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Abstract. This paper deals with the effects of hydrogen port injection on 

combustion evolution, efficiency and exhaust emissions of a small 
turbocharged gasoline Spark-Ignition engine through a 1D numerical code. 
First, the experiments on the base engine architecture are performed at 
different speeds and at low/medium loads. The experimental findings are 
used to validate a 1D model of the whole engine, developed within a 
commercial code. 1D model is also refined with “user-defined” sub-models 
for an accurate description of the in-cylinder phenomena, namely 

turbulence, combustion, heat transfer, and emissions. In a second step, 1D 
model is virtually modified through the installation of an hydrogen injector 
in each intake runner, while the combustion sub-model also accounts for 
the impact of hydrogen addition on the laminar flame speed through a 
dedicated correlation. 1D simulations are performed at low/medium loads 
and fixed speed of 2250 rpm with 5% of hydrogen by volume in the intake 
air. Numerical investigations show that hydrogen addition to gasoline/air 
mixtures allows relevant efficiency benefits (up to a maximum percent 

gain of 19%), while the NO emissions are almost eliminated. 
Consequently, hydrogen-boosted combustion represents a potential 
solution to achieve very high efficiency and reduced pollutant emissions of 
gasoline spark ignition engines equipped with a conventional combustion 
system.  

1 Introduction  

In the last years the automotive industry is addressing many efforts towards the 

development of clean and efficient Spark Ignition (SI) internal combustion engines (ICEs) 

in order to comply with the stringent pollutant and CO2 emission legislations for vehicle 

homologation [1]. To this aim, various techniques are being successfully implemented in SI 

engines, involving different levels of architecture complexity, costs, reliability and 

performance improvements. 

 Common technical solutions for SI ICEs include the downsizing coupled to 

turbocharging [2], innovative valve strategies [3], increased or variable compression ratio 
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(CR) [4, 5, 6], external cooled exhaust gas recirculation (EGR) [7, 8], water injection [9, 
10], employment of alternative fuels [11, 12], and pre-chamber ignition devices [13]. These 

solutions allow some benefits in the engine performance but they highly depend on the 

investigated operating conditions [14, 15]. In addition to the above recalled technologies, an 

increasingly attention is being focused to the alternative fuels to be blended with 

commercial gasoline in order to enable stable lean combustion. Hydrogen is proved to be a 

good fuel for vehicles when used as a combustion enhancer in gasoline SI engines [16]. 

Indeed, the physical and chemical properties of hydrogen allow to support the flame 

development and to extend the dilution limits with improved combustion stability [17]. The 

strategy to use a small amount of hydrogen as an additive to a gasoline SI engine can lead 

to relevant advantages in terms of engine thermal efficiency, pollutant emissions and also 

contributing to reduce the cycle-by-cycle variation [18]. 
The current literature reports various papers regarding the experimental influence of 

hydrogen injection on the performance, combustion and emissions of gasoline spark 

ignition engines. For example, Ji et al. [16] performed measurements to analyze the 

influence of hydrogen addition on combustion and emission of a gasoline spark ignition 

engine. They showed that hydrogen blending leads to increased flame development, 

improved brake thermal efficiency (percent gain of about 27% with 3% vol. H2 at λ=2), 

reduced emissions and cycle-by-cycle variation limited at 10% COVIMEP. D’Andrea [17] 

also studied the impact of hydrogen injection in the intake sub-system on the combustion 

evolution of a modified carburetor engine, confirming the hydrogen-related increase in the 

combustion speed. Tahtough et al. [19] investigated a single-cylinder engine demonstrating 

that the combination of hydrogen supplementation with lean operation positively affects the 

exhaust emissions. On the other hand, very few articles deal with the numerical study of 
hydrogen addition effects on SI engine behaviour. Iafrate et al. [18] carried out 3D CFD 

calculations at lean condition (λ=2) with 3% hydrogen by volume considering both low and 

medium/high loads. They also developed a kinetical-derived laminar flame speed (LFS) 

correlation and a tabulated kinetics of ignition (TKI) model implemented into the 3D code. 

This study demonstrated that hydrogen enhances the combustion speed, the knock 

resistance and also improves the indicated efficiency up to about 48% under knock-limited 

operation. 

