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Abstract
Hydrogen presents a promising opportunity for the reduction of CO2 emissions in combustion processes. Due to its wide 
ignition limits, operation in lean mode is possible, which significantly reduces NOx emissions. However, this lean opera-
tion also leads to a reduction in the resulting torque. In contrast, stoichiometric operation increases maximum power out-
put but leads to increased NOx emissions. In particular, a cost-effective three-way catalyst can be used in stoichiometric 
operation, enabling effective emission control. This investigation proposes an innovative approach that involves lean-burn 
operation at part load conditions and switching to stoichiometric operation at full load. The transition between these two 
modes has a considerable impact on overall NOx emissions. To optimize this process, new functions were developed 
that implement countermeasures such as lambda control, ignition timing adjustment, catalyst purging, and shortening the 
switching range through the use of variable valve timing and variable turbine geometry. The results show that nitrogen 
oxide (NOx) emissions downstream of the three-way catalyst are kept below cNOx = 100 ppm in the lean operating range 
and below cNOx = 30 ppm in the stoichiometric operating range. By optimizing the transition between the two operating 
modes and using advanced emission control technologies, it is possible to reduce NOx emissions by 84% while maintain-
ing power efficiency under different load conditions. In addition, the almost torque-neutral switching between the two 
operational modes ensures that the vehicle’s drivability is not impaired. By incorporating additional dosing of a urea-water 
solution in an active SCR system, a significant improvment in NOx reduction is attained, achieving levels comparable to 
those of diesel internal combustion engines. This dual-mode operation strategy improves the feasibility of hydrogen as a 
viable fuel alternative in future energy systems.

Keywords  Hydrogen combustion engine · Lean operation · Stochiometric operation · Control functions · NOx 
emissions · Exhaust aftertreatment
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PMD	� Polarization mode dispersion
SCR	 �Selective catalytic reduction
SGB	� Synthetic gas test bench
TInlet	� Inlet catalyst temperature
TWC	 �Three-way catalyst
VTG	� Variable turbine geometry
VVT	� Variable valve time
WLTC	 �Worldwide harmonized light vehicles test 

cycle
ψH2O	� H2O emissions
ψNOx 	� NOx emissions
xNO2/NOx

	� NO2/NOx ratio

1  Introduction

Hydrogen combustion engines represent an innovative tech-
nology that enables the use of existing infrastructures and 
technologies of conventional internal combustion engines 
while leveraging the benefits of hydrogen as a clean fuel 
[14, 33]. These engines could not only contribute to green-
house gas emission reductions but also meet the growing 
demand for flexible and efficient propulsion systems in an 
evolving mobility landscape. Especially for applications 
that are difficult to electrify, such as commercial vehicles, 
agricultural machinery and existing fleets, the hydrogen 
combustion engine represents a promising technolgy.

Hydrogen as a fuel is characterized by a high flame speed 
and rapid heat diffusion, which leads to very fast combus-
tion [34]. Recent advancees in hydrogen combustion engine 
technology focus on improving efficiency [16, 22, 37], per-
formance [20], and emissions control [24, 36, 37]. Research-
ers and manufacturers are exploring innovative designs to 
improve the combustion process, for example, by optimiz-
ing fuel injection systems [9, 13] and using advanced igni-
tion techniques [26, 40]. Several automotive manufactures 
and suppliers are currently testing prototype vehicles and 
machines powered by hydrogen combustion engines, show-
ing promising results in terms of power output and driv-
ability [17, 28]. Furthermore, industry, stakeholders and 
research institutions aim to address the infrastructural chal-
lenges associated with hydrogen refueling stations, facilitat-
ing the broader adoption of this technology [7, 8, 10]. As 
these developments progress, hydrogen combustion engines 
will play a critical role in realizing sustainable transporta-
tion solutions.

Most hydrogen combustion engine designs exploit the 
favourable flammability limits of hydrogen to operate the 
engine in lean-burn mode. The lean-burn operation strat-
egy offers several advantages that affect both engine effi-
ciency and emissions [3, 22, 25, 29, 32, 37]. One of the 
main benefits of lean-burn operating is the reduction of 

combustion temperatures, as the excess air cools the com-
bustion temperature and inhibits NOx formation [1, 34]. 
The reduced combustion temperatures also help minimize 
the risk of knocking and pre-ignition, which can occur at 
higher temperatures (λ < 2) [18, 22]. Another advantage is 
improved energy efficiency [32]. Operating with a lean mix-
ture enables lower engine fuel consumption because more 
energy can be extracted from the available hydrogen [6, 
41]. However, implementing a lean-burn operation strategy 
presents challenges. Although the rapid release of combus-
tion energy and rapid combustion leads to the high effi-
ciency mentioned above, the lean-burn concept also leads to 
reduced power output, as Karim [15] shows.

Stoichiometric operation of hydrogen combustion 
engines enables maximum power output because more 
fuel can be burned per cycle compared to lean combus-
tion. Misul et al. [20] show higher BMEP during stochio-
metric operation compared to a lean-burn (λ = 2) operation. 
Operating the engine in stoichiometric mode results in high 
pressure and temperature gradients, which can increase the 
likelihood of pre-ignition and knocking. This is influenced 
by the combustion speed, which significantly affects the 
performance of a hydrogen engine [18]. The very high flame 
speed causes rapid combustion, resulting in high flame tem-
perature and short quenching distance [3]. Consequently, 
this raises the tendency for knocking, as well as material 
stress and noise emissions. Maintaining a stoichiometric 
operation also improves the performance of conventional 
exhaust after-treatment systems for emission reduction, 
such as three-way catalysts. This improves overall emission 
control by ensuring that any remaining pollutants are effec-
tively converted into less harmful compounds before being 
released into the atmosphere [39]. However, achieving and 
maintaining a stoichiometric mixture in hydrogen combus-
tion engines requires precise control of the fuel injection 
and air intake systems.

Another option is dual-mode operation, which achieves 
the benefits of lean operation at low- and part-load, while 
using a stochiometric air–fuel-ratio at high-load to combine 
all positive effects. Dual-mode strategies have been investi-
gated by BMW and Ferrari, again with a focus on high per-
formance and low emissions [5, 19, 27, 35]. Rottengruber et 
al. investigated a three-zone concept with lean operation at 
low load, in which the air/hydrogen mixture is generated by 
external mixture formation. At part load, the engine switches 
to external mixture formation with a stochiometric air–fuel-
ratio, and at high load, it switches to internal mixture forma-
tion, also with stochiometric air–fuel ratio. The strategy was 
tested on a single-cylinder research engine and showed that 
an even higher IMEP can be