
these approaches require the RON of the fuel, whose deter-
mination with the conventional ASTM method is difficult for 
hydrogen [70]. Therefore, for this preliminary analysis, an 
alternative approach has been proposed. The self-ignition 
times were computed through 0D chemical reactor simula-
tions in the CONVERGE environment through which the 
time-dependent equations that govern the evolution of 
chemical and thermodynamic states of an air-fuel mixture 
were solved, simulating its exothermal reaction in a constant-
volume bomb. The time required to observe a temperature 
increase of 400 K from its initial value was defined as induc-
tion time. Such calculations were carried out covering a wide 
range of pressure, temperature, air-to-fuel ratio, and residuals 
content (see Table 4). It is worth pointing out that the approach 
adopted for this preliminary analysis associates self-ignition 
with knock occurrence. However, as described in detail by 
Fandakov [75], autoignition does not necessarily imply knock, 
especially in the case of hydrogen, thus requiring a more 
appropriate methodology [76].

Engine Controls for Map Definition At first, a 
1D-CFD detailed model of the reference engine was devel-
oped. In particular, the turbocharger was described by means 
of a standard map-based approach while hydrogen injection 
was performed through a simple injector model connected to 
the intake runners. As far as combustion is concerned, the 
abovementioned predictive SITurb was adopted. Knock occur-
rence was accomplished through a chemical approach based 
on the work carried out by Livengood and Wu, while the heat 
transfer estimation was relied on the Woschni correlation [77]. 
Afterwards the complete engine model was exploited to 
perform a preliminary optimization of the main calibration 
parameters, such as ST, boost pressure, equivalence ratio, 
and EGR percentage, over the entire engine operating map. 

The optimal calibration strategy at a specific operating condi-
tion has to deal with several constraints, such as knock, 
compressor surge and speed margins, maximum boost 
temperature (T2) and maximum in-cylinder pressure, turbine 
inlet pressure (P3), and temperature (T3), required to limit 
thermal and mechanical stresses of the engine and its subcom-
ponents. In the herein study, an additional threshold of 0.4 g/
kWh was set for the Brake-Specific Nitrogen Oxides (BSNOx), 
in order to comply with the Euro VI limit for HD engines with 
a reasonable margin [78]. Based on these limitations, a set of 
Proportional-Integral-Derivative (PID) controllers were 
employed: a first PID acted on the turbine rack position to 
reach the target load level and to simultaneously satisfy the 
constraints on the turbocharger (i.e., avoiding surge and 
limiting shaft speed), T2, P3, and T3. Contemporarily, a 
second PID tuned the ST until either the Knock Induction 
Time Integral (KITI) or the BSNOx limit was reached. 
Eventually, for each operating point, a Design of Experiments 
(DoE) methodology [79] was adopted for the selection of the 
optimal combination of lambda and EGR percentage to 
maximize the Brake Thermal Efficiency (BTE). According to 
[7, 10, 80], a minimum lambda equal to 2.1 was considered in 
order to limit NOx emissions, while values beyond 2.6 were 
not explored due to the risk of combustion instabilities. As 
far as EGR is concerned, a maximum value of 30% was inves-
tigated, in line with [25]. An example of the results obtained 
through this methodology is reported in Figure 10, which 
shows the BTE for different combinations of ST and lambda 
as a function of KITI and BSNOx for the operating point 3500 
RPM × 8 bar BMEP considering two EGR levels, 0% [Figure 
10(a)] and 5% [Figure 10(b)]. It is worth pointing out that a 
sweep of ST for each lambda value is reported to highlight the 
impact of combustion phasing on engine BTE. Indeed, the 
above-described methodology identifies for each lambda the 
optimal value of ST within the useful region of the 
KITI-BSNOx plane.

