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1. Introduction 

In today’s modern world, where new technologies are continually being introduced, 

transportation energy use is increasing rapidly. Fossil fuel, particularly petroleum fuel, is 

the major contributor to energy production[1]. Fossil fuel consumption is steadily rising as a 

result of population growth in addition to improvements in the standard of living. It can be 

seen from Figure 1 that the world’s population has been increasing steadily over the last 5 

decades, and this trend is expected to continue [2]. As a result, total energy consumption has 

grown by about 36% over the last 15 years [3]. Energy consumption is expected to increase 

further in the future, as the world’s population is expected to grow by 2 billion people in the 

next 30 years [2]. These energy trends can be seen in Figure 2. Increased energy demand 

requires increased fuel production, thus draining current fossil fuel reserve levels at a faster 

rate. In addition, about 60% of the world’s current oil reserves are in regions that are in 

frequent political turmoil [3]. This has resulted in fluctuating oil prices and supply 

disruptions. 

Rapidly depleting reserves of petroleum and decreasing air quality raise questions about the 

future. As world awareness about environmental protection increases so too does the search 

for alternatives to petroleum fuels [1]. 

Alternative fuels such as CNG, HCNG, LPG, LNG, bio-diesel, biogas, hydrogen, ethanol, 

methanol, di-methyl ether, producer gas, and P-series have been tried worldwide. The use 

of hydrogen as a future fuel for internal combustion (IC) engines is also being considered. 

However, several obstacles have to be overcome before the commercialization of hydrogen 

as an IC engine fuel for the automotive sector. Hydrogen and CNG blends (HCNG) may be 

considered as an automotive fuel without requiring  any major modification in the existing 

CNG engine and infrastructure [4]. 
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Figure 1. World population 1950-2050 [2]. 

 

 

Figure 2. Fossil fuel consumption from 1983 to 2008 with approximate current reserves-to-production 

ratios in remaining years [3]. 

Alternative fuels are derived from resources other than petroleum. The benefit of these fuels 

is that they emit less air pollutants compared to gasoline and most of them are more 

economically viable compared to oil and they are renewable [5]. Figure 3 shows the 

percentages of alternative fuels used according to total automotive fuel consumption in the 

world as a futuristic view. 
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Figure 3. Percentages of alternative fuels compared to total automotive fuel consumption in the world [6] 

2. Hydrogen specifications 

Hydrogen is acknowledged to offer great potential as an energy carrier for transport 

applications. A number of technologies can use hydrogen as an energy carrier, with the 

internal combustion engine being the most mature technology [7]. Currently, 96% of 

hydrogen is made from fossil fuels. Based on 2004 data, in the United States 90% is made 

from natural gas, with an efficiency of 72%. Only 4% of hydrogen is made from water via 

electrolysis. Currently, the vast majority of electricity comes from fossil fuels in plants that 

are 30% efficient and from electrolysis which means that electricity is run through water to 

separate the hydrogen and oxygen atoms. Using renewable energy is much more effective 

than using fossil fuel to produce hydrogen. Current wind turbines perform at 30-40% 

efficiency, producing hydrogen at an overall efficiency rate of 25%. The best solar cells 

available have an efficiency rate of 10%, leading to an overall efficiency rate of 7%. Algae can 

be used to produce hydrogen at an efficiency rate of about 0.1% (see Figure 4)[8].  

The use of hydrogen as an automotive fuel appears to promise a significant improvement in 

the performance of spark-ignition engines [9]. The self-ignition temperature of the 

hydrogen/air mixture is greater than that of other fuels and, therefore, hydrogen produces 

an antiknock quality of fuel. The high ignition temperature and low flame luminosity of 

hydrogen makes it a safer fuel than others, it is also non-toxic. Hydrogen is characterized by 

having the highest energy–mass coefficient of all chemical fuels and in terms of mass energy 

consumption it exceeds conventional gasoline fuel by about three times, and alcohol by five 

to six times [10]. Therefore, the results clearly establish that hydrogen fuel can increase the 

effective efficiency of an engine and reduce specific fuel consumption. A small amount of 

hydrogen mixed with air produces a combustible mixture, which can be burned in a 
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conventional spark-ignition engine at an equivalence ratio below the lean flammability limit 

of gasoline/air mixture. The resulting ultra lean combustion produces a low flame 

temperature and leads directly to lower heat transfer to the walls, higher engine efficiency 

and lower NOx exhaust emissions [11–13].  

 

Figure 4. Various processes for the production of hydrogen[8] 

The burning velocity of hydrogen/air mixture is about six times higher than that of 

gasoline/air mixtures. As the burning velocity rises, the actual indicator diagram is nearer to 

the ideal diagram and a higher thermodynamic efficiency is achieved [14,15]. Figure 5 plots 

the laminar burning velocities against the equivalence ratio for hydrogen–air mixtures at 

normal pressure and temperature (NTP)[7]. The solid symbols in Figure 5 denote stretch-

free burning velocities (or rather, burning velocities that were corrected to account for the 

effects of the flame stretch rate), as measured by Taylor [16], Vagelopoulos et al. [17], Kwon 

and Faeth [18] and Verhelst et al. [19]. The empty symbols denote other measurements that 

did not take stretch rate effects into account, as reported by Liu and MacFarlane [20], Milton 

and Keck [21], Iijima and Takeno [22] and Koroll et al. [23]. These experiments result in 

consistently higher burning velocities, with the difference increasing for leaner mixtures. 

Hydrogen is a clean fuel with no carbon emissions; the combustion of hydrogen produces 

only water and a reduced amount of nitrogen oxides. Conversely, combustion products 

from fossil fuels, such as CO, CO2, nitrogen oxides, or other air pollutants, cause health and 

environmental problems. Hydrogen will help reduce CO2 emissions as soon as it can be 

produced in a clean way either from fossil fuels, in combination with processes involving 

CO2 capture and storage technologies, or from renewable energy. These features make 

hydrogen a potentially excellent fuel to meet the ever increasingly stringent environmental 

controls regarding exhaust emissions from combustion devices, including the reduction of 

green house gas emissions [24–27].  
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Figure 5. Laminar burning velocities plotted against air-to-fuel equivalence ratio, for NTP hydrogen–air 

flames[7]. The experimentally derived correlations are from Liu and MacFarlane [20], Milton and Keck 

[21], Iijima and Takeno [22] and Koroll et al. [23]. Other experimental data are from Taylor [16], 

Vagelopoulos et al. [17], Kwon and Faeth [18] and Verhelst et al. [19]. 

3. Methane specifications 

Natural gas (CNG) is considered as an alternative vehicle fuel because of its economical and 

environmental advantages [28]. CNG, which is a clean fuel with methane as its major 

component, is considered to be one of the most favorable fuels for engines, and the 

utilization of CNG has been realized in spark-ignition engines. However, due to the slow 

burning velocity of CNG and its poor lean-burn capability, the CNG spark-ignition engine 

still has some disadvantages like low thermal efficiency, large cycle-by-cycle variation, and 

poor lean-burn capability, and these decrease engine power output and increase fuel 

consumption [29]. The advantages of CNG compared to petrol are as follows: unique 

combustion and suitable mixture formation; due to the high octane number of CNG, the 

engine operates smoothly with high compression ratios without knocking; CNG with lean 

burning quality leads to the lowering of exhaust emissions and fuel operating cost; CNG has 

a lower flame speed; and engine durability is very high. CNG is produced from gas wells or 

related to crude oil production. CNG is made up primarily of methane (CH4) but frequently 

contains trace amounts of ethane, propane, nitrogen, helium, carbon dioxide, hydrogen 

sulfide, and water vapor. Methane is the principal component of natural gas [30].  

