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Mixture percentage limits 
 
Basic properties of the hydrogen-air mixture 
 
Internal combustion engines, in particular  with controlled ignition, fuelled or enhanced by 
hydrogen, have the capacity (widely confirmed in the available literature) 
 to burn more cleanly  and to work with greater efficiency, when compared with the same engines 
running on traditional fuels like petrol, methane, lpg. 
These advantages are due to the unique combustion properties of hydrogen which allow an ultra-
lean combustion with  a drastically reduced emission  of Nox and an increase of energy conversion 
of the engine, especially at low loads. 
 
At the same time the very combustion properties impose special technical challenges at high loads 
due to a greater propensity for pre-ignition of the air-hydrogen mixture. 
 
 
The most interesting properties of hydrogen are listed in the following table: 
 

 
 
 
 
 
The table shows the same properties for petrol and compressed natural gas (CNG) 
 
For a direct comparison, it is convenient to discuss the properties of these fuels taking as reference  
an engine with managed ignition with port fuel injection (PFI) 
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Pre-ignition and detonation 
 
From the following figure it is clear that the self-ignition energy for hydrogen is very low, at least 
by one order of magnitude (in spite of the higher self-ignition temperature): 
 

 
 
 
 
The low ignition energy of H2 would imply a predisposition towards undesired phenomena  
of pre-ignition. 
Conversely, the higher self-ignition temperature implies that the detonation (intended as ignition of 
‘end-gas’, not yet reached by the front of the flame) is less likely to take place. 
In fact, the Research Octane Number (RON) of Hydrogen is a RON>120, while for petrol 
RON=91-99 while for methane RON=120. 
 
NB.:  o/ =1/l, where o/=equivalence ratio, l=index of air excess (lambda) 
 
The low activation energy of Hydrogen in stoichiometric conditions (f=1) means that at high load it 
may be difficult to operate the engine  near f=1 without the appearance of pre-ignition phenomena. 
 
Flammability 
 
The flammability interval for Hydrogen is 0.1 <o/ <7.1 (As shown in the first table), while for CNG 
it is 0.4<o/<1.6 and for petrol it is 0.7<o/<4. 
 
In terms of air excess, these can be read as: 
 
H2 :    0.14 <l< 10 
 
CNG:  0.62<l<2.5 
 
Petrol:   0.25<l<1.43 
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On the basis of these figures, it is evident that hydrogen favours a stable engine operation with a 
high degree of dilution, which allows a high engine control capability with regard to both reduction 
of emission  and fuel rationing. 
 
We must point out that the dilution can be obtained either by an excess of air  (lean operation) or by 
the recycling of combustion gases. The difference between the two options consists mainly in that 
the latter allows a stoichiometric regime for the engine with obvious advantages for the application 
of exhaust gas post-treatment technologies via trivalent catalysts for the abatement of NOx. 
 
Velocity of propagation of the flame and combustion adiabatic temperature 
 
The following figure shows the laminar velocity for air-hydrogen combustion as compared with a 
petrol-air mixture, at different equivalence ratios. 
There is a noticeable increase when using hydrogen. 
A greater propagation velocity of the laminar flame implies a greater turbulent combustion speed 
(which in fact takes place in the  engines) 
 

 
 
 
 
The following figure shows the adiabatic combustion temperature characteristic of the hydrogen-air 
mixture. 
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These two properties lead to important results and consequently influence: 
 
NOx emission 
 
Output power 
 
Engine efficiency of energetic conversion 
 
 
Nitrogen Oxides  (NOx) 
By running the engine in ultra-lean regime  (o/<0.5 or l>2), which is equivalent to very low 
combustion temperatures, we have the possibility of considerably reducing the formation of NOx. 
 
Developed power 
Apart from abatement methods, there is generally a compromise between the power obtainable from 
the engine (which tends to decrease as the mixture gets leaner) and the reduction of NOx (that 
become lower as the mixture gets leaner). 
Moreover, the maximum power obtainable from an engine running on hydrogen is affected by 
problems of volumetric efficiency of the engine itself, because the very low density of the fuel 
(especially in engines with indirect injection) takes  away volume useful for the combustion air and 
consequently it reduces the maximum power available in an engine of  given cc. 
 
On the other hand, while an engine running on hydrogen suffers a reduction of power under 
maximum load, with partial or very low loads it is possible to operate the engine with a very open 
or even completely open butterfly valve, with direct advantages on consumption because of the 
smaller losses due to the pumping of fresh mixture. 
 
 
Thermodynamic yield ( Efficiency of energetic conversion) 
 
The high RON and the high flammability in ultra-lean conditions allow a higher thermodynamic 
yield in a hydrogen fuelled engine when compared with engines running on conventional fuels. 
 
