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Gaseous fuel utilisation reduces pollutant emissions and makes energy systems less dependent from oil. Their carbon content is low, which means a reduction in CO2 emissions per unit of energy in comparison with liquid fossil fuels. The use of biogases (BG) and/or natural gas (NG) in internal combustion engines (ICE) is very attractive. To increase the efficiency of NG engines hydrogen can be added to natural gas, and innovative BG containing hydrogen can be conveniently used. Hydrogen has a high combustion speed, providing a reduction of the combustion duration when mixed with methane. Consequently higher temperatures are attained in the combustion chamber and thus engines fuelled with NG/H2 blends increase the NOx emissions. NG and BG are generally adopted as fuel in positive ignition ICEs; however they are also suitable for fuelling Controlled Auto Ignition (CAI) engines.
The authors investigated combustion in CAI ICE by means of numerical simulations. Starting with pure CH4, the fuel was subsequently enriched with H2, comparing engine performance and exhaust emissions.
CAI systems are indirectly controlled with varying air-fuel ratio, boost pressure and charge temperature. Charge temperature depends on the residual gas content, which has an impact on the combustion process as the burning mixture composition consequently changes. The authors investigated the effect of exhaust gas recirculation on the in-cylinder gas temperature and reaction mechanism, with main focus on NOx emissions. Hydrogen addition reduces the intake temperature requirement for the autoignition, which means less EGR. Hydrogen enriched fuels also require lower boost pressure than CH4 to deliver the reference imep while engine efficiency does not change significantly between tested fuels. Hydrogen also helps in reducing NOx emissions due to lower boost pressure and EGR rates.
Introduction
The depletion of energy sources and the environmental effects of fossil fuels use in energy conversion systems are important challenges for today's society. Costs related to fossil fuel are also a big concern not only for the economic aspect but also for social repercussions.
Unconventional oils (Merola et al., 2016) represent the vast majority of the world oil reserves but their exploitation is technically difficult and expensive (Minale et al., 2018). The reduction of CO2 emissions, pollutant emissions and the diffusion of renewable energies are not anymore options but a necessity also in view of the global energy demand intensification. In this scenario the use of biogases (BG) and natural gas (NG) is of big interest: BG is typically produced from the anaerobic digestion of organic materials (Carotenuto et al., 2016a). Biogas is typically composed by 55-70% of CH4, 30-45% CO2 (Carotenuto et al., 2016b), though innovative digestion processes (Guarino et al., 2014) may lead to the production of BG made of CH4, CO2 and H2 since, e.g., animal manure naturally contains hydrogen-producing bacteria, as eubacteria, (Carillo et al., 2012). The addition of hydrogen to NG can lead to an engine efficiency increase (Ma et al., 2008) that, together with the low exhaust emissions (Ristovski et al., 2000; Prati et al., 2011), suggests that fuelling engines with innovative biogases may be very promising.
