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Experimental study on performance and emission characteristics of lean burn SI engine 

fuelled with hydrogen methane blends 

 
An experimental study on the performance and exhaust emissions of a spark ignition engine fueled with 

methane(CH4)-hydrogen (H2) blends was carried out at a constant speed of 1500 rpm and fixed excess air ratio 

(λ) of 1.5. The tests were carried out for pure methane and 2 blends (93% (by vol) CH4 + 7% (by vol) of H2, 77% 

(by vol) CH4 + 23% (by vol) of H2) at part load conditions in a naturally aspirated, three cylinder engine with a 

compression ratio of 9.3:1. The effects of hydrogen addition was studied at various spark timing and it is 

observed that the Maximum Brake Torque timing (MBT) retarded with increase in concentration of hydrogen. 

The coefficient of variation in indicated mean effective pressure (COVimep) decreases in blends, indicating stable 

combustion with hydrogen enrichment. A decrease in burn duration is observed and the crank angle at which 

peak pressure occurred, is tending towards top dead center (TDC) with increase in concentration of hydrogen 

due to higher laminar flame speed of the mixture enriched with hydrogen. In case of blends, specific emissions of 

carbon monoxide (CO) and unburned hydrocarbons (HC) decreases. However, there is considerable increase in 

specific emissions of oxides of nitrogen (NOx). 
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Badania silnika spalinowego ZI zasilanego nadstechiometryczną  

mieszanką metanu z wodorem 
 

Przeprowadzono badania eksperymentalne energetycznych parametrów pracy silnika spalinowego ZI oraz 

jego oddziaływania na środowisko naturalne podczas zasilania mieszaniną metanu z wodorem. Analizowano 

pracę silnika podczas spalania mieszanki ubogiej (= 1,5) przy stałej prędkości obrotowej wynoszącej 1500 

obr/min. Badania wykonano dla zasilania czystym metanem oraz dwiema mieszankami o różnym udziale 

objętościowym wodoru tj. 7% H2, 93% CH4 oraz  23% H2, 77% CH4. Badano wpływ kąta wyprzedzenia zapłonu 

na przebieg procesu spalania. Zaobserwowano, że optymalna wartość kąta wyprzedzenia zapłonu zmniejsza się 

dla wyższej zawartości wodoru w mieszance palnej. Ponadto wskaźnik sygnalizujący poziom niepowtarzalności 

pracy indykowanej w kolejnych cyklach roboczych osiąga niższe wartości dla mieszanek wzbogaconych 

wodorem, co oznacza stabilniejszy przebieg procesu spalania. Spalanie mieszanek metanu z wodorem prowadzi 

do nieznacznego ograniczenia emisji CO oraz HC, natomiast wielkość emisji NOx rośnie za sprawą wyższej 

temperatury spalania dla mieszanki CH4 , H2. 

Słowa kluczowe: Silnik spalinowy ZI, wodór, sprawność indykowana, wskaźniki emisji, 

 

1. Introduction 

Fossil fuel reserves are being exhausted at a 

startling rate and also, air quality is becoming a 

growing concern. Due to the versatility of internal 

combustion engines, they will continue to dominate 

the energy sector for a decade or two. Lack of 

efficient alternatives motivates the search for 

environment friendly and energy efficient 

alternative fuels that can supplant gasoline in spark 

ignition (SI) engines.  

Natural gas (NG) is one of the fuels that have 

the potential to replace gasoline. Using NG in a 

lean burn mode increases thermal efficiency.  

However, there are also several difficulties 

associated with lean burn operation including 

slower flame propagation speed, increased cycle-

by-cycle variations and undermined combustion 

completeness  at higher excess air ratios [1]. This 

effect is more pronounced in lean burn NG engines 

due to slower laminar flame speed and higher 

ignition energy [2]. These effects lead to increase in 

emissions of HC and CO at higher excess air ratios.  

An effective way to overcome this drawback is to 

add fuels with higher laminar speed and low 

ignition energy like hydrogen (H2) with NG [3]. 