As noticeable in Figure 10(a), the maximum BTE area is 
located in correspondence with the operating points with an 
advanced combustion phase and a high dilution rate. The 
adoption of low mixture dilution (i.e., lambda < 2.2) shortens 
the burn duration with a consequent increase of both 
in-cylinder peak temperature and NOx emissions. Therefore, 
to keep BSNOx under control, a retarded ST could be adopted 
with a delay of the combustion anchor angle, thus lowering 
the thermodynamic efficiency. On the other hand, the exploi-
tation of leaner lambda implies a decrease of heat transfer and 
pumping losses as well as a reduction of the in-cylinder peak 
temperature: this, in addition to limiting NOx formation, 
allows to reduce the knock likelihood, thus enabling more 
advanced ST. Nevertheless, an excessive mixture dilution (i.e., 
lambda > 2.5) implies a severe increase of burn duration, 
which has a detrimental effect on thermodynamic efficiency 
despite allowing the adoption of earlier ST. For these reasons, 
the maximum of engine BTE in the useful region of the KITI-
BSNOx plane can be achieved with a lambda value between 
2.4 and 2.5. Concerning the exploitation of higher EGR 
content, as shown in Figure 10(b), this solution has not been 
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 FIGURE 9  Results of EZM implemented in the SITurb 
combustion model against 3D-CFD NOx prediction for five 
operating conditions.
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found suitable for the selected operating point: indeed the 
EGR implied an increment of the in-cylinder temperature, 
which, in turn, leads to a higher knock likelihood, thus 
requiring a more delayed combustion, with a detrimental 
effect on the BTE.

Discussion
In this section, the results of the preliminary calibration 
activity to assess the potential of the H2-ICE, retrofitted from 
an existing diesel engine, are presented in terms of complete 
engine maps. The main engine parameters are reported in 
Figure 11, including engine efficiency, specific NOx emissions, 
calibration parameters (setpoint of lambda and EGR ratio and 
ST), combustion results (anchor angle MFB50 and burn 
duration MFB10-90), and temperature of the gas at the turbine 
outlet to preliminarily evaluate the available energy at the 
inlet of aftertreatment system, not considered in this analysis.

Starting from the full-load performance analysis, a 
maximum BMEP of 14 bar at 2500 RPM, and a maximum 
power density of 34 kW/L were achieved with the retrofitted 
diesel architecture. The full-load curve is mainly limited by 
the maximum boost pressure, which can be provided by the 
original turbocharger system, which was proven to be crucial 
in the case of PFI hydrogen engines, due to the high dilution 
level required by the hydrogen combustion and to the poor 
volumetric efficiency that can be achieved with the gaseous 
injection in the intake ports. Moreover, the retarded ST, 
exploited as a countermeasure to reduce the knock likelihood 
induced by the high compression ratio, leads to a significant 
engine efficiency worsening at high load, thus reducing the 
engine output. For these reasons, focusing on the Low-End 
Torque (LET) region, the BMEP resulted to be limited to 5 
bar at 1000 RPM and 9 bar at 1500 RPM. Moving to higher 
engine speeds, a maximum BMEP of 11.5 bar was achieved 
at 3500 RPM. Decreasing the engine load, the ST was advanced 
in order to increase the engine efficiency thanks to the higher 
knock margin, complying at the same time with the NOx 
constraint. The advanced ST consequently leads to an MFB50 
close to the optimum level of 8-10 deg after Top Dead Center 
firing (aTDCf) and to a reduced combustion duration. Indeed, 
a wide high-BTE area was achieved with a maximum level of 
41% at 2500 RPM × 8 bar BMEP. Finally, moving to the 
low-load engine region, both lambda and EGR have been 
increased. On one side, the larger dilution of the mixture 
induces a slower and less efficient combustion process, while 
on the other side it provides benefits in terms of heat transfer 
reduction (due to the lower in-cylinder temperature) and 
pumping losses decrease (de-throttling effect) achieving the 
simultaneous minimization of both NOx and fuel consump-
tion. Nevertheless, the adoption of a large dilution level in the 
low-load engine region leads to low temperature levels down-
stream of the turbocharger (T4 temperature), and it could 
represent a relevant challenge for the performance of the 
aftertreatment system.

Compression Ratio Sensitivity 
Analysis
As previously pointed out, the baseline diesel compression 
ratio was found to be quite penalizing—as expected especially 
at high loads—in terms of acceptable intake manifold pressure 
and ST due to a severe knock tendency, even considering the 
high-octane number of hydrogen (RON > 130). To evaluate 
the potential benefit of a compression ratio reduction in terms 
of engine efficiency and power output, a sensitivity analysis 
was conducted by exploiting the correlated 1D-CFD engine 
model. The results of this study are shown in Figure 12, in 
which ST, combustion anchor MFB50, power density, and 
BTE are depicted as a function of compression ratio.