CNG has many other advantages as well. It has a high octane number of 130, which enables 

an engine to operate with little knocking at a high compression ratio. In addition, gasoline 

and diesel engines can be easily converted into CNG engines without major structural 

changes [31]. Not only does the CNG engine have good thermal efficiency and high power, 
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but its combustion range is also broad. This is an advantage when striving for lean 

combustion resulting in low fuel consumption and less NOx production [32]. The CNG 

engine also yields very low levels of PM emissions when compared with other conventional 

engines. These facts are supported by an experimental study performed to explore the 

combustion and emission characteristics of both gasoline and CNG fuels using a converted 

spark-ignition engine [33]. In light of these advantages, the number of CNG vehicles is 

continuously growing, and old vehicles are being converted into CNG vehicles through 

engine modifications [34].  

4. Hydrogen-methane mixtures for internal combustion engines 

Traditionally, to improve the lean-burn capability and flame burning velocity of natural gas 

engines under lean-burn conditions, an increase in flow intensity is introduced in the 

cylinder, and this measure always increases the heat loss to the cylinder wall and increases 

the combustion temperature as well as the NOx emission [35]. One effective method to solve 

the problem of the slow burning velocity of natural gas is to mix natural gas with fuel that 

possesses fast burning velocity. Hydrogen is regarded as the best gaseous candidate for 

natural gas due to its very fast burning velocity, and this combination is expected to 

improve lean-burn characteristics and decrease engine emissions [36]. The hydrogen blends 

in CNG can range from 5 to 30% by volume. Hythane is a 15% blend of hydrogen in CNG 

by energy content, which was patented by Frank Lynch of Hydrogen Components Inc, USA 

[37]. A typical 20% blend of hydrogen by volume in CNG is 3% by mass or 7% by energy. 

An overall comparison of the properties of hydrogen, CNG, and  5 % HCNG blend by 

energy and gasoline is given in Table 1. It is to be noted that the properties of HCNG lie in 

between those of hydrogen and CNG [4]. 

 

Properties H2 CNG HCNG Gasoline 

Stoichiometric volume fraction in air,(vol %) 29.53 9.43 22.8 1.76 

Limits of flammability in air, (vol %) 4-75 5-15 5-35 1.0-7.6 

Auto ignition temp. K 858 813 825 501-744 

Flame temp in air K 2318 2148 2210 2470 

Maximum energy for ignition in air, mJ 0.02 0.29 0.21 0.24 

Burning velocity in NTP air, cm s-1 325 45 110 37-43 

Quenching gap in NTP air, cm 0.064 0.203 0.152 0.2 

Diffusivity in air cm2 s-1 0.63 0.2 0.31 0.08 

Percentage of thermal energy radiated 17-25 23-33 20-28 30-42 

Normalized flame emissivity 1.00 1.7 1.5 1.7 

Equivalence ratio 0.1-7.1 0.7-4 0.5-5.4 0.7-3.8 

Table 1. Overall comparison of properties of hydrogen, CNG, HCNG and gasoline[4]. 

Hydrogen also has a very low energy density per unit volume and as a result, the 

volumetric heating value of the HCNG mixture decreases (Table 2) as the proportion of 

hydrogen is increased in the mixture [38].  
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Properties CNG HCNG 10 HCNG 20 HCNG 30 

H2 [vol %] 0 10 20 30 

H2 [mass %] 0 1.21 2.69 4.52 

H2 [energy %] 0 3.09 6.68 10.94 

LHV [MJkg-1] 46.28 47.17 48.26 49.61 

LHV [MJNm-3] 37.16 34.50 31.85 29.20 

LHV stoichiometric mixture [MJNm-3] 3.376 3.368 3.359 3.349 

Table 2. Properties of CNG and HCNG blends with different hydrogen content [39] 

Many researchers have studied the effect of the addition of hydrogen to natural gas on 

performances and emissions in the past few years[40-65]. Blarigan and Keller investigated 

the port-injection engine fueled with natural gas–hydrogen mixtures [40]. Bauer and Forest 

conducted an experimental study on natural gas–hydrogen combustion in a CFR engine 

[41]. Wong and Karim analytically examined the effect of hydrogen enrichment and 

hydrogen addition on cyclic variations in homogeneously charged compression ignition 

engines. The results indicated that the addition of hydrogen can reduce cyclic variations 

while extending the operating region of the engine [42]. Karim et al. theoretically studied the 

addition of hydrogen on methane combustion characteristics at different spark timings. The 

theoretical results showed that the addition of hydrogen to natural gas could decrease the 

ignition delay and combustion duration at the same equivalence ratio. It indicated that the 

addition of hydrogen could increase the flame propagation speed, thus stabilizing the 

combustion process, especially the lean combustion process [43]. Ilbas et al. [44] 

experimentally studied the laminar burning velocities of hydrogen–air and hydrogen–

methane–air mixtures. They concluded that increasing the hydrogen percentage in the 

hydrogen–methane mixture brought about an increase in the resultant burning velocity and 

caused a widening of the flammability limit (Figure 6). 

 

Figure 6. Burning velocities and flame speed for different percentages of hydrogen in methane (φ = 1.0)[44]. 
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Shudo et al., analyzed the characteristics combustion and emission of a methane direct 

injection stratified charge engine premixed with hydrogen lean mixture [45]. Their results 

showed that the combustion system achieved higher thermal efficiency due to higher flame 

propagation velocity and lower exhaust emissions. An increase in the amount of premixed 

hydrogen stabilizes the combustion process to reduce HC and CO exhaust emission, and 

increases the degree of constant volume combustion and NOx exhaust emission. The 

increase in NOx emission can be maintained at a lower level with retarded ignition timing 

without reducing the improved thermal efficiency. Nagalingam et al. [46] investigated 

hydrogen enriched CNG (hythane). He noted that the power was reduced due to the lower 

volumetric heating value of hydrogen compared with methane. However, since the flame 

speed of hydrogen was significantly higher than that of CNG, less spark advance was 

required to produce maximum brake torque (MBT). Wallace and Cattelan experimentally 

studied natural gas and hydrogen mixtures in a combustion engine. The experiments were 

conducted by studying the emissions of an engine fueled with a mixture of natural gas and 

approximately 15% hydrogen by volume [47].  