In the present paper, the influence of hydrogen injection on the efficiency, combustion 

and exhaust emissions of a small gasoline Spark Ignition engine is investigated by a 1D 

numerical approach. First, engine characteristics and the related experimental activity are 

described. A 1D model of the entire engine is developed in a commercial code and 
validated against a proper set of experimental findings at low/medium loads, both in terms 

of overall performance, combustion evolution, NO and CO emissions. 

In a second stage, 1D engine model is applied, in a predictive way, to explore the 

potentials of hydrogen injection in the intake sub-system with the aim to promote an ultra-

lean combustion. The analyses are limited to a fixed speed of 2250 rpm and at knock-free 

operations. A first investigation is performed in a single operating point (2250 rpm and 3 

bar IMEP, labelled as 2250@3) under hydrogen injection mode, where a sweep of relative 

air/fuel ratio (λ) is realized up to a maximum level of 2 in order to identify the trends of the 

relevant engine performance and the related maximum acceptable advantages. A second 

analysis is carried out at various loads and at constant speed of 2250 rpm to compare the 

results of engine stoichiometric operation with those resulting from the ultra-lean mixture 

operation where the combustion is boosted with 5% of hydrogen by volume in the intake 
air. The latter analysis reveals significant indicated efficiency and emission benefits under 

hydrogen injection. The maximum computed gain for the indicated efficiency is equal to 

about 19%, mainly thanks to reduced pumping losses and in-cylinder heat transfer. NO and 

CO emissions are also improved under hydrogen injection at the considered lean burn limit 
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(λ=2) with respect to the stoichiometric operation. In particular, NO emissions can be 
almost removed at 5% hydrogen-enriched combustion and at the maximum investigated 

lean burn limit (λ=2). 

The adopted numerical methodology shows the capability to predict the effects of 

hydrogen-boosted combustion, opening the possibility to explore both performance and 

emission improvements in the whole engine operating map. 

2 Engine description, modeling and validation  

The tested engine is a twin-cylinder Spark-Ignition engine, designed according to the 

“downsizing” concept. It is equipped with a port fuel injector for each cylinder to supply 

the gasoline into the intake runner just upstream the intake valves. Engine is coupled to a 

waste-gated turbocharger. An external Low-pressure cooled EGR circuit is also mounted on 
the engine. Main features and performance of the examined engine are listed in the 

following Table 1. Experimental activity on the engine is carried out at low/medium loads 

and for various speeds. During tests, different performance variables are acquired, 

including air and fuel flows, brake torque/power and pollutant emissions. Each cylinder is 

also equipped with a pressure transducer, located between intake and exhaust valves, to 

measure a sequence of 270 consecutive in-cylinder pressure cycles. The acquired signals 

are then analyzed by a combustion analysis platform to derive the main indicated and 

combustion parameters. A reduced set of the overall acquired data is here studied in detail 

to prove the reliability of the proposed modeling approach. Table 2 shows the considered 

set of experimental operating points which is analyzed in terms of engine model validation, 

as discussed in the following. 
 

Table 1. Main engine characteristics and performance. 

Engine model 
2 cylinders, 8 valves, 

PFI, Turbocharged 

Displacement 875 cm3 

Stroke/Bore 86 mm/80.5 mm 

Connecting rod length 136.85 mm 

Compression ratio 9.9 

Max Brake Power 64.6 kW @ 5500 rpm 

Max Brake Torque 146.1 Nm @ 2500 rpm 

 

Table 2. Tested operating points. 

Case Label IMEP, bar Speed, rpm λ, - EGR rate, % H2 vol., % 

1800@8 8.0 1800 1.00 0.0 0.0 

2000@9 9.0 2000 1.00 0.0 0.0 

3000@7 7.0 3000 1.00 0.0 0.0 

3000@9 9.0 3000 1.00 5.0 0.0 

4000@5 5.0 4000 1.00 0.0 0.0 

4000@7 7.0 4000 1.00 0.0 0.0 

4000@9 9.0 4000 1.00 6.0 0.0 
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A 1D engine model is developed in a commercial code, where a detailed engine 
schematization is provided by a network of 1D pipes, cylinders and relative junctions. 

Turbocharger operation is described by a standard map-based approach, while the flow 

permeability of the cylinder head is reproduced by the experimentally-derived steady flow 

coefficients. Engine model is also integrated with “in-house developed” sub-models to 

accurately describe the in-cylinder processes, including turbulence, combustion, heat 

transfer and pollutant emissions. 