Previous studies by Collier et al. on untreated 

exhaust emissions of a hydrogen-enriched 

compressed natural gas (HCNG) engine showed 

that oxides of nitrogen (NOx) emission for a given 

equivalence ratio increase while decrease total HC 

emissions. The authors also found that with the 

increase in hydrogen concentration in the mixture, 

the lean limit of combustion is significantly 

extended [4]. Similar results were obtained by 

Kahraman et al. in a lean burn natural gas engine 

with hydrogen enrichment. The authors also 

observed that the cylinder peak pressure decreases 
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with increase in excess air ratio [5]. Wang et al. 

investigated the combustion behaviors of a direct-

injection engine fuelled with various fractions of 

NG–hydrogen blends. The results showed that the 

brake effective thermal efficiency increased with 

the increase of hydrogen fraction at low and 

medium load [6]. Raman et al. conducted tests on a 

hydrogen enriched lean burn NG engine. It was 

again shown that hydrogen extends the lean limit of 

natural gas, thereby enabling lower NOx emissions 

without excessive HC. When the BMEP advantage 

of hythane (mixture of hydrogen and methane) is 

sacrificed by retarding the spark advance until 

methane and hythane produce equal BMEP the NOx 

concentrations were observed to drop significantly. 

[7]. From previous studies, it can be noted that NG 

engines benefit from hydrogen addition because of 

extension of lean operation limit (LOL) which 

implies other advantages. 

In the present study, performance and exhaust 

emissions of a spark ignition engine fuelled with 

methane (CH4)-hydrogen (H2) blends was observed 

at a constant speed of 1500 rpm and fixed excess air 

ratio (λ) of 1.5. The tests were carried out for pure 

methane (CH4) and 2 blends (93% (by vol) CH4 + 

7% (by vol) of H2 (CH4_7H2), 77% (by vol) CH4 + 

23% (by vol) of H2 (CH4_23H2)) at part load 

conditions in a naturally aspirated, three cylinder 

engine with a compression ratio of 9.3:1. During 

experiments, the intake pressure was kept on the 

same level (60 kPa) for all tests. The effects of 

hydrogen addition were studied at various spark 

timing and the results were obtained. 

 

2. Experimental Setup 

An overview of the engine test bench and 

measuring equipment is presented in Figure 1. The 

experiment was performed in a three cylinder 

naturally aspirated SI engine with compression ratio 

of 9.3 and stroke volume of 796 cc. The loading 

was carried out using electric motor with the power 

take-off system, capable of operating in two modes, 

the motor and generator. This dynamometer has 

multiple capabilities. It can not only absorb the 

power of the engine, but can also drive the engine 

for measuring friction, pumping losses, and other 

factors. The setup also includes measuring devices 

like rotameters, manometers and thermocouples for 

flow rate, pressure and temperature evaluation 

respectively. The gases were stored in high-

pressure cylinders with dual stage gas regulators 

and were supplied to the engine through the gas 

mixer. 

During the experiment, the operation of the 

engine was controlled using Electronic Control Unit 

(ECU). The composition of the mixture was 

controlled using the signal from exhaust wideband 

lambda sensor, which can operate in a closed loop 

mode with the controller. The controller also has 

adjustable spark plug discharge energy which is 

controlled by changing the loading time of high 

voltage coils.  

 

 
where: Tg – gas temperature, Tm – air-gas mixture 

temperature, Tcl – engine coolant input temperature, 

Tht – engine coolant output temperature, Texh – 

exhaust temperature, Pg – H2 and CH4 pressure, Pcyl 

– in cylinder pressure, Nel – electric power, exh – 

probe of exhaust gas composition to analyser, 

α1024ppr – encoder resolution, αIGN – ignition 

advance angle control system. 

 

The pressure measurements in the first cylinder 

were performed using piezoelectric pressure 

transducer. This type of transducer through so 

called charge amplifier generates an analogue 

(voltage) pressure signal which is then sampled at a 

sufficient frequency by the data acquisition system. 

In addition, the absolute pressure within the intake 

manifold was recorded with piezo-resistive absolute 

pressure transducer. At both measurement ducts the 

pressure signal was sampled at predefined crank 

angle using encoder. Measurements were carried 

out with a resolution of 1024 measurement points 

per revolution of the crankshaft. The encoder was 

also equipped with a position marker device for 

indicating the position of a piston in a cylinder. 

Each sets of measurement consisted of 100 

consecutive engine cycles. 

3. Results and discussion 

3.1.  Cylinder pressure 

The variation of maximum cylinder pressure (Pmax) 

with ignition timing for pure methane and 2 blends 

is shown in Figure 2. 
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Fig. 2. Variation of maximum cylinder pressure with 

ignition timing 

 

 

Fig. 3. Variation of Coefficient of Variation in Peak 

Pressure (COVpmax) with ignition timing 

Figure 3 shows behaviour of Coefficient of 

Variation in Peak Pressure (COVpmax) with ignition 

timing for pure methane and 2 blends. 