Raman et al. [48] carried out an experimental study on SI engines fueled with HCNG blends 

from 0% to 30% of H2 in a V8 engine. The authors observed a reduction in NOx emissions 

using 15%-20% hydrogen blends with some increase in HC emissions as a result of ultra-

lean combustion. The experiments were performed using a Chevrolet Lumina, which has six 

cylinders, four stroke cycles, is water cooled, with a total engine cylinder volume of 3.135 l, 

bore of 89 mm, stroke of 84 mm and compression ratio of 8.8:1. In their study, the BSFC of 

an 85/15 CNG/H2 mixture was less than that of natural gas. The BSFC values decreased for 

both natural gas and the 85/15 CNG/H2 mixture while spark timing (BTDC) values 

increased. The BSHC of CNG was higher than that of the fuel mixture. However, the BSNOx 

emission values of the 85/15 CNG/H2 mixture were higher than that of CNG. If a catalytic 

converter is used, the BSNOx values are decreased drastically. Larsen and Wallace [49] 

conducted experimental tests on heavy-duty engines fueled by HCNG blends. The authors 

found that HCNG blends improve efficiency and reduce CO, CO2 and HC emissions.  

Collier et al. examined the untreated exhaust emissions of a hydrogen-enriched compressed 

natural gas (HCNG) production engine [50]. They used variable composition hydrogen/NG 

mixtures and drew the following conclusions: the addition of hydrogen increases NOx 

emission for a given equivalence ratio while it decreases total HC emissions which is in 

good agreement with Akansu’s results [51]. They also found that as the hydrogen 

percentage increases, the lean limit of combustion is significantly extended. Hoekstra et al. 

[52] observed a reduction in NOx for hydrogen percentages up to 30%, beyond this limit no 

improvement was observed. An important point was the higher flame speed and a 

consequent reduction of the spark advance angle to obtain the maximum brake torque, as 

already indicated by Nagalingam et al. [46]. Wang et al. investigated the combustion 

behavior of a direct injection engine operating on various fractions of NG–hydrogen blends 

[53]. The results showed that the brake effective thermal efficiency increased with the 

increase of hydrogen fraction at low and medium engine loads. The rapid combustion 

duration decreased, and the heat release rate and exhaust NOx increased with the increase of 

hydrogen fraction in the blends. Their study suggested that the optimum hydrogen 
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volumetric fraction in NG–hydrogen blends is around 20% to achieve a compromise in both 

engine performance and emissions. 

Ceper [54] studied different CH4/H2 mixtures experimentally and numerically. Her 

experimental study was performed with a four-stroke, four-cylinder, water cooled, Ford 1.8-

liter internal combustion engine. CH4/H2 (100/0, 90/10, 80/20, 70/30) gas fuel mixtures of 

fuels were tested at different engine speeds and excess air ratios. Kahraman et al. [55] 

experimentally researched the performance and exhaust emissions of a spark-ignition 

engine fueled with methane-hydrogen mixtures (100% CH4, 10% H2 + 90% CH4, 20% H2 + 

80% CH4, and 30% H2 + 70% CH4) at different engine speeds and different excessive air 

ratios. The results demonstrated that while the speed and excess air ratio increased, CO 

emission values decreased. Furthermore increasing the excess air ratio also decreased the 

maximum peak cylinder pressure. Çeper et al. [56] experimentally analyzed the 

performance and the pollutant emissions of a four-stroke spark-ignition engine operating on 

natural gas-hydrogen blends of 0%, 10%, 20% and 30% at full load and 65% load for 

different excess air ratios. The results showed that while the excess air ratio increased, CO 

and CO2 emission values decreased. In addition, increasing the excess air ratio led to a 

decrease in peak pressure values and by increasing the H2 amount, peak pressure values 

were close to TDC, and the brake thermal efficiency values increased.  

Sierens and Rossel [57] determined that the optimal HCNG composition to obtain low HC 

and NOx emissions should be varied with engine load. Huang et al. [58] conducted an 

experimental study for a direct-injection spark-ignition engine fueled with HCNG blends 

under various ignition timings and lean mixture conditions. The ignition timing is an 

important parameter for improving engine performance and combustion. Dimopoulos et al. 

[59] optimized a state of the art passenger car natural gas engine for hydrogen–natural gas 

mixtures and high exhaust gas recirculation (EGR) rates in the major part of the engine map. 

Increasing the hydrogen content of the fuel accelerated combustion leading to efficiency 

improvements. Well-to-wheel analysis revealed paths for the production of the fuel blends 

still having overall energy requirements slightly higher than a diesel benchmark vehicle but 

reducing overall green house gas emissions by 7%.  

Based on the results of an experimental test campaign carried out in ENEA labs, Ortenzi et 

al [60], aimed at identifying the potential of using blends of natural gas and hydrogen 

(HCNG) in existing ICE vehicles. The tested vehicle was an IVECO Daily CNG, originally 

fueled with natural gas and the tests were made on an ECE15 driving cycle to compare the 

emission levels of the original configuration (CNG) with the results obtained with different 

blends (percentage of hydrogen in the fuel) and control strategies (stoichiometric or lean 

burn).  Dulger investigated an 80% CNG and 20% H2 mixture burning SI engine numerically 

[61]. Swain et al. [62] and Yusuf [63] investigated the same mixture with a different engine. 

Yusuf used a Toyota 2TC type engine with the following specifications: year 1976 1:6 l, 1588 

cc, maximum HP 88 and maximum speed of 6000 rpm, bore 85 mm, stroke 70 mm, 

compression ratio of 9.0:1 and four cylinder engine. The engine was tested at 1,000 rpm, 
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using best efficiency spark advance and light loading conditions. When the  methane–

hydrogen mixture was compared to pure methane operation with the same equivalence 

ratios, the methane and hydrogen mixture increased BTE and NOx emissions while 

decreasing the best efficiency spark advantage, unburned HCs and CO. Moreover, the lean 

limit combustion of natural gas was reduced from 0.61 to 0.54. The lean limit of combustion 

was defined as an operation with at least 38% of the cycles not completing combustion. By 

hydrogen addition, the equivalence ratios could be reduced by about 15% without 

increasing combustion duration and ignition delay.  

Ma and Wang [64], experimentally investigated the extension of the lean operation limit 

through hydrogen addition in an SI engine which was conducted on a six-cylinder throttle 

body injection natural gas engine. Four levels of hydrogen enhancement were used for 

comparison purposes: 0%, 10%, 30% and 50% by volume. Their results showed that the 

engine’s lean operation limit could be extended through adding hydrogen and increasing 

load level (intake manifold pressure). The effect of engine speed on lean operation limit is 

smaller. At a low load level an increase in engine speed is beneficial in extending the lean 

operation limit but this is not true at high load level. The effects of engine speed are even 

weaker when the engine is switched to hydrogen enriched fuel. Spark timing also influences 

the lean operation limit and both over-retarded and over-advanced spark timing are not 

advisable. Road tests on urban transport buses were performed by Genovese et al. [65], 

comparing energy consumption and exhaust emissions for NG and HCNG blends with 

hydrogen content between 5% and 25% in volume. The authors found that average engine 

efficiency over the driving cycle increases with hydrogen content and NOx emissions were 

higher for blends with 20% and 25% of hydrogen, despite the lean relative air fuel ratios and 

delayed ignition timings adopted. Having reviewed the main experimental papers 

published in the past, we conclude that numerical analysis also plays a fundamental role in 

research activities, allowing a better design of the experimental tests in terms of cost savings 

and time reduction[66-70]. 