In particular, combustion is modeled by the fractal approach, developed in [20]. 

Combustion model is coupled to a turbulence sub-model [21], belonging to the K-k-T 

family. It describes the energy cascade mechanism from the mean flow kinetic energy, K, 

to the turbulent one, k, also taking into account a balance equation for the tumble angular 

momentum, T. Turbulence sub-model is properly tuned and a single set of tuning constants 
has been assigned at varying the engine speeds and the valve strategies [3]. Regarding the 

heat transfer modeling, a modified Hohenberg-like correlation is adopted, while the piston, 

cylinder liner and head temperatures are computed by the finite element approach, 

implemented into the 1D code. NO and CO emissions are computed through the 

implementation of ‘users’ sub-models in the 1D code [13, 22]. In particular, CO 

concentrations are estimated by solving a simple chemical kinetic sub-model [23], while for 

NO concentration the semi-detailed chemical kinetic scheme proposed by Andrae [24] is 

solved in the burned gas zone. 

Concerning the model validation, 1D model is set-up to adequately reproduce the 

available experimental findings. In particular, engine IMEP is regulated by a PID controller 

acting on the throttle (THR) valve opening, while the waste-gate (WG) valve is fully open. 

Gasoline injection is realized to replicate the experimental air/fuel (A/F) ratio. An 
additional PID controller is employed in the model to match the measured external EGR 

rate by controlling the EGR valve opening. The spark advance is automatically modified in 

the cycle-by-cycle simulation to realize the experimental combustion phasing (MFB50). At 

low speed, a certain safety margin is also applied to the maximum boost pressure to avoid 

the surge occurrence [25]. The model accuracy is here proved against a limited set of 

measured points reported in Table 2, both in terms of global performance parameters, 

characteristic combustion durations and main exhaust emissions. Starting from the 

combustion process description, spark timing (Fig. 1a) and combustion core duration (Fig. 

1b) are reproduced with good accuracy. Greater errors are found for the spark timing, 

because in these conditions the model fails in correctly estimating the early flame 

development. However, the above errors involve a slight impact on the prediction of the 
combustion phase, as demonstrated by the reduced average difference between computed 

and experimental combustion core durations. For the overall performance variables, Fig. 2 

shows the numerical/experimental comparisons in terms of Indicated Specific Fuel 

Consumption (ISFC) (Fig. 2a) and of the In-cylinder pressure peak (Fig. 2b). ISFC shows 

an acceptable average absolute error (about 4.2%), depending on the concurrent effects of 

both flow, combustion and heat transfer modeling. A nice correlation with the experimental 

findings is also obtained for the in-cylinder pressure peak, presenting an average absolute 

error of about 3.6%. 

Referring to the exhaust emissions, Fig. 3 reports the agreements between the 1D 

outcomes and the experimental findings for NO and CO, respectively. The measured NO 

and CO species are predicted by the model with satisfactory accuracy (max percent error of 

about 10%). In a previous authors’ work [22], it was also demonstrated that NO and CO 
trends were adequately reproduced at varying the engine operating conditions. As a final 

remark, it is the case to underline that the adopted 1D model was extensively validated in 

[26] both in terms of combustion evolution and global performance, covering the entire 

engine operating domain.  
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Fig. 1. Experimental vs Numerical comparison of Spark timing (a) and combustion core duration 
MFB10-50% (b). 

 

Fig. 2. Experimental vs Numerical comparison of ISFC (a) and In-cylinder pressure peak (b). 

 

Fig. 3. Experimental vs Numerical comparison of NO (a) and CO (b) emissions. 

3 1D Simulations under hydrogen injection at low/medium 
loads: description and model set-up 

Once validated, 1D engine model is utilized to perform a numerical analysis at various 

loads and relative air/fuel ratio (λ), exploring the effects of hydrogen injection in the intake 

manifold on both engine performance, combustion evolution and pollutant emissions. To 

this aim, 1D model is modified by virtually installing a low-pressure hydrogen injector in 

each intake runner, while the impact of gasoline/hydrogen blend on combustion process is 

taken into account through a dedicated laminar flame speed (LFS) correlation. 
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The hydrogen is supplied by port injectors at ambient temperature and with the same 
injection timing of the gasoline port injectors. The amount of injected hydrogen is 

controlled to realize a constant percent level equal to 5% of hydrogen by volume into the 

engine intake air. For hydrogen-gasoline/air mixtures, the variation in the combustion 

evolution is considered by a laminar flame speed correlation developed at Istitute Francais 

du Petrol (IFPen) [18], which is believed to be highly reliable for hydrogen volumetric 

percentage in the intake air up to 6%. 