The reduction of the compression ratio from the baseline 
diesel engine one enables a significant ST advance (more than 
10 degrees when the lowest compression ratio is adopted) 
thanks to the lower mixture temperature during compression, 
thus leading to a combustion anchor angle MFB50 of +15 deg 
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 FIGURE 10  BTE obtained with different combinations of ST 
and lambda as a function of KITI and BSNOx for the operating 
point 3500 RPM × 8 bar BMEP (a) EGR 0% and (b) EGR 5%.
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 FIGURE 11  H2-ICE maps of (a) BTE, (b) BSNOx, (c) lambda, (d) EGR, (e) ST, (f) combustion anchor angle, (g) burn duration  
(10-90%), and (h) turbine outlet temperature (T4).
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aTDCf at rated power, 20 deg advanced with respect to baseline 
one. This benefit is linked not only to the higher knock margin 
but also to the reduced combustion duration, thanks to a more 
favorable spark phasing. Therefore, the advanced and faster 
combustion process results not only in +2.5% in terms of overall 
engine efficiency but also in +11 kW/L power density increment. 
Further investigation should be carried out since at partial load 
engine operating conditions a reduction of the compression 
ratio could be detrimental in terms of BTE.

Turbomatching Potential
As above-described, the maximum LET is strongly limited 
by the turbocharger system that is not able to provide sufficient 
pressure ratio to compensate for the poor volumetric efficiency 
due to low-density hydrogen injected in the intake ports. 
Therefore, to guarantee the high lambda level required to keep 
knock under control without jeopardizing the LET, a proper 
turbomatching was carried out starting from the baseline 
compressor and turbine maps and scaling them through the 
approach proposed by Ernst et al. [81]. Firstly, a scaling factor 
(SF) was defined as the ratio between the scaled and the 
baseline compressor diameter. Afterwards, in accordance with 
similarity laws [82], the corrected mass flow rate of both 
compressor and turbine maps was scaled proportionally to 
the square of the SF, while the baseline-corrected rotational 
speed was multiplied by 1/SF. On the other hand, efficiency 
and pressure ratio were kept constant. The results of the 
adoption of different SFs are reported in Figure 13.

The adoption of a turbocharger with a 40% smaller size (SF 
= 0.6) guarantees a remarkable increment of the LET, more than 
doubling the original power output at 1250 RPM. Albeit this 
implies a severe delay of the combustion anchor angle due to the 

higher boost pressure that raised the knock tendency, as well as 
an increase of the turbine backpressure, the exhaust gas tempera-
ture never exceeds the predefined threshold thanks to the lean 
conditions of the mixture. The marked increment of LET, 
however, is paid with a reduction of the peak power, which moves 
from 34 kW/L at 3500 RPM to 27 kW/L at 3000 RPM. Therefore, 
a more suitable solution is represented by a 20% smaller turbo-
charger (SF = 0.8), which allows a significant increase of LET 
(+20% at 1250 RPM) with an acceptable reduction of the specific 
power (31 kW/L at 3000 RPM). In general, the above-described 
results highlight the need to optimize the turbocharger system 
when passing from a DI diesel engine to a PFI H2 one due to the 
different requirements linked to the specific application. A proper 
turbomatching can allow to increase the LET performance 
without worsening the power output.

Conclusions
This article presented a comprehensive methodology based 
on the synergetic use of 0D/1D/3D-CFD numerical simula-
tions to assess the performance of a new generation of 

 FIGURE 12  ST, combustion anchor angle, power density, 
and BTE at different compression ratios for the retrofit 
configuration at rated power.
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 FIGURE 13  (a) BMEP and (b) specific power obtained at full 
load with a lambda of 2.3 and EGR 0% for different levels of SF.
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hydrogen propelled engine, retrofitted from an existing state-
of-the-art low compression ratio diesel architecture.

