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Abstract: For reasons of climate protection, all drive concepts for 
On-road vehicles and Non-Road Mobile Machinery must be 
sustainable in the future. This also applies to applications that 
cannot be electrified or realized with a fuel cell-drive and will 
therefore continue to rely on a combustion engine in the future. 
For these cases, the substitution of fossil fuels with regenerative 
fuels, so-called refuels is necessary. The use of green hydrogen as 
fuel is a particularly attractive option here, as it produces the 
lowest energy conversion losses of all synthetic fuels being 
produced based on green electricity. 



For cost and time reasons, the development of a hydrogen engine 
is usually based on an existing diesel or gasoline engine. The 
relevant characteristics of hydrogen, some of which differ greatly 
from liquid fuels, cause several challenges for the components, 
mixture formation and combustion process of the modified engine. 
Some of the main development tasks of a PFI hydrogen engine are 
a high power density despite a low mixture heating value, the 
avoidance of combustion anomalies like backfiring, pre-ignition 
and knocking and compliance with the applicable exhaust gas 
limits. 

After a fundamental consideration of the combustion-relevant 
characteristics of hydrogen in comparison to gaseous and liquid 
fossil fuels, the experimental investigation of the DEUTZ TCG 7.8 H2 
engine will be used to reveal possible approaches to achieve the 
demanding development goals. The choice of mixture formation is 
one of the first basic decisions when converting a diesel engine into 
a hydrogen engine. Internal mixture formation (DI process) is 
advantageous for combustion stability and power density, but it 
places high demands on the injection system. For this reason, the 
TCG 7.8 H2 engine is equipped with an external mixture formation 
(PFI process), which makes correspondingly lower demands on the 
injection system, but is particularly challenging for turbocharging 
and the implementation of a stable combustion process. 
Furthermore, the interaction between turbocharging, air-fuel ratio 
and exhaust gas recirculation regarding power density, engine-out 
emissions and robust combustion process is discussed. 



1 Properties of Hydrogen 

Although the mixture formation and combustion process of a hydrogen engine is not 
fundamentally different from engines with other fuels, the partly very different 
properties of hydrogen require very specific adjustments to the engine hardware and 
software. Compared to other liquid and gaseous fuels, hydrogen has a very low 
ignition energy and at the same time a very wide ignition range in air (see Figure 1). 
These properties cause, that more intensively unintended self-ignition could occur 
in the intake port (PFI engines) and combustion chamber. Chapter 3 explains which 
design and application measures can be taken to effectively suppress the various 
combustion anomalies. 

 

Figure 1: Properties of hydrogen [01_EH] 

Looking at the properties relevant for hydrogen as a fuel, the very large difference 
between the gravimetric and volumetric net calorific value is striking. This is due to 
the very low density at standard conditions which also leads to a strong difference 
in the mixture heating value depending on the injection location. It is significantly 
higher with a stoichiometric mixture of hydrogen and air and internal mixture 
formation (direct injection) than with all other fuels and thus leads to a 
correspondingly higher engine output.  



The volumetric displacement effect associated with the low density of hydrogen, on 
the other hand, leads to the lowest mixture heating value with external mixture 
formation (PFI) compared with all other fuels. At the same time, this means that the 
engine delivers the lowest power at a stoichiometric air ratio. This disadvantage is 
reduced as the mixture becomes leaner, but for emission reasons the hydrogen 
engine must also be operated leaner at full load than engines running on other fuels. 

2 Hydrogen Combustion Process 

2.1 Injection and Ignition Concept 

The TCG 7.8 H2 engine under development at DEUTZ is based on the TCD 7.8 diesel 
engine. Despite demanding performance targets, the amount of modification to the 
existing engine was limited to a technically necessary level in order to keep 
development time and costs in reasonable range. For this reason, the TCG 7.8 H2 
was designed as a PFI engine. Figure 2 shows the engine assemblies that have been 
modified or added compared with the diesel version.  