  
Fig. 4. Dependency of laminar flame speed correlation [18] on equivalence ratio (a) and on EGR 
volume fraction (b) for both gasoline and gasoline/hydrogen blend. 

 
As clearly depicted in Fig. 4a-b, a higher LFS is obtained thanks to the hydrogen 

addition if compared to the sole gasoline. As expected, a maximum LFS is detected around 

Φ=1 for the gasoline/H2 blend (Fig. 4a) and the LFS decay at increasing the EGR is 

observed (Fig. 4b). In the light of the above discussed model modifications, two numerical 

investigations are carried out under hydrogen injection. 

First, a sweep in the relative air/fuel ratio (λ) is performed at fixed load point, i.e. 3 bar 

IMEP and 2250 rpm (labelled as 2250@3). In this case, the benefits of the hydrogen-
boosted combustion can be explored up to the maximum acceptable lean mixture condition. 

The analysis is here limited up to λ=2, which is considered the maximum acceptable λ level 

to limit the cycle-by-cycle variation for the analyzed engine [16]. 

A second analysis is realized at different knock-free load points and at constant speed of 

2250 rpm to highlight the advantages of the hydrogen-boosted combustion at lean burn 

limit (λ=2) with respect to the stoichiometric operation of the engine fuelled with sole 

gasoline. 

Referring to the model setup for the above discussed numerical applications, the 

experimental IMEP level is matched by a PID controller acting on the THR valve opening. 

If throttle valve is fully opened and the target load is not yet reached then a second PID 

controller will act on the WG valve opening to achieve the measured IMEP. The injected 
gasoline mass is controlled in order to realize a target λ level, while the hydrogen injection 

is regulated to realize a constant value of 5% of hydrogen by volume in the engine intake 

air. Hydrogen injection is actuated only in the case of lean combustion to support the flame 

development and the combustion stability. The spark advance is automatically modified in 

the cycle-by-cycle simulation to realize the operation at Maximum Brake Torque (MBT) 

condition (MFB50 = 8 CAD AFTDC). 

4 Results discussion 

Numerical outcomes show that hydrogen injection for the examined SI engine involves 

efficiency improvements for all the considered operating conditions. As already pointed 
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out, the numerical results under hydrogen injection are obtained only for the lean mixture 
conditions. Indeed, the sweep in the relative air/fuel ratio (λ) is realized starting from the 

value of λ=1.15 for the gasoline/H2 case. The reference engine operation corresponding to 

the stoichiometric gasoline/air mixture is named “BASE” solution in the following figures. 

Referring to the parametric analysis at varying λ level for the operating point namely 

2250 rpm/3 bar IMEP (2250@3), Fig. 5a depicts the indicated efficiency trend for both 

gasoline/H2 and gasoline cases. 

The adoption of the sole gasoline does not allow to extend the lean burn limit beyond 

λ=1.25, where the indicated efficiency benefit is equal to 6.7%. The limit of λ=1.25 is 

established in order to avoid an unacceptable increase in the cycle-by-cycle variation for the 

examined engine. This solution has to be considered as a purely theoretical case. The 

discussed drawback of gasoline case is overcome by the hydrogen injection (5% of H2 by 
volume in the intake air), reaching an indicated efficiency benefit of 18.8% at λ=2. This 

advantage is realized mainly thanks to the decreased pumping losses (Fig. 6a) and the in-

cylinder heat losses (Fig. 6b). Referring to the combustion evolution, a slight increase in 

combustion core duration (MFB 10-50%) is observed for gasoline/H2 case at λ=2 compared 

to gasoline-stoichiometric condition (Fig. 5b), due to the opposite effects of an increased 

LFS with hydrogen addition and its reduction due to the air/gasoline mixture leaning. The 

early stage of combustion (MFB 0-10%) against λ for hydrogen/gasoline case in Fig. 5b 

shows an increasing trend. The maximum increase of MFB 0-10% under hydrogen 

injection is realized at λ=2, where a level substantially comparable to the one achieved by 

the sole gasoline at λ=1.25 is observed. 