4.1. Emissions 

Air pollution is fast becoming a serious global problem arising from an increasing 

population and its subsequent demands. This has resulted in increased usage of hydrogen 

as fuel for internal combustion engines. Hydrogen resources are vast and it is considered as 

one of the most promising fuels for the automotive sector. As the required hydrogen 

infrastructure and refueling stations do not currently meet demand, the widespread 

introduction of hydrogen vehicles is not feasible in the near future. One of the solutions for 

this hurdle is to blend hydrogen with methane. Such types of blends take benefit of the 

unique combustion properties of hydrogen and at the same time reduce the demand for 

pure hydrogen. Enriching natural gas with hydrogen could be a potential alternative to 

common hydrocarbon fuels for internal combustion engine applications [71]. 

When experimental or simulation studies on reciprocating engines are carried out, much 

attention is paid to pollutant CO, HC and NOx emissions. Nevertheless, although CO2 is one 
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of the most important greenhouse gases, these emissions are not usually taken into account, 

and measurements and calculations of CO2 emissions are omitted from many studies [72]. 

Fuel costs and their relationship to equivalent CO2 emissions are represented in Figure 7 for 

several types of fuel ([73] and data from the authors). As observed, the global CO2 emissions 

associated with CNG and their costs are lower than those produced by gasoline or diesel. 

Hydrogen produces lower CO2 emissions than CNG, gasoline or diesel, but hydrogen 

always originates from renewable sources. Due to the high price of crude oil, in some cases 

the cost of H2 is lower than that of gasoline or diesel. In any case, these data have been 

prepared without taking into account the possible effects of an increase in demand or mass 

production [72]. 

 

Figure 7. Cost and CO2 emissions for several fuels [72]. 

All these performance parameters have a direct relationship with the exhaust emissions 

produced, often with contradictory effects. For instance, while higher compression ratios are 

favored in order to increase thermal efficiency, they also result in higher NOx emissions 

because of the resultant higher combustion chamber temperatures. This is also the case 

when running stoichiometric fuel-air mixtures, as seen in Figure 8 (which is applicable to 

gasoline engines, but the general trends are similar for natural gas engines as well). In 

addition, while the combustion of lean fuel-air mixtures (φ< 1) results in low NOx emissions 

(as seen from Fig. 7) this can also result in lower power output. However, running an engine 

on fuel-rich mixtures (φ> 1) is also undesirable and this results in high unburnt HC and CO 

emissions. Knock limits are also a factor when deciding ideal operating parameters. For 

instance if an engine is running too high a compression ratio, resistance to knock is lowered. 

This would require the need for spark retardation with respect to combustion TDC (which 

can affect thermal efficiency and therefore power output as well as exhaust emissions)[74]. 
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Figure 9 illustrates the BSNOx (g/kWh) values versus equivalence ratios from different 

studies [75]. As seen in this figure, according to studies, with increasing H2 percentage, 

BSNOx values increase or decrease. According to refs [62,49,57] and Bauer and Forest [41] 

(there is no data value in graphics), with increasing H2 percentage, the BSNOx values 

increase. However, in the experiments performed by Raman et al. [48], with increasing H2 

percentage, the BSNOx values decrease. Moreover, if the equivalence ratios decrease, the 

BSNOx values reach a low value. It is interesting to note that Hoekstra et al. [52], as well as 

Larsen and Wallace [49], obtained extremely low NOx emission.  

 

Figure 8. Typical NO, HC and CO trends with equivalence ratio in an SI engine, adapted from [74].  

Figure 10 shows the BSHC (g/kW h) values in different studies [75]. As seen in this figure, 

with increasing H2 percentage and equivalence ratio, the BSHC values decrease. If fuel is 

to be 100% H2 fuel, the BSHC value will be zero. We can say that BSHC values decrease as 

the amount of H2 increases. By increasing the equivalence ratios Swain et al.[62] obtained 

the highest BSHC values in these studies. The maximum value is about 64 g/kW h, for a 

20% H2 and 80% CH4 mixture with φ = 0.60. However, hydrocarbon emissions of 20% H2 

and 80% CH4 mixture are less than those of pure methane [62]. In this figure, the BSHC 

values of Ref. [49] are at their highest value. BSHC values increase with increasing engine 

load. 
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Figure 9. BSNOx (g/kWh) values of different studies versus equivalence ratios[75]. 

 

Figure 10. Brake specific hydrocarbons (BSHC g/kw h) values in different studies[75]. 
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Larsen and Wallace obtained 1.65 and 2:41 g/kW h CO values at 1500 rpm, and φ = 0.65 

equivalence ratio, using an 85/15 CNG/H2 and 100% CNG, respectively [49]. Yusuf 

measured all engine/fuel configurations performed similarly over normal operating ranges. 

An important variation occured with rich mixtures. In addition, the 80/20 CH4/H2 mixture 

showed a small but significant reduction in BSCO output [62,63]. Bauer and Forest’s 

experiments demonstrated that production of CO was highly dependent on combustion 

stoichiometry and less so on the engine. They obtained a general reduction in BSCO with 

the addition of hydrogen because of the reduction of carbon in the fuel. They added up to 

60% hydrogen by volume and found that BSCO decreased up to 20 g/kW h (60/40 CH4/H2) 

at φ=1.0. In the ultra lean region (φ<0.4), an increase in BSCO was noted, due to incomplete 

combustion combined with sharply dropping power [41]. Figure 11 shows the BSCO 

emission values of some studies[75]. As seen in this figure, a φ value between 0.65 and 0.8 

placed BSCO values at a dramatically low level. 

 

Figure 11. BSCO (g/kw h) values versus equivalence ratio in different studies[75]. 

Figure 12 gives the brake NOx, HC, CO and CO2 emission versus hydrogen fraction at 

various injection timings[76]. Brake NOx emission increases with increasing hydrogen 

fraction when the hydrogen fraction is less than 10%, and it decreases with the increase of 

hydrogen fraction when the hydrogen fraction is larger than 10% at various injection 

timings. The comprehensive effects of in-cylinder temperature, excess air ratio and 

combustion duration contribute to this. As excess air ratio in this experiment is larger than 
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1.0 and combustion duration is slightly decreased with increasing hydrogen fraction, the 

effect of cylinder gas temperature plays an important part, thus the trend of brake NOx 

emission is consistent with that of the maximum mean gas temperature. Brake HC emission 

decreases with the increase of hydrogen fraction. This is because the quench distance of the 

fuel blends is decreased and the lean flammability limit of the natural gas-hydrogen fuel 

blends is extended with hydrogen addition. Meanwhile, combustion is improved with the 

increase of hydrogen fraction, and this enhances the post-flame oxidation of the already 

formed HC. Furthermore, the C/H ratio decreases with increasing hydrogen fraction and this 

also contributes to the decrease of brake HC emission with the increase of hydrogen fraction. 