In the following figure are highlighted results obtainable by hydrogen fuelling, rather than petrol, 
also exploiting the fact that the high H2 RON allows a considerable increase of the compression 
ratio when all other factors are the same. 
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With regard to the the curves related to H2, it stands out  that the conversion yields are clearly 
superior, but the maximum allowable load decreases (i.e. 0.6-0.7 of the maximum load achievable 
with petrol) 
 
All previous aspects have been extracted from scientific literature, in particular from the following 
references: 
 
1. C.M. White, R.R. Steeper, A.E. Lutz, “The hydrogen-fueled internal combustion engine: a technical review”, 
International Journal of Hydrogen Energy 31 (2006) 1292 – 1305 
2. J. A. Goldwitz, J. B. Heywood, “Combustion Optimization in a Hydrogen-Enhanced Lean-Burn SI Engine”, SAE 
Technical Paper 2005-01-0251, Detroit, SAE World Congress 2005. 
3. J.M. Gomes Antunes, R. Mikalsen, A.P. Roskilly, “An experimental study of a direct injection compression 
ignition hydrogen engine”, International Journal of Hydrogen Energy 34 (2009) 6516 – 6522. 
4. Cheolwoong Park, Changgi Kim, Young Choi, Sangyeon Won, Yasuo Moriyoshi, “The influences of hydrogen on 
the performance and emission characteristics of a heavy duty natural gas engine” International Journal of 
Hydrogen Energy 36 (2011) 3739-3745. 
 
Test on an Iveco 2800cc engine 
 
The engine used in this series of tests is a 4-cylinder in-line, 2800cc, with controlled ignition, four 
phases, supplied with methane gas, manufactured by IVECO, model 8148 MPI, which is used on 
the vehicle Daily CNG. 
The table below summarises the principal characteristics of this engine: 
 
Bore  (mm) 94.4 
Stroke (mm) 100 
Compression Ratio 12.2:1 
Engine size (cc) 2800 
Fulling Air, aspired 
Fueling : Indirect, multi-point, Sequential, phased 
Torque max (Nm @ rpm) 220 @ 2200 
Power max (kW @ rpm) 78 @ 3800 
 
The whole series of experiments , with the cooperation of the University of Perugia, Industrial 
Engineering Dept., and Egenera srl, took place in the Laboratory “Engine test Room” 
 of the Dept of Industrial Engineering. 
 
The engine was connected to a Borghi & Saveri FE 260 dynamometric brake and the exhaust gases 
were extracted via dedicated forced extraction devices. 
The room offers a cooling system for the engine fluid and a ventilation system for the local air. 
The installation scheme for the engine on the bench and relevant instrumentation is shown in the 
following figure: 
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In particular, we point out the following installations: 
 

- 100% Methane bottles, external to the test room 
- 35% H2 – 65% CH4 bottles , external to the test room 
- Fuel supply line, composed, for each fuel, by: 

Pressure reducer operating between 220bar and 30 bar 
 Coriolis effect mass flow detector Siemens MASS2100 
 Pressure reducer with 7bar outlet (Tartarini) 

- Weber Marelli  WM-IAW0003 electro-injectors 
- Engine management unit (ECU)  from EFI technology  
- Linear lambda probe Bosch LSU 4.2 on each exhaust duct 
- Linear lambda probe Bosch LSU 4.2 on a common conduit 

downstream of the exhaust junction 
- Position sensor on shaft (pick-up on phonic wheel) 
- Phase sensor (for distribution) 
- Position sensor for butterfly valve 
- Sensor for fuel pressure, upstream and downstream of the final Tartarini 

reducer 
- Temperature sensor for engine water and oil 
- Marelli ignition system 
- Spark plugs, Champion RC7 YCC, thermal grade Bosch 5, spark gap 0.8mm 
- Exhaust gas temperature probes on each branch exiting from the cylinders 
- Inlet air temperature probes, upstream and downstream of the butterfly valve 
- Manifold air pressure probe 
- Local pressure, temperature and humidity 
- Exhaust gases analyser Fisher-Rosemount  NGA 2000 (low CO, high CO, CO2, 

O2, NO, NOx, HC) 
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Engine test bench 
 

 
 
 
Emissions analysers and fuel consumption 
 
 
 Test Methodology 
 
The engine has been tested in a partial working mode at 2,000 rpm and 4.5 bar average effective 
pressure (corresponding to around 100Nm of generated torque and 21KW of generated power) 
The point of work is placed at about half maximum load and medium-low rotation regime with 
respect to the maximum power regime, as it is highlighted by  the red dot in the figure below. The 
choice of this working point has resulted from the fact that this is a most frequently used region 
during  road use. 
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After an appropriate warm-up period, , the engine’s cooling water  has been kept at around 85 
degrees C +- 2 degrees  throughout the test. 
 
The tested fuels were of two types: 
 

- Pure methane  (CH4 100%) 
- Hydrogen-methane mixture, with H2  at 35% v/v (corresponding to 6.3% mass) 

 
The mixture ratio has been varied from lambda=1 (stoichiometric conditions) up to the maximum 
value the engine could sustain according to the fuel used, in particular lambda = 1,25 for pure 
methane and lambda = 1.7 for hydromethane H2 35%. 
Engine control  has been entrusted to the closed loop applied by the ECU, based on the 
measurements from the lambda probe placed on the exhaust conduit, downstream of the 4 in 1 
junction. 
At every point, by making the mixture leaner obviously the load tends to decrease, however the 
tests have been done bringing the torque back to the desired value of 100Nm, operating 
appropriately on the butterfly valve (progressively opening it as leaning progresses) 
 
At every point we also measured, or evaluated, consumption, yield, emissions and the stability of 
the combustion and the working of the engine. 
Yield is expressed as the ratio between power generated and power at the engine’s inlet, where the 
latter is: 
For methane we assumed a PCI of 50,000 KJ/Kg 
For hydromethane  H2 35% a PCI of 54,414 KJ/Kg (determined by a weighted average of the pure 
fuels, with a PCI for H2 of 120,000 KJ/Kg). 
 