  
Fig. 5. Indicated Efficiency (a) and characteristic combustion durations (b) vs  at 2250@3. 

   
Fig. 6. PMEP (a) and In-cylinder heat transfer (b) vs λ at 2250@3. 

 

As expected, an increasing trend with λ of the air flow rate is obtained (Fig. 7a) to 
recover the engine torque under ultra-lean mixture conditions. The temperature at the 
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engine exhaust in Fig. 7b shows a decreasing trend with λ, allowing for the mitigation of 
turbine thermal stress. 

To deepen the understanding of hydrogen effects at considered knock-free operating 

point, the in-cylinder pressure and temperature cycles for BASE case (gasoline at λ=1) and 

for gasoline/H2 case at λ=2 are depicted in Fig. 8a-b. Looking at Fig. 8a, the increased 

boost level caused by H2 addition determines a higher pressure at TDC, while the slower 

burning rate at λ=2 limits the increase of the pressure peak. The air/gasoline mixture 

dilution helps to realize a significant reduction in the burned zone temperature (Tb). Indeed, 

a clear Tb decrease is obtained for the case of H2 addition and λ=2 with respect to the BASE 

case (Fig. 8b). The same Figure shows that the spark timing is advanced, thus confirming 

the above discussed combustion lengthening. 

  
Fig. 7. Air flow rate (a) and Engine Exhaust Temperature (b) vs λ at 2250@3. 

  

Fig. 8. In-Cylinder pressure (a) and Burned/Unburned Temperature evolutions (b) at 2250@3 for Cyl 

2: comparison of stoichiometric gasoline case and =2 - H2/gasoline case. 

 

NO and CO emission trends are plotted in Fig. 9a-b. In particular, referring to the 
gasoline/H2 case, Fig. 9a shows an initial increase in the NO emission followed by a 

considerable reduction up to a very low level (23.7 ppm at λ=2). The initial NO increase is 

probably due to the combination of a greater in-cylinder oxygen concentration and of a 

substantially unchanged burned zone temperature. At λ=2, the marked reduction in the 

burned zone temperature is the prevailing driver for the almost null NO production. 

As a further consideration, the employment of sole gasoline at the corresponding lean 

burn limit (λ=1.25) does not show the capability to eliminate the NO emission: about 560 

ppm are still realized at λ=1.25 in Fig. 9a. Referring to the CO emission, it is drastically 

reduced with the λ increase (Fig. 9b). This trend is experimentally confirmed in the 

literature and the hydrogen addition has not obvious effects on the CO emission trend [27]. 

However, very low CO values are predicted by the adopted sub-model (5-10 ppm under 
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lean combustion). Indeed, CO sub-model underestimates the CO levels under lean 
combustion, because it does not include the CO generated by the low-temperature oxidation 

of the Unburned HC [28]. In addition, close to the lean burn limit higher amount of CO 

may be generated [29, 30]. 

  
Fig. 9. NO ppm (a) and CO ppm (b) emissions at engine exhaust vs λ at 2250@3. 

 

As said, the second application consists in a load sweep under knock-free operation to 

compare the advantages of hydrogen-related lean combustion with the gasoline 
stoichiometric operation of the engine. The same engine speed and hydrogen amount of the 

previous analysis are here considered, while λ level under hydrogen injection is fixed at 2 

to guarantee a certain safety margin with respect to the stability of combustion and torque 

delivery.  

Fig. 10a shows that hydrogen addition allows improved indicated efficiency for all 

IMEP levels, even if this is achieved at the expense of a higher in-cylinder pressure peak 

(Fig. 10b). Consequently, a greater mechanical stress for the engine is realized, while the 

thermal stress is limited mainly thanks to the LTC (Fig. 8b). 

  
Fig. 10. Indicated Efficiency (a) and In-cylinder pressure peak (b) vs IMEP at 2250 rpm. 

 
Fig. 11a depicts the percent advantage of Indicated Efficiency, ranging from the 

lowest value of about 7.5% at 8 bar IMEP up to the maximum value of 19.1% at 2 bar 

IMEP. Indicated efficiency benefits arise from the combination of both reduced pumping 

losses (Fig. 11b) and reduced in-cylinder heat losses (Fig. 11c). Indeed, Fig. 11b-c report 

the absolute gains in terms of PMEP (bar) and in-cylinder heat transfer (kW), respectively. 