 

Figure 12. Brake NOx, HC, CO and CO2 emission versus hydrogen fractions. (a) Brake NOx emission 

versus hydrogen fractions. (b) Brake HC emission versus hydrogen fractions. (c) Brake CO emission 

versus hydrogen fractions. (d) Brake CO2 emission versus hydrogen fractions[76] 

Brake CO emission decreases with increasing hydrogen fraction. As overall excess air ratio 

in the cylinder increases with hydrogen addition, and CO is strongly related to the air-fuel 

ratio, the sufficiency of oxygen in the cylinder makes the CO emission low. Also, 

combustion is improved with the increase of hydrogen fraction, and this enhances the post-

flame oxidation of the already formed CO. Furthermore, the C/H ratio decreases with 
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increasing hydrogen fraction in the fuel blends and this also contributes to the decrease of 

brake CO emission with the increase of hydrogen fraction. Brake CO emission achieves its 

minimum value at a fuel-injection timing of 270 oCA BTDC. Brake CO2 emission decreases 

with the increase of hydrogen fraction. The decrease in the C/H ratio of the mixtures with 

the increase of hydrogen fraction is responsible for this. A low carbon fraction produces low 

CO2 concentration [76]. 

4.2. Cylinder pressure 

Figure 13 shows the cylinder pressure at engine speeds of 2000 and 3000 rpm for different 

values of H2 percentages (0, 3%, 5% and 8% in ref 77; 0, 10%, 20% and 30% in ref 54) and 

λ=1.0. For all cases, the cylinder pressure increased with the increase in the amount of H2. 

The maximum pressures for the 8% H2, 5% H2, 3%H2 and pure CNG occurred at 11, 12, 12.5, 

and a 13.5o crank angle ATDC respectively [77]. The maximum pressures for the 30% H2, 

20% H2, 10%H2 and pure CNG occurred at about 53, 48, 44, and a 36o crank angle ATDC 

respectively [54]. At an engine speed of 3000 rpm, the maximum cylinder pressures 

occurred at a 13.5o crank angle ATDC with their magnitudes being the highest of all values 

of H2 percentage [77]. In Ref [54], the maximum cylinder pressure occurred at a 30o crank 

angle ATDC. In Ref [77], the compression ratio of the engine was 14:1 and in ref [54] the 

compression ratio of the engine was 10:1. So the maximum cylinder pressure values were 

obtained at 8% H2 in both figures. For all the previous cases, the cylinder pressure increased 

with the increase in the amount of H2. The explanation for this phenomenon is mainly due 

to fact that the flame speed of hydrogen is faster than the flame speed of CNG. Therefore, 

burning CNG in the presence of a small amount of hydrogen will result in faster and more 

complete combustion. This will result in higher peak pressure closer to TDC and it will 

produce a higher effective pressure [77]. 

 

Figure 13. Cylinder pressure values versus the crank angle for different engine speeds and different H2 

fractions (solid ref [77] and dashed ref [54]) 

Figure 14 shows the in-cylinder pressure curve under various λ for different fuels: pure 

CNG, 30% HCNG, 55% HCNG[78]. From Figure 14(a), as the mixture is leaner, the 
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maximum in-cylinder pressure is smaller. Figure 14(b,c,d) shows further that the position of 

the maximum in-cylinder pressure is later before λ=1.5. On the other hand, when λ > 1.5, the 

maximum in-cylinder pressure is nearer the TDC. 

 

Figure 14. (a) Max cylinder pressure versus excess air ratio. (b) In-cylinder pressure for CNG. (c) In-

cylinder pressure for 30% hydrogen volumetric ratio. (d) In-cylinder pressure for 55% hydrogen 

volumetric ratio[78].   

 

Figure 15. Cylinder pressure versus crank angle for 2000 and 3000 rpm in different fuels[79]. 

(a) (b)
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Figure 15 shows cylinder pressure versus crank angle for 2000(a) and 3000(b) rpm 

respectively [79]. As shown in these figures, the timing of the maximum cylinder pressure 

fueled with natural gas is postponed compared with that fueled with gasoline, and it 

advances as hydrogen is added. 

4.3. Brake thermal efficiency 

Figure 16 depicts BTE versus equivalence ratio [75]. As seen in this figure, the BTE of a 20% 

H2 +80% CH4 mixture is higher than that of 100% CH4 [57,62]. Since only one cylinder was 

used in the experiment it is expected that efficiency be lower compared to an experiment 

using a four-cylinder engine. According to the experiments in Ref[41], the BTE values 

decreased, while the H2 percentage increased. The highest efficiency values were between 

0.7 and 0.9 equivalence ratios. According to the study in Ref. [55], the maximum efficiency 

was at about φ=0.75–0.8 for a 30%H2+70%CH4 mixture.. Also, effective efficiency had about a 

φ= 0.75–0.8 equivalence ratio [41,57,62]. 

 

Figure 16. Brake thermal efficiency versus equivalence ratio 

5. Conclusions and perspectives for further development 

The results in this study can be summarized as follows: 

• The ultimate goal of hydrogen economy is to displace fossil fuels with clean burning 

hydrogen and CNG is the best route to ensure the early introduction of hydrogen fuel 

into the energy sector. 
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• The lean-burn capability and flame burning velocity of the natural gas engine was 

improved by blending it with fast burning velocity fuel such as hydrogen. 

• HCNG engines are superior to CNG engines from a fuel economy, power, and torque 

point of view due to better combustion. 

• The addition of hydrogen to natural gas increases BMEP compared with that of natural 

gas combustion. This is due to the increased burning velocity of the mixture by 

hydrogen addition which shortens combustion duration and increases the cylinder gas 

temperature. 

• The HCNG engine improves power by 3 - 4 % and torque by about 2 - 3 % compared to 

the CNG engine. The HCNG engine operates on the leaner side than the CNG engine 

which reduces fuel consumption by about 4% compared to CNG engine. 

• The HCNG fuel reduces CO emissions and NOx emissions more than the neat CNG 

operation. Thus the blended HCNG fuel is more environmentally friendly. 

• Engine operating parameters have to be carefully chosen by the designer, taking into 

account their effect on engine performance and emission. 

• Any attempt to control emissions by operating the engine with leaner mixtures has to 

take into account the effect on other variables like power. 

• Compression ratio and equivalence ratio have a significant effect on both the 

performance and emission characteristics of the engine and have to be carefully 

designed to achieve the best engine performance characteristics. 

• Higher engine rotational speeds can be used in lean mixtures to increase the power 

output of an engine operating on hydrogen while maintaining high efficiency and pre-

ignition free operation. 

• The variation in spark timing with hydrogen is very effective in controlling the 

combustion process. 

• Higher compression ratios can be applied satisfactorily to increase power output and 

efficiency, mainly because of the relatively fast burning characteristics of hydrogen–air 

mixtures. 

• The addition of hydrogen to methane gives a good alternative fuel to hydrocarbon fuels 

as it gives good flame stability, wide flammable regions and relatively higher burning 

velocity. 

• NOx emission values generally increase with increasing hydrogen content. However, if 

a catalytic converter, an EGR system or lean-burn technique are used, NOx emission 

values can be reduced to extremely low levels. 