Hydrogen has a laminar combustion speed about eight times greater than methane, providing a reduction of the combustion duration when mixed with natural gas in small concentrations (Ilbas et al., 2006). By the way, as a consequence of a faster combustion, higher temperatures are attained in the combustion chamber. NOx emissions consequently increase in engines fuelled with NG/H2 blends, compared to NG, for a given equivalence ratio. NOx can be kept low and engine efficiency further improved if the engine is run with lean mixtures (e.g., Hoekstra et al., 1995) or adopting EGR at stoichiometric air-fuel ratio (Mariani et al., 2012). NG/H2 blends have been mainly considered as a fuel in positive ignition ICEs. However their use is also suitable in Controlled Auto Ignition (CAI) engines. The combustion process in CAI engines is characterized by the absence of a flame front propagation and by an extremely rapid evolution. This allows an efficiency improvement, limited however by the constraint that cylinder pressure rise rate cannot exceed certain values (Cho et al., 2010). Jamsaran et al. (2016) investigated the auto-ignition reactivity of natural gas in CAI engines with regard to the effects of intake air temperature and equivalence ratio. Nishi et al. (2016) studied the effects of EGR ratio and engine speed on CAI combustion; Mohamed Ibrahim and Ramesh (2014) improved the performance and extended the load range of a hydrogen fuelled CAI engine through charge temperature regulation and of carbon dioxide addition.
Main focus of this paper is the investigation of NOx emissions reduction in a CAI engine fuelled with innovative BG. While in a previous paper the authors controlled the combustion phasing of a CAI engine by changing the charge temperature (Mariani et al, 2018), here the effect of exhaust gas recirculation (EGR) is considered. Since the reduction of NOx emissions was also achieved when the CAI engine was fuelled with mixtures of CH4 and H2, in this work the authors considered CH4/H2 blends. CAI combustion is investigated by means of numerical simulations focusing on the hydrogen potential in improving the combustion behaviour and investigating the effect of EGR on the in-cylinder gas temperature, reaction mechanism and NOx emissions.
Methods
Controlled Auto-Ignition combustion has the potential of combining together the advantages of spark ignition and compression ignition engines. The combustion is characterized by an extremely rapid evolution with high thermal efficiency; however cylinder pressure rise rate cannot exceed certain limits to prevent unacceptable mechanical and thermal loads and noise. With the absence of flame front propagation, CAI combustion is dominated by chemical kinetics. Implementation of a detailed reaction mechanism is therefore necessary for CAI combustion analysis. The complex gas-phase chemical kinetics is here modelled with the detailed radical chain reactions mechanism GRI-Mech 3.0, designed for methane. The mechanism has 325 elementary chemical reactions and 53 species, including those to predict NOx formation; all kinetic constants are provided. GRI-Mech 3.0 mechanism includes all the reactions required to accurately describe hydrogen combustion and it is thus appropriate to study the combustion of mixtures of methane and hydrogen, as those investigated in this paper.
The combustion process of a CAI engine is studied using the Package HCCI of Chemkin 17.0 that allows simulating the engine cycle, except the gas exchange process. The CAI model simulates the combustion in an internal combustion engine under auto-ignition conditions. The implemented single-zone CAI combustion model permits detailed description of the chemical kinetics by assuming homogeneous gas properties in the combustion chamber. The single-zone model can adequately predict ignition. However, because it does not account for low-temperature regions within the thermal boundary layers and crevices, the model underestimates carbon monoxide and unburned hydrocarbon emissions. For this reason NOx emissions only are here considered. The main characteristics of the engine selected for the simulations are reported in Table 1. The CAI engine was fuelled with CH4 and two CH4/H2 blends whose compositions, in agreement with those of innovative biogases (di Cristofaro et al., 2014), are summarized in Table 2.
[bookmark: _Ref530496992]Table 1: Engine parameters and operating conditions
	Engine type
	4-stroke