From both the above graphs, it is clear that with 

increase in concentration of hydrogen, peak 

pressure increases and cyclic variation decreases. 

This can be attributed to lower ignition energy and 

faster burn duration of hydrogen.  It should also be 

noted that COVpmax decreases for any fuel with 

increase in ignition advance due to the fact that 

peak pressure increases with ignition advance [8].  

Coefficient of variation in indicated mean 

effective pressure (COVimep) is generally considered 

as a better measure to understand combustion 

stability [9]. Variation of COVimep with ignition 

timing is shown in Figure 4. 

 

 
Fig. 4 Variation of COVimep with ignition timing 

From the figure, it is evident that with 

increasing in hydrogen concentration, COVimep 

decreases. This indicates that hydrogen addition is 

an effective measure in lean burn engines. It can be 

recognized that hydrogen addition helps in attaining 

wider flammability limits. Noting the sensitivity of 

COVimep to ignition timing, it can be observed that 

combustion stability is affected by late burn to a 

greater extent. 

Figure 5 shows the crank angle at which peak 

pressure occurs (CApmax) for different ignition 

timing. It is observed that CApmax tends to move 

towards TDC with increase in hydrogen 

concentration. The effect becomes more 

pronounced at advanced ignition timings. This can 

be attributed to initial flame development which is 

discussed in succeeding subsection.  

  

Fig. 5 CApmax versus ignition timing 

 

3.2. In-cylinder temperature 

Figure 6 shows the In-cylinder temperature 

versus ignition timing. In-cylinder temperature 

plays an important role in emission of thermal NOx. 

It is clearly seen that the temperature is lower at 

retarded ignition timing. In lean burn mixtures, 

reduction of NOx using three way catalyst is 

difficult. Hence, an alternative would be to retard 

the ignition timing. This decreases thermal 

efficiency and increases HC and CO emissions. 

However, HC and CO emissions can be decreased 

using catalytic oxidation. 

 

 

Fig. 6. In-cylinder temperature versus ignition timing 
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3.3. Combustion duration 

Combustion duration plays an important role in 

deciding the stability of combustion. Several 

studies show that with well enhanced initial flame 

development, cycle to cycle variation decreases, 

leading to smoother and stable operation of engine 

[10]. Figure 7 show the mass fraction of fuel burned 

(MFB) with relative combustion duration at 

Maximum Brake Torque (MBT) spark timing. 

 

 

Fig. 7. MFB versus Relative combustion duration at MBT 

spark timing 

 

It is clearly seen from the figure that, 0-10% 

burn duration show a significant decrease in time 

with increase in concentration of hydrogen, 

denoting that early flame development is faster in 

case of blends. Hence, the combustion stability 

increases with increase in concentration of 

hydrogen in lean burn zone. 

The total duration of combustion is presented on 

Figure 8. With the increase in hydrogen 

concentration in the mixture, combustion period 

decreases for a specific value of ignition timing. 

Combustion duration for the fuels used in the study 

at MBT spark timing is provided in Table 1. 

 

Table 1. Combustion duration for the fuels used in the 

study at MBT spark timing 

H2 % (by vol.) in the 

blend 
Combustion 

Duration (deg CA) 

0 82 

7 77 

23 76 

 

 

Fig. 8. Total combustion period versus crank angle 

 

Figure 9 shows the net heat release rate with 

respect to crank angle (shapes were obtained for 

MBT of each blend).  

 

 

Fig. 9. Net heat release rate versus crank angle at MBT 

spark timing 

It is observed from the figure above, that heat is 

released faster for 7% H2 blend. However, the 

expectation was 23% H2 blend would have faster 

heat release rate. This anomaly occurs as the value 

of MBT spark timing is different for these two 

blends. The combustion starts earlier in case of 7% 

H2 blend due to higher advancement of spark 

timing. To better understand the HRR shape for all 

investigated blends, data obtained for the same 

value of ignition advance of 35 deg BTDC is shown 

in Figure 10. It is observed from the figure that 

more heat is released with increase in concentration 

of hydrogen and also, the peak shifts towards left 

indicating faster flame development and 

propagation. 
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Fig. 10. Net heat release rate versus crank angle at 35 deg 

spark timing 

 

3.4. Indicated Mean Effective Pressure and 

Thermal Efficiency  

Indicated mean effective pressure (IMEP) and 

thermal efficiency was calculated at MBT spark 

timing and is shown in Figure 11 and Figure 12 

respectively. IMEP remained almost constant for 

pure methane and two blends. Small variations 

observed are due to different energy content in the 

fuels. Thermal efficiency increases with increase in 

hydrogen concentration which was also observed 

by previous researchers [11].   