• HC, CO2 and CO emission values decrease with increasing hydrogen percentage. 

• The addition of H2 (up to 20-30% vol.) to NG may constitute an effective short-term 

solution for the green-house gases problem and at the same time to introduce H2 into 

the fuel market without requiring changes in current engine technology. 

• In conjunction with new and advanced technologies, hydrogen-methane mixture gases 

can provide a large part of the rapidly growing need for clean and affordable energy 

services in the world. 

Future research of the hydrogen enriched compressed natural gas fuel include continuous 

improvement on performance and emissions, especially to reduce the hydrocarbon 
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emissions (including methane if necessary) which are currently not heavily regulated but 

will probably be more closely regulated in the future. Although the exhaust emissions from 

hydrogen-enriched natural gas are already very low, further refinement must be done in 

order to further reduce emissions and to achieve Enhanced Environmentally Friendly 

Vehicle (EEV) standards. Therefore finding the optimal combination of hydrogen fraction, 

ignition timing and excess air ratio along with other parameters that can be optimized is 

certainly a large hurdle. It is not only a challenge to locate the ideal combination of 

hydrogen fraction, ignition timing, and excess air ratio, but it can also be a large challenge to 

control these parameters. This requires sufficient control system to be developed for the 

HCNG engine to maximize the performance simultaneously minimizing the exhaust 

emissions. Other potential improvements include the reduction of emissions which can be 

transpire with the addition of a catalytic converter or by implementing an exhaust gas 

recycle system, lastly there is potential for performance improvements with an increase in 

the compression ratio[80]. 

As a result, today are faced with environmental problems, tomorrow hydrogen will solve all 

environmental problems due to road transports: Natural gas-hydrogen blends may be a 

potential bridge from today to tomorrow. 

Abbreviations 

AFR  Air-fuel ratio  

ATDC  After top dead center 

BSCO  Brake specific carbon monoxide 

BSFC   Brake specific fuel consumption 

BSHC   Brake specific hydrocarbon 

BSNOx   Brake specific nitrogen oxide 

BTDC   Before top dead center 

BTE  Brake thermal efficiency 

CA   Crank angle (◦) 

CFR   Co-operative fuel research 

CI  Compression ignition engine 

CNG   Natural gas  

CO   Carbon monoxide 

CO2   Carbon dioxide 

ECE15   European driving cycle 

EGR   Exhaust gas recirculation 

ENEA   Italian national agency for new technologies 

HC    Hydrocarbon 

HCNG   Hydrogen-natural gas blend 

H2  Hydrogen 

IC    Internal combustion engines 

LNG   Liquid natural gas 

LPG   Liquid petroleum gas 
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MBT   Maximum brake torque 

NEDC   New European driving cycle 

NG   Natural gas 

NOx   Nitrogen oxides 

NTP   normal pressure and temperature 

rpm   Revolutions per minute 

SI  Spark-ignition engine 

TDC  Top dead center 

THC  Total unburned hydrocarbon 

uL  Laminar burning velocity 

WOT   Wide open throttle 

Greek symbols 

φ   Equivalence ratio 

λ   Excess air ratio 

Author details 

Bilge Albayrak Çeper 

Erciyes University Faculty of Eng., Dept. of Mech Eng., Kayseri, Turkey 

Acknowledgement 

Bilge Albayrak Ceper would like to thank Professor Nafiz Kahraman and Assoc. Prof. 

Selahaddin Orhan Akansu at Erciyes University for their encouragement on this study. 

6. References 

[1] Rahman M.M., Mohammed M.K., and Bakar R.A., Effect of engine speed on 

performance of four-cylinder direct injection hydrogen fueled engine, Proceedings of 

the 4th BSME-ASME International Conference on Thermal Engineering 27-29 

December, 2008, Dhaka, Bangladesh 

[2] Population Division United States Census Bureau International Database. World 

population: 1950-2050. http://www.census.gov/ipc/www/idb/worldpopgraph.php. 

[3] British Petroleum, BP statistical review of world energy, BP Annual Review; June 2009. 

[4] Patil K.R., Khanwalkar P.M., Thipse S.S., Kavathekar K.P., Rairikar S.D., Development 

of HCNG Blended Fuel Engine with Control of NOx Emissions, International Journal of 

Computer Information Systems and Industrial Management Applications (IJCISIM), 

ISSN: 2150-7988, 2010;2:087-095. 

[5] Pourkhesalian A.M., Shamekhi A.H., Salimi F., Alternative fuel and gasoline in an SI 

engine: A comparative study of performance and emissions characteristics, Fuel 

2010;89: 1056–63. 



 
Hydrogen Energy – Challenges and Perspectives 

 

196 

[6] Adeeb Z., Glycerol delignification of poplar wood chips in aqueous medium, Energy 

Educ Sci Technol 2004;13:81–8. 

[7] Verhelst S., Maesschalck P., Rombaut N., Sierens R., Increasing the power output of 

hydrogen internal combustion engines by means of supercharging and exhaust gas 

recirculation, Int J Hydrogen Energy 34 (2009) 4406–4412 

[8] Doble M., Kruthiventi A.K., Alternate Energy Sources, Green Chemistry and 

Engineering, 2007, Pages 171-192. 

[9] Veziroglu T.N., Barbir F., Solar-hydrogen energy system: the choice of the future. 

Environ. Conserv. 1991;18(4):304–12. 

[10] Veziroglu T.N., Petkov T., Sheffield J.W., An outlook of hydrogen as an automotive 

fuel. Int J Hydrogen Energy 1989;14(7):449–74. 

[11] North D.C., Investigation of hydrogen as an internal combustion fuel. Int. J. Hydrogen 

Energy 1992;17(7):509–12. 

[12] Asadiq A-B.M., Ashahad A-J. H., A prediction study of the effect of hydrogen blending 

on the performance and pollutants emission of a four stroke spark ignition engine. Int. J 

Hydrogen Energy 1999;24(4):363–75. 

[13] Al-Baghdadi Maher A.S., Al-Janabi Haroun A.S., A prediction study of a spark ignition 

supercharged hydrogen engine. Energy Conversion Manage. 2003;44(20):3143–50. 

[14] Desoky A.A., El-Emam S.H., A study on the combustion of alternative fuel in spark 

ignition engines. Int. J. Hydrogen Energy 1985;10(8):497–504. 

[15] Sher E., Hacohen Y., Measurements and predictions of the fuel consumption and 

emission of a spark ignition engine fueled with hydrogen-enriched gasoline. Proc. 

Instan. Mech. Engrs1989;203:155–62. 

[16] Taylor S.C., Burning velocity and the influence of flame stretch. PhD thesis, Leeds 

University, 1991. 

[17] Vagelopoulos C.M., Egolfopoulos F.N., Law C.K., Further considerations on the 

determination of laminar flame speeds with the counterflow twin-flame technique, 25th 

Symp. (Int.) on Combustion 1341–1CK347, 1994. 

[18] Kwon O.C., Faeth G.M., Flame/stretch interactions of premixed hydrogen-fueled 

flames: measurements and predictions, Combust Flame 2001;124:590–610. 