	Compression ratio
	16.7:1

	Bore x Stroke [mm]
	135 x 170

	Engine speed [rpm]
	1500


Table 2 Fuels composition
	Fuel
	CH4 molar fraction
	H2 molar fraction

	CH4
	1
	0

	CH4H2_1
	0.9
	0.1

	CH4H2_2
	0.8
	0.2



The equivalence ratio (ER) is defined as the ratio between the actual and the stoichiometric fuel-to-air mass ratio, Eq(1):
	(1)
CAI engines operate with lean air-fuel mixtures (ER<1) so to have a better control of pressure gradient in the cylinder. For this reason the analysis is carried out considering ER = 0.4 as a reference value for methane (Kozarac et al., 2014). Indicated Mean Effective Pressure (imep) is an engine performance index independent from engine size, obtained dividing the indicated work per cycle by the displacement, Vd, Eq(2). The indicated work per cycle  is the integral of the cylinder pressure p, being dV the cylinder volume variation.
	(2)
Engine indicated efficiency is defined as:
	(3)
where Pi is the indicated power,  is the fuel mass flow rate, LHV the fuel lower heating value.
Results and discussion
Effect of EGR and boosting pressure on engine performance and emissions
The intake temperature is an important control parameter for the combustion in CAI engines. The combustion takes place only if the in-cylinder gases reach the conditions for auto-ignition. Engine performance strongly depends on the initial gas temperature as it directly affects the combustion phasing. In CAI engines the temperature can be controlled varying the EGR rate. Hot exhaust gases are recirculated and mixed with the fresh charge, an air-fuel mixture whose composition is defined by the equivalence ratio. Normally, in supercharged ICEs the air is cooled down before entering the cylinders to improve volumetric efficiency and reduce knock tendency. In this analysis the air cooler was not considered because the air temperature increase due to the compression is beneficial for auto ignition. Intake temperature consequently depends on the compressor pressure ratio and EGR rate.
Figure 2 shows the effect of EGR on the CH4 combustion process for 223 kPa intake pressure and 10% EGR, with temperature (a) and pressure (b) traces versus crank angle. Without EGR there is no combustion, while increasing the EGR rate the combustion start angle moves towards top dead center because in-cylinder gases reach the thermodynamic conditions for auto-ignition earlier. Engine indicated efficiency is consequently affected. If auto-ignition occurs too late, peak cylinder pressure is positioned later in the expansion stroke and is reduced in magnitude with negative effects on imep; if it is too advanced, peak cylinder pressure occurs too early so increasing the compression work (Heywood, 1988). The solid line (10% EGR) corresponds to the optimal operating conditions, where the target imep is attained with the best efficiency. It is also the lowest EGR rate which guarantees auto-ignition.
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Figure 1: Temperature (a) and Pressure (b) traces versus crank angle at different boost pressures and EGR rates (CH4). Solid line shows the operative conditions delivering the target imep of 840 kPa.
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Figure 2: Temperature (a) and Pressure (b) traces vs. crank angle at different EGR rates (CH4). Solid line shows the best operative conditions.
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Figure 3: Effect of EGR rate on imep and efficiency (a), on maximum temperature and NOx emissions (b).
Figure 3 shows the effect of EGR on engine performance and NOx emissions. Imep and indicated efficiency (a) are higher with 10% EGR because the combustion phasing is optimal. An EGR rate higher than 10% reduces engine power output and causes higher NOx emissions (b) due to a higher peak cylinder temperature (15% EGR) and to a longer exposition of the combustion products to high in-cylinder temperature (20% EGR).
Effect of hydrogen on engine performance and emissions
To reduce the auto-ignition temperature methane can be mixed with hydrogen; as a consequence less EGR is required. Boost pressure should be consequently adjusted. Figure 4 shows how boost pressure and EGR were adjusted depending on the hydrogen content in order to get 840 kPa imep, with an optimal combustion phasing, keeping an equivalence ratio of 0.4. The results obtained fueling the engine with CH4/H2 blends are compared with the optimal operating condition for pure CH4 previously identified (10% EGR).
The 90% CH4/10% H2 mixture requires 8% EGR for the auto-ignition and a boost pressure of 205.5 kPa, which gives an intake air temperature of 414K. Increasing the hydrogen content up to 20%, the required EGR rate is further reduced to 7% and the boost pressure to 204.2 kPa. In this case the intake air temperature is 413K.
When hydrogen is added, the engine delivers the target imep (Figure 5a) with a lower peak pressure; peak temperature reduction is less evident (c). Engine efficiency does not change significantly, Figure 5b, while NOx emissions are drastically reduced, from 5.6 mg/kWh with CH4 to 2.9 mg/kWh for both CH4H2_1 and CH4H2_2, Figure 5 (d).
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Figure 4: Temperature (a) and Pressure (b) traces versus crank angle for CH4 and CH4/H2 blends with 10% and 20% hydrogen. Boost pressure and EGR rate optimised for each fuel in order to obtain 840 kPa imep.
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Figure 5: Effect of hydrogen on imep (a), efficiency (b), maximum temperature (c) and NOx emissions (d).
Conclusions
[bookmark: _GoBack]The paper describes a numerical study on a Controlled Auto Ignition engine fed by pure methane and methane enriched with 10% and 20% hydrogen by volume. The model predicts indicated mean effective pressure, indicated efficiency and NOx emissions. The comparison among the different fuels is performed by adjusting the CAI engine to obtain a constant imep, being boost pressure and EGR rate the parameters. The equivalence ratio was kept constant at 0.4. The results can be summarized as follow: Hydrogen addition reduces the intake temperature requirement for the autoignition: with methane the required EGR rate is 10%, which drops to 8% with the addition of 10% hydrogen and to 7% with the addition of 20% hydrogen; hydrogen enriched fuels require lower boost pressure than CH4 to deliver the reference imep: 223KPa for CH4, 205.5kPa for CH4H2_1 and 204.2 for CH4H2_2; engine efficiency does not change significantly between tested fuels for the operating conditions considered. Hydrogen enrichment of methane significantly reduces NOx emissions due to lower boost pressure and EGR rates. NOx emissions are 5.6 mg/kWh with CH4 and 2.9 mg/kWh for both CH4H2_1 and CH4H2_2, showing that the effect of hydrogen addition reduces. The results allow concluding that the use of innovative biogases, made of methane, hydrogen and carbon dioxide, in CAI engine is very promising with respect to NOx emissions reduction when EGR is used for combustion control.
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