 

Figure 2: Technical changes for the conversion of the Diesel engine to hydrogen 
[02_SM] 



2.2 Demands on Boosting Concept 

Figure 3 shows a comparison of engines with external (PFI) and internal (DI) mixture 
formation at air ratios (l) typical for the respective fuel. A stoichiometrically operated 
hydrogen engine has the same mixture heating value and thus the same power 
output at the same efficiency as a diesel engine operated at l = 1.2. While in the 
diesel engine the location of mixture formation in this theoretical consideration has 
no influence on the power output because the fuel is in liquid form, this increases by 
42% in the direct-injection hydrogen engine.  

For emission reasons it can be assumed, that a lean burn PFI hydrogen engine is 
operated with an air/fuel ratio of l = 2.2, In this case, the mixture heating value drops 
to almost half that of the diesel engine. To achieve the same performance as the 
diesel engine, this deficit must be compensated by a correspondingly powerful 
turbocharging system.  

 

 

Figure 3: Comparison of mixture heat value for selected fuels and lambda values 



In the case of the TCG7.8 H2, a turbocharger with variable turbine geometry (VTG) is 
used instead of a waste-gate charger. In addition, the engine has external exhaust 
gas recirculation, which allows the excess air to be lowered while maintaining 
engine-out NOx emissions. The advantages of the VTG charger lie in the achievable 
low-end torque and, in particular, in the transient behavior of the engine.  

Figure 4 shows the simulation of a load step at an engine speed of n = 2200 rpm for 
different engine configurations. The times required by the reference diesel engine 
TCD 7.8 and the TCG 7.8 H2 with waste gate and VTG charger to reach 90 % of their 
maximum torque are shown. It can clearly be seen that the time delay of the 
hydrogen engine with waste-gate turbocharger compared with the diesel engine can 
be reduced very significantly by using the VTG charger. 

 

Figure 4: Constant speed response test @ n = 2200 rpm [02_SM] 



2.3 Combustion Abnormalities 

As already mentioned in chapter 1, hydrogen has a greater tendency than other fuels 
to cause abnormal combustion, which in the worst case can lead to severe engine 
damage. As Figure 6 shows using the example of a measurement on a single-cylinder 
engine, early backfire in the intake port not only leads to combustion failure in the 
subsequent high-pressure cycle but also to knocking self-ignition in the subsequent 
power cycle, even though no ignition spark was triggered there. Such an event can 
only be prevented by skipping the injection, but this leads to two successive working 
cycles without high-pressure combustion.  

 

Figure 5: Backfire followed by self-ignition on a single cylinder engine 

On a multi-cylinder engine, backfiring on one cylinder affects the charge exchange 
and combustion of the other cylinders. This example illustrates how important it is 
to avoid backfiring by all available means. 

In the case of a hydrogen engine with external mixture formation, however, this 
results in a conflict with other development objectives that, in theory, place different 
demands on the injection system: 

 For efficient and low-emission combustion, it is desirable to generate a 
mixture that is as homogeneous as possible. This can be achieved by an early 
start of injection and a long injection duration and mixing distance upstream 
of the intake valves. 

 To keep the probability of backfiring during the intake process as low as 
possible, contact of ignitable mixture with hot residual gas and hot 
components in the combustion chamber must be avoided. To this end, it is 
helpful to inject the hydrogen shortly upstream the intake valves and to keep 
the injection duration as short as possible. 

Therefore, a compromise solution must be found based on the following guidelines: 



 Injection duration: as long as possible for good homogenization and as short 
as necessary to avoid backfiring.  

 Injection timing: as early as possible for good homogenization but not too 
early and not too late to be synchronized with the intake flow to avoid 
backfiring. 

 Injection location: as far away as possible for good homogenization and as 
close as necessary to avoid backfiring. 

The injection duration is determined by the static flow of the injector and the 
pressure in the fuel line (rail). The location of the injection nozzles is essentially 
determined by the design conditions of the engine. In the present case, two possible 
locations were assessed: an oblique lateral arrangement in the boost pressure pipe 
and a vertical arrangement close to the engine, which was preferred because of 
better shielding against heat radiation from the exhaust manifold.  