[19] Verhelst S., Woolley R., Lawes M., Sierens R., Laminar and unstable burning velocities 

and Markstein lengths of hydrogen–air mixtures at engine-like conditions, Proc 

Combust Inst 2005;30:209–16. 

[20] Liu D.D.S., MacFarlane R., Laminar burning velocities of hydrogen–air and hydrogen–

air–steam flames, Combust Flame 1983;49:59–71. 

[21] Milton B., Keck J., Laminar burning velocities in stoichiometric hydrogen and 

hydrogen–hydrocarbon gas mixtures, Combust Flame 1984;58:13–22. 

[22] Iijima T., Takeno T., Effects of temperature and pressure on burning velocity, Combust 

Flame 1986;65:35–43. 

[23] Koroll G.W., Kumar R.K., Bowles E.M., Burning velocities of hydrogen–air mixtures, 

Combust Flame 1993;94:330–40. 

[24] Ghazi A.K., Hydrogen as a spark ignition engine fuel, Int. J. Hydrogen Energy 

2003;28(5):569–77. 



 
Use of Hydrogen-Methane Blends in Internal Combustion Engines 

 

197 

[25] Jehad A.A., Yamin H.N., Gupta B.B.B., Srivastava O.N., Effect of combustion duration 

on the performance and emission characteristics of a spark ignition engine using 

hydrogen as a fuel,Int. J Hydrogen Energy 2000;25(6):581–9. 

[26] Das L.M., Gupta R., Gupta P.K., Performance evaluation of a hydrogen-fuelled spark 

ignition engine using electronically controlled solenoid-actuated injection system, Int. J. 

Hydrogen Energy 2000;25(6):569–79. 

[27] De Ferrières S., El Bakali A., Lefort B., Montero M., Pauwels J.F., Experimental and 

numerical investigation of low-pressure laminar premixed synthetic natural gas/O2/N2 

and natural gas/H2/O2/N2 flames, Combustion and Flame 2008;154: 601–23. 

[28] Kim K., Kim H., Kim B., Lee K. and Lee K., Effect of Natural Gas Composition on the 

Performance of a CNG Engine, Oil & Gas Science and Technology – Rev. IFP, 

2009;64(2); 199-206. 

[29] Hu E., Huang Z., He J., Zheng J., Miao H., Measurements of laminar burning velocities 

and onset of cellular instabilities of methane–hydrogen–air flames at elevated pressures 

and temperatures, Int J Hydrogen Energy 2009;34: 5574 –84. 

[30] Semin, R.A.B., A Technical Review of Compressed Natural Gas as an Alternative Fuel 

for Internal Combustion Engines, American J. of Engineering and Applied Sciences 

2008;1(4): 302-311. 

[31] Kubesh J., King S.R., Liss W.E., Effect of Gas Composition on Octane Number of 

Natural Gas Fuels, SAE 922359 1992. 

[32] Lee Y., Kim G., Effect of Gas Compositions on Fuel Economy and Exhaust Emissions of 

Natural Gas Vehicles, KSAE 7, 1999;8: 123-31. 

[33] Aslam M.U., Masjuki H.H., Kalam M.A., Abdesselam H., Mahlia T.M.I., Amalina M.A. 

An Experimental Investigation of CNG as an Alternative Fuel for a Retrofitted Gasoline 

Vehicle, Fuel 2006; 85; 5-6, 717-24. 

[34] Ryu K., Kim B., Development of Conversion Technology of a Decrepit Diesel Vehicle to 

the Dedicated Natural Gas Vehicle, KSAE 14, 2006;6:73-81. 

[35] Cho H.M., He B.Q., Spark ignition natural gas engines – a review, Energy Convers 

Manage 2007;48(2):608–18. 

[36] Tunestal P., Christensen M., Einewall P., Andersson T., Johansson B., Jonsson O., 

Hydrogen addition for improved lean burn capability of slow and fast burning natural 

gas combustion chambers, SAE paper 2002-02-2686; 2002. 

[37] Thipse S.S., et al, Development of a CNG injection engine compliant to Euro-IV norms 

and development strategy for HCNG operation, SAE Paper 2007-26-029.  

[38] Bell, S.R., Gupta, M., Extension of a Lean Operating Limit for Natural Gas Fuelling of a 

Spark Ignition Engine Using Hydrogen Blending., Combustion Sciences and Technology, 

1997;123: 1-6, 23-48. 

[39] Xu J., Zhang X., Liu J., Fan L., Experimental Study of a Single Cylinder Engine Fueled 

with Natural Gas – Hydrogen Mixtures, International Journal of Hydrogen Energy, 

2010;35(7): 2909-14. 

[40] Blarigan P.V., Keller J.O., A hydrogen fuelled internal combustion engine designed for 

single speed/power operation. International Journal of Hydrogen Energy 2002; 

23(7):603–9. 



 
Hydrogen Energy – Challenges and Perspectives 

 

198 

[41] Bauer C.G., Forest T.W., Effect of hydrogen addition on the performance of methane-

fueled vehicles. Part I: effect on S.I. engine performance. International Journal of 

Hydrogen Energy 2001;26(1):55–70. 

[42] Wong Y.K., Karim G.A., An analytical examination of the effects of hydrogen addition 

on cyclic variations in homogeneously charged compression-ignition engines. 

International Journal of Hydrogen Energy 2000;25(12):1217–24. 

[43] Karim G.A., Wierzba I., Al-Alousi Y., Methane–hydrogen mixtures as fuels. 

International Journal of Hydrogen Energy 1996;21(7):625–31. 

[44] Ilbas M., Crayford A.P., Yılmaz I., Bowen P.J., Syred N., Laminar-burning velocities of 

hydrogen–air and hydrogen–methane–air mixtures: An experimental study, Int J 

Hydrogen Energy 31;2006:1768 – 1779. 

[45] Shudo, T., Shimamura, K., Nakajima, Y., Combustion and emissions in a methane DI 

stratified charge engine with hydrogen pre-mixing, JSAE Review, 2000; 21:3-7(5). 

[46] Nagalingam B., Duebel F. and Schmillen K., Performance study using natural gas, 

hydrogen-supplemented natural gas and hydrogen in AVL research engine, Int. J. 

Hydrogen Energy, 1983; 8(9): 715-20. 

[47] Wallace J.S., Cattelan A.I., Hythane and CNG fuelled engine exhaust emission 

comparison, Proceedings 10th World Hydrogen Energy Conference, Cocoa Beach, USA, 

June 20–24;1994:1761–1770. 

[48] Raman V., Hansel J., Fulton J., Lynch F., Bruderly D., Hythane-an ultraclean 

transportation fuel. Procs. of 10th World Hydrogen Conference, Cocoa Beach, Florida, 

USA, 1994;3: 1797–806. 

[49] Larsen J.F., Wallace J.S., Comparison of emissions and efficiency of a turbocharged lean-

burn natural gas and hythane-fueled engine. J Eng for Gas Turbines Power 

1997;119:218-26. 

[50] Collier K., Hoekstra R.L., Mulligan N., Jones C., Hahn D., Untreated exhaust emissions 

of a hydrogen-enriched CNG production engine conversion., SAE Paper No. 960858; 

1996. 