3D-CFD simulations relying on a detailed chemistry 
approach have been used to analyze the H2 combustion process 
and have proven their capabilities to catch the effects of both ST 
and charge dilution. Then the burn rates obtained at this stage 
of the proposed methodology have been used to calibrate a 
phenomenological combustion model integrated in a 1D-CFD 
engine model. The results of this virtual test rig showed a very 
good agreement with the reference set by the 3D simulations over 
a wide range of operating conditions and, in particular, when a 
variation of the engine speed/load and the charge dilution has 
been performed. Also the prediction of the NOx emissions, which 
is based on the EZM, showed acceptable errors with respect to 
the 3D values and similar sensitivity to the engine calibration 
parameters. As a result, this simulation platform was used to 
optimize the main operating parameters (e.g., lambda, EGR, and 
ST) of the engine in order to maximize its thermal efficiency, 
ensuring it at the same time, NOx emission below the current 
EU6 limit for HD applications. Finally, the capabilities of the 
model to drive the design of the engine architecture (e.g., 
compression ratio and turbocharger size) were assessed.

The main findings of the optimization process of the 
revamped diesel engine can be summarized as follow:

•• The 3D-CFD simulations proved the effectiveness of 
H2O2 as a marker for the H2 flame propagations and 
show the significant reduction of the combustion speed 
related to the use of high EGR levels.

•• The phenomenological combustion model integrated 
into the 1D virtual test rig shows a good agreement with 
the detailed 3D simulations not only in terms of 
combustion parameters but also in terms of 
NOx emissions.

•• The optimization process carried out on the engine 
operating parameter allows achieving a peak efficiency 
of about 41% ensuring, at the same time, the 
achievement of the constraint on the NOx emission and 
a satisfactory specific power level (34 kW/L).

•• The reduction of compression ratio enables a further 
increase in both the efficiency (+3%) and the 
performance (+10 kW/L) of the engine.

•• An optimization of the turbomatching may enable an 
increase of about 30% in the LET of the engine with an 
acceptable reduction of its specific power (31 kW/L).

Once validated the proposed methodology against experi-
ments, future research activities will be focused on different 
engine configurations (e.g., Direct Injections, DI+PFI) and 
advanced combustion concepts (e.g., Turbulent Jet Ignition—
TJI) in order to assess their benefits on the performance of 
future H2-ICEs.
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EGR - Exhaust Gas Recirculation
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Lambda - Relative air-to-fuel ratio
LET - Low-End Torque
LHV - Lower Heating Value
MFB10-75 - 10-75% Mass Fuel Burned angle
MFB10-90 - 10-90% Mass Fuel Burned angle
MFB50 - 50% Mass Fuel Burned angle
NOx - Nitrogen Oxides
P3 - Turbine inlet pressure
PFI - Port Fuel Injection
PID - Proportional-Integral-Derivative
PISO - Pressure Implicit with Splitting Operator
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RANS - Reynolds-Averaged Navier-Stokes
RNG - Re-Normalization Group
RON - Research Octane Number
SF - Scaling Factor
SI - Spark Ignition
ST - Spark Timing
T2 - Boost temperature
T3 - Turbine inlet temperature
T4 - Turbine outlet temperature
TJI - Turbulent Jet Ignition
TKE - Turbulent Kinetic Energy
TPA - Three Pressure Analysis
VGT - Variable Geometry Turbine
WSR - Well-Stirred Reactor
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Appendix A
The laminar flame speed model, described in the manuscript, 
was developed and correlated against detailed chemistry 
calculations. The model expression is reported in Equation 4, 
while each single term of the equation (SL, 0, α, β, and γ) is 
described in Equations A.1, A.2, A.3, and A.4, respectively.

SL , . . . .
. .

0
5 4 3 230 009 87 697 88 628 33 781

5 489 0 301
� � � �
� �

� � � �
� � Eq. (A.1)

	 � � �� � �0 105 3 135 6 5142. . . � Eq. (A.2)

	 � � �� � �0 177 0 636 1 4492. . . � Eq. (A.3)

	 � � �� � � �0 306 0 418 2 1342. . . � Eq. (A.4)

In Figure A.1 a comparison between the predicted 
laminar flame speed values and the results from the 1D-CFD 
calculations is reported, at different pressure, temperature, 
and EGR levels. A satisfactory accuracy level can be high-
lighted from Figure A.1. A slight overprediction of the laminar 
flame speed at increasing EGR content can be pointed out; 
however, the maximum deviation from the reference CFD 
results is always limited to ±20% in the equivalence ratio range 
of 0.3 ± 0.6 and for EGR ratio lower than 20%.
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 FIGURE A.1  Hydrogen laminar flame speed computed by means of Zhang et al.’s mechanism and the developed correlation at 
different equivalence ratios, pressures, unburned temperatures, and EGR percentages.
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