However, the location of the injection can still be individually adjusted by using a gas 
guiding pipe, which is attached to the tip of the injector. For this purpose, extensive 
CFD simulations were carried out to optimize the pipe geometry. The calculations 
were initially carried out with steady-state flow to keep the computing times within 
a manageable range. 

 

Figure 6: Mixture formation of different injection concepts 

In addition to mixture homogeneity in the cylinder as the main criterion, the 
turbulent kinetic energy, as well as the mass flow and pressure loss of air and 
hydrogen were evaluated. Several different pipe geometries were evaluated for 
both, the inclined arrangement of the injectors, and the vertical layout. 



Figure 6 shows an example of the concentration of hydrogen in the intake port and 
cylinder during the inflow process for three variants with inclined inflow that were 
investigated. It can be clearly seen that the variants with the gas guide tubes produce 
a much more inhomogeneous mixture in the cylinder than the variant without tubes 
shown on the left. On the other hand, this version has a substantial proportion of 
hydrogen in the intake port, which may not completely enter the cylinder even with 
suction-synchronous injection and thus cause backfiring. For this reason, further 
variants with different geometries were simulated. The following parameters were 
varied: 

• Inner pipe diameter 

• Dosing location 

• Discharge angle of pipe tip 

• Geometry of the pipe tip 

The aim of the investigations was to find the best possible compromise between 
mixture uniformity in the cylinder and a low quantity of hydrogen in the intake port. 

As mentioned above, mixture formation is not only influenced by the selection and 
design of the hardware components, but also mostly by the parameters of injection 
duration and injection timing. The influence of these parameters was systematically 
investigated together with an ignition angle variation on a single cylinder engine. The 
results shown below were determined at a partial load point at 1200 rpm and 12 bar 
IMEP at constant (lambda). 

Firstly, the influence of the injection pressure is shown with constant parameters for 
ignition and injection timing. In this paper, the given injection timing always refers 
to the end of injection (EoI), as the EoI is a crucial parameter for the occurrence of 
backfire. For constant injection quantities at higher injection pressures, the injection 
duration had to be shortened by adjusting the start of injection (SoI) to “late” to 
meet constant EoI.  

As can be seen in Figure 7, higher injection pressure leads to a shorter ignition de-
lay (ID) which indicates improved ignition conditions. Furthermore, a high injection 
pressure results in an advanced start and center of combustion (MFB10 & MFB50), 
while there is no impact on the end of combustion (MFB90). The duration of the first 
part of the combustion (MFB10-50) does not change significantly with varying injection 
pressure. The second part of the combustion (MFB50-90), and therefore also the 
whole duration of combustion (MFB10-90), increases with higher injection pressures. 



 

Figure 7: Impact of the injection pressure on the combustion process at constant 
ignition and injection timings at IMEP 12 bar at 1200 rpm [03_TG] 

These effects are deemed to be caused by a richer mixture around the spark plug 
and a leaner concentration in the rest of the cylinder volume. Overall, the discussed 
results indicate the assumption of the influence of the injection pressure on the 
homogenization. Further mixture simulations should be examined, for a more 
detailed analysis. 

The timing of the hydrogen injection (EoI) plays a significant role in the combustion 
concept being applied, typically taking place while the intake valves are open. In 
Figure 8 the impact of the EoI and ignition timing on different combustion 
parameters is shown. 



 

Figure 8: Impact of the injection (EoI) and ignition timing on the ignition delay 
(diagram a)), center of combustion (diagram b)), duration of combustion (diagram 

c)), indicated efficiency (diagram d)), NOx-emissions (diagram e)) and pumping 
losses (diagram f)) at a constant injection pressure and an IMEP of 12 bar at      

1200 rpm 

The operation limits for the ignition timing are dictated by the efficiency losses 
incurred with very late or early MFB50, resulting in efficiencies which are unsuitable 
for engine operation. At this medium load operation point (IMEP = 12 bar) with a 
constant lambda, neither knocking nor misfiring restricted the operating range 
significantly.  



The latest EoI was defined by the appearance of backfire events. During the 
investigation, the earliest EoI was shifted up to 300° crank angle before top dead 
center. Up to this value, no operating limit of the engine could be detected. An 
accumulation of hydrogen before the intake valve could therefore be avoided 
resulting in a minimization of the backfire tendency. 

From diagram a) of Figure 8, no significant impact of the ignition timing on the 
ignition delay could be observed for late injection timing. Regarding the center of 
combustion, the ignition timing has a significant influence, as is typical for a gasoline 
engine combustion processes (diagram b)). The duration of combustion, shown in 
diagram c), is also strongly dependent on the ignition timing with a late timing 
leading to a shortened combustion duration. The impact of the ignition timing on the 
indicated efficiency (ηi) is primarily connected to the MFB50 (diagram d)). 

A late injection timing apparently results in richer mixture at the spark plug leading 
to short ignition delays and earlier MFB50 timings. At the same time the leaner 
mixture in the rest of the combustion chamber leads to a longer combustion duration 
MFB10-90. Additionally, later injection timing leads to a broader range of high 
indicated efficiency. This is partly a result of the pumping losses, which are rising 
towards later injection timing (diagram f)). Thereby the positive impact of a faster 
combustion upon the indicated efficiency is reduced resulting in a relatively wide 
corridor of high efficiency over the entire injection timing range..  

As can be seen in diagram e), the NOx emissions follow more or less the course of 
the MFB50. The earlier the MFB50, the higher the NOx emissions rise. Therefore, a 
robust combustion process which utilizes a safety margin to the backfire limit can 
thus be implemented while maintaining high efficiency and relatively low NOx 
emissions can be implemented by calibrating the engine in the area of early injection 
and MFB50 close to optimum indicated efficiency. 

3 Summary, Outlook 

DEUTZ is taking the next steps in the series production of a hydrogen internal 
combustion engine. Based on a successfully completed pilot production for mobile 
power generation (H2-Genset), the TCG 7.8 H2 engine is being further industrialized 
for other applications. 

At DEUTZ, a simulation of the mixture formation in the intake manifold was carried 
out with the aim of injection dosing point optimization for the homogenization of 
the hydrogen-air mixture. 



During the engine tests, the influence of rail pressure and injection timing as well as 
the ignition timing on the combustion process was analyzed in particular. It could be 
proven that high indicated efficiencies and low NOx emissions can be achieved, and 
at the same time the occurrence of backfiring can be prevented when applying the 
parameters mentioned in an appropriate way. A robust combustion process 
especially for high transient application could be applied. As a result, a wide engine 
operating range with high efficiency and a rated power of 220 kW (at 2200 rpm) 
could be achieved. 

4 Abbreviations 

CO2  Carbon Dioxide 

DI  Direct Injection 

ECU  Engine Control Unit 

EGR  Exhaust Gas Recirculation 

EoI  End of Injection 

H2  Hydrogen 

HICE  Hydrogen Internal Combustion Engine 

HP-EGR High-Pressure Exhaust Gas Recirculation 

ID  Ignition Delay 

IMEP  Indicated Mean Effective Pressure 

IMEPL  Indicated Mean Effective Pressure of Gas Exchange 

l  lambda 

MFB10  Crank angle of 10% Mass Fraction Burned 

MFB10-50 Duration of combustion between 10% to 50% Mass Fraction Burned 

MFB10-90 Duration of combustion between 10% to 90% Mass Fraction Burned 

MFB50  Crank angle of 50% Mass Fraction Burned 

MFB50-90 Duration of combustion between 50% to 90% Mass Fraction Burned 

MFB90  Crank angle of 90% Mass Fraction Burned 

MN  Methane Number 

PFI  Port Fuel Injection 

RON  Research Octane Number 

SCE   Single-Cylinder-Engine 
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