They are computed as difference between hydrogen injection and pure gasoline cases. 

Minor indicated efficiency gains are obtained at the higher loads. Indeed, at increasing the 

load a higher boost pressure is required and a partial WG closing is needed for loads above 

6 bar IMEP, resulting in fewer advantages of pumping losses (Fig. 11b). On the other hand, 

the in-cylinder heat transfer benefits exert a greater impact on the engine efficiency at 
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decreasing the load. NO and CO emissions are remarkably reduced with hydrogen injection 
and λ=2, as represented in Fig. 12a-b, respectively. Under hydrogen injection, a slight 

increase in NO emission as the IMEP increases is observed (Fig. 12a), due to the higher 

load-induced burned zone temperature. Fig. 12b shows an almost null CO emission for 

hydrogen injection case. Actually, CO levels under hydrogen-boosted ultra-lean 

combustion are still quite low but they are not close to null level. As already said, the 

adopted CO sub-model does not take into account the CO species generated by the low-

temperature oxidation of Unburned HC [28]. Therefore, the results presented in Fig. 12b 

has to be interpreted as a noticeable CO emission reduction instead of an accurate 

quantitative prediction for the lean combustion supported by hydrogen addition. 

 
Fig. 11. Indicated Efficiency gain % (a), ΔPMEP (b), and ΔHT_Power (c) vs IMEP at 2250 rpm. 

  
Fig. 12. NO ppm (a) and CO ppm (b) vs IMEP at 2250 rpm. 

5 Conclusions 

In this work, the impact of hydrogen injection on performance and emissions of a twin-

cylinder gasoline spark ignition engine has been analyzed by a 1D model. In a preliminary 

phase, the base engine has been experimentally tested at various speeds and loads, 
collecting the main performance variables and exhaust emissions, as well. 

A 1D model of the whole engine has been realized within a commercial code and 

integrated with refined in-cylinder sub-models, including turbulence, combustion, heat 

transfer and emissions. The engine model has been validated against the available 

experimental findings, denoting a satisfactory agreement both in terms of performance, 

combustion evolution and emissions. The validated 1D model has been utilized in a 

predictive manner for an application study consisting in the hydrogen injection within the 

intake runners. The numerical investigations have been oriented to a reduced set of 

operating points, characterized by constant speed of 2250 rpm and knock-free loads. Only 

5% of hydrogen by volume in the intake air has been considered in the application study. 
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A parametric analysis in the relative air/gasoline ratio () has been performed 

considering a fixed speed/load point, i.e. 2250 rpm and 3 bar IMEP. The maximum  level 
has been limited up to 2, in order to avoid an excessive cycle-by-cycle variation for the 

tested engine and the employed amount of hydrogen. Relevant engine efficiency benefits 
(up to about 19%) have been obtained in lean combustion conditions, mainly thanks to the 

reduction in the pumping losses and to the lowering of the in-cylinder heat losses. Low 

temperature combustion has been realized, contributing to the almost complete elimination 

of NO emissions, while the availability of a greater oxygen concentration promotes the 

oxidation reactions and the drastically reduction of the CO levels. 

The analysis in a load sweep at 2250 rpm has pointed out that very high efficiency 

benefits (ranging from 7.5% up to 19%) can be achieved, thanks to the hydrogen injection 

under ultra/lean mixture conditions. NO and CO emissions have been drastically reduced if 

compared to the stoichiometric air/gasoline mixture operations. The hydrogen-related ultra-

lean combustion also involves a reduction in the Unburned HC emissions, as demonstrated 

in the literature, but this solution still poses the need for an oxidizing catalyst at the engine 
exhaust for the effective HC abatement. In a future activity development, the discussed 

application of hydrogen injection in the intake manifold will be verified through dedicated 

experiments, also including different hydrogen volumetric fractions, wider engine operating 

conditions and the H2 influence on the Unburned HC emissions. In this way, the 

predictivity of the 1D modeling approach will be further enhanced, and the simulations 

could be extended to identify the optimal hydrogen injection strategy and to cover the 

effects of hydrogen injection in the entire engine operating domain. 
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