 

 

Fig. 11. IMEP versus hydrogen concentration at MBT 

spark timing 

 

 

Fig. 12. Indicated thermal efficiency versus hydrogen 

concentration at MBT spark timing 

3.5. Specific emissions 

Specific emissions for pure methane and two 

blends are shown in Figure 13 to Figure 16. 

 

 

Fig. 13. Specific unburned hydrocarbon (HC) emissions 

versus hydrogen concentration at MBT spark timing 

 

 

 

Fig. 14. Specific carbon monoxide (CO) emissions versus 

hydrogen concentration at MBT spark timing 

 

 

Fig. 15. Specific oxides of nitrogen (NOx) emissions 

versus hydrogen concentration at MBT spark timing 
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Fig. 16. Specific carbon dioxide (CO2) emissions versus 

hydrogen concentration at MBT spark timing 

 

HC emissions slightly decrease with increase in 

hydrogen concentration which can be explained by 

the fact that hydrogen has higher laminar flame 

speed which enhances the flame propagation and 

also, reduce the quenching distance. This reduces 

the possibility of incomplete combustion, 

decreasing HC emissions.  

CO emissions also slightly decrease with 

increase in hydrogen concentration. However, the 

effect of hydrogen additions becomes more 

significant when the excess air ratio exceeds the 

flammability limit of methane which has been 

clearly illustrated by Ma et al [12] 

Specific NOx emissions increase with increase 

in concentration of hydrogen. This can be attributed 

to increase in peak temperatures due to addition of 

hydrogen. Specific CO2 emissions decrease with 

increase in hydrogen concentration. This would be 

an obvious fact due to increase in thermal 

efficiency with hydrogen addition.  

 

4. Conclusions 

Realised research indicates that the hydrogen 

addition to the methane is an effective way to 

improve engine performance operated under lean 

air-fuel mixture. The effect of hydrogen addition 

was studied using SI engine operated under partial 

load. During the tests, engine speed was fixed on 

1500 rpm. Most power generation units in Europe 

operate at this speed. The stationary engines for 

electric power generation are usually fuelled with a 

natural gas (NG). The natural gas from pipeline 

includes usually more than 95% of methane. Hence, 

it can be concluded that addition of H2  to the NG 

should bring similar effect. 

It has been demonstrated that pure methane and 

blend with 7% of H2 take longer to burn when 

compared to the blend with 23% of H2. 

Furthermore, the combustion of blend with highest 

concentration of H2 requires the use of decreased 

value of the ignition advance angle by about 5 deg 

in comparison to methane. 

The engine indicated efficiency increases with 

increase in hydrogen concentration. Using, the 

richest in H2 blend increased efficiency by one 

percentage point compared to pure methane 

combustion. One of the reasons for increased 

thermal efficiency in blends is that the combustion 

in these cases is closer to constant volume 

combustion compared to pure methane combustion 

process. 

The level of emissions from the engine is 

sensitive to the engine control parameters and 

operating conditions. Higher values of the ignition 

advance angle and H2 concentration in blends lead 

to an increase in NOx emissions. This is mainly due 

to higher average temperatures in the engine 

cylinder. 

The emissions of CO and HC slightly decrease 

with increase in hydrogen concentration. 

A clear impact of the ignition timing and H2 

content in the blend on the cycle-to-cycle variations 

(CCV) was observed. It was found that the value of 

COVpmax and COVimep decreases with increasing the 

ignition timing. The values of COVimep less than 4% 

were obtained for all blends burned at MBT spark 

timing. The maximum acceptable level of COVimep 

is 5% for the engines used with power generation 

sources. 

The SI engine power is typically regulated by 

throttling the inlet air flow and is quantitative.  

Using the fuel with a wide range of ignition limit 

mainly for lean mixtures allows eliminating throttle 

from the inlet. In this case, the qualitative 

governing of engine power can be used. This way 

of SI engine power control, could bring higher 

efficiency on wide range of engine loads for fixed 

engine speed. 

As a future work in this area it is planned to 

prepare experiment for a wider field of engine 

operation. Mainly for full open throttle and 

different natural gas and H2 blends with changed 

values of excess ratio to reach the ignition limits. 
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