[51] Akansu S.O., Kahraman N., Çeper B., Experimental study on a spark ignition engine 

fuelled methane-hydrogen mixtures, Int. J. Hydrogen Energy, 2007; 32( 17): 4279-84.  

[52] Hoekstra R.L., Collier K., Mulligan N., Chew L., Experimental study of a clean burning 

vehicle fuel. Int J Hydrogen Energy 1995;20:737-45. 

[53] Wang J., Huang Z., Fang Y., Liu B., Zeng K., Miao H., et al., Combustion behaviors of a 

direct-injection engine operating on various fractions of natural gas hydrogen blends, 

Int J Hydrogen Energy 2007; 32(15):3555–64. 

[54] Ceper B.A., Usability of hydrogen–natural gas mixtures in internal combustion engines, 

Erciyes Unversity, Institute of Natural Sciences; Phd thesis, 2009. Turkey. 

[55] Kahraman N., Ceper B., Akansu S.O., Aydin K., Investigation of combustion 

characteristics and emissions in a spark-ignition engine fuelled with natural gas–

hydrogen blends. Int J Hydrogen Energy 2009;34: 1026-34. 

[56] Ceper B.A., Akansu S.O., Kahraman N., Investigation of cylinder pressure for H2/CH4 

mixtures at different loads. Int J Hydrogen Energy 2009;34: 4855-61. 



 
Use of Hydrogen-Methane Blends in Internal Combustion Engines 

 

199 

[57] Sierens R., Rosseel E., Variable composition hydrogen/natural gas mixtures for 

increased engine efficiency and decreased emissions. J Eng for Gas Turbines Power 

2000;122:135-40. 

[58] Huang Z., Wang J., Liu B., Zeng K., Yu K., Jiang D., Combustion characteristics of a 

direct-injection engine fueled with natural gas-hydrogen blends under different ignition 

timings. Fuel 2007;86:381-7. 

[59] Dimopoulos P., Bach C., Soltic P., Boulouchos K., Hydrogen–natural gas blends fuelling 

passenger car engines: Combustion, emissions and well-to-wheels assessment, Int J 

Hydrogen Energy 2008;33: 7224–36. 

[60] Ortenzi F., Chiesa M., Scarcelli R., Pede G., Experimental tests of blends of hydrogen 

and natural gas in light-duty vehicles, Int J Hydrogen Energy 2008;33: 3225–29. 

[61] Dulger Z., Numerical modeling of heat release and flame propagation for methane 

fueled internal combustion engines with hydrogen addition. PhD thesis, University of 

Miami, 1991. 

[62] Swain M.R., Yusuf M.J., Dulger Z., Swain M.N., The effects of hydrogen addition on 

natural gas engine operation. SAE paper 932775, 1993. 

[63] Yusuf M.J., Lean burn natural gas fueled engines: engine modification versus hydrogen 

blending. PhD thesis, University of Miami, 1993. 

[64] Ma F., Wang Y., Study on the extension of lean operation limit through hydrogen 

enrichment in a natural gas spark-ignition engine, Int J Hydrogen Energy 2008;33: 1416–

24. 

[65] Genovese A., Contrisciani N., Ortenzi F., Cazzola V., On road experimental tests of 

hydrogen/natural gas blends on transit buses. Int J Hydrogen Energy 2011;36:1775e83 

[66] Mariani A., Morrone B., Unich A., Numerical evaluation of internal combustion spark 

ignition engines performance fuelled with hydrogen- Natural gas blends, Int J 

Hydrogen Energy 2012;37: 2644-54. 

[67] Mariani A., Morrone B., Unich A., Numerical modelling of internal combustion engines 

fuelled by hydrogen-natural gas blends. ASME Int Mech Eng Congress Exposition; 

2008. 

[68] Morrone B., Unich A., Numerical investigation on the effects of natural gas and 

hydrogen blends on engine combustion. Int J Hydrogen Energy 2009;33:4626-34. 

[69] Tinaut F.V., Melgar A., Gime´nez B., Reyes M., Prediction of performance and 

emissions of an engine fuelled with natural gas/hydrogen blends. Int J Hydrogen 

Energy 2011;36:947-56. 

[70] Park J., Cha H., Song S., Min Chun K., A numerical study of a methane-fueled gas 

engine generator with addition of hydrogen using cycle simulation and DOE method. 

Int J Hydrogen Energy 2011;36:5153-62. 

[71] Nanthagopal, K., Subbarao R., Elango T., Baskar P., Annamalaı K., Hydrogen Enriched 

Compressed Natural Gas-A Futuristic Fuel for Internal Combustion Engines, Thermal 

Science,  2011; 15(4): 1145-54. 

[72] Navarro E., Leo T.J., Corral R., CO2 emissions from a spark ignition engine operating on 

natural gas–hydrogen blends (HCNG), Applied Energy (2012),  

http://dx.doi.org/10.1016/j.apenergy.2012.02.046 



 
Hydrogen Energy – Challenges and Perspectives 

 

200 

[73] Wurster R., H2-based road transport in comparison. In: Proceedings of DIME 

international conference “Innovation, Sustainability and Policy”. Bordeaux, France; 2008. 

http://www.lbst.de/ressources/docs2008/DIME-Conference_H2 

AutomotiveFuel_LBST_11SEP2008_V4.pdf 

[74] Heywood J.B., Internal combustion engine fundamentals. McGraw-Hill; 1988. 

[75] Akansu S.O., Dulger Z., Kahraman N., Veziroglu T.N., Internal combustion engines 

fueled by natural gas–hydrogen mixtures. International Journal of Hydrogen Energy 

2004;29:1527–9. 

[76] Zheng J., Hu E., Huang Z., Ning D., Wang J., Combustion and emission characteristics 

of a spray guided direct-injection spark-ignition engine fueled with natural gas-

hydrogen blends, Int J Hydrogen Energy 2011;36: 11155-63. 

[77] Mohammed S.E.L., Baharom M.B., Aziz A.R.A., Analysis of engine characteristics and 

emissions fueled by in-situ mixing of small amount of hydrogen in CNG, Int J 

Hydrogen Energy 2011;36: 4029–37. 

[78] Ma F., Wang M., Jiang L., Deng J., Chen R., et al., Performance and emission 

characteristics of a turbocharged spark-ignition hydrogen-enriched compressed natural 

gas engine under wide open throttle operating conditions, Int J Hydrogen Energy 

2010;35: 12502-509. 

[79] Gao Z., Wu X., Gao H., Liu B., Wang J., et al., Investigation on characteristics of 

ionization current in a spark-ignition engine fueled with natural gas-hydrogen blends 

with BSS de-noising method, Int J Hydrogen Energy 2010;35: 12918-29. 

[80] Ma F., Naeve N., Wang M., Jiang L., Chen R., Zhao S., Hydrogen-enriched compressed 

natural gas as a fuel for engines,http://cdn.intechopen.com/pdfs/11490/InTech-

Hydrogen_enriched_compressed_natural_gas_as_a_fuel_for_engines.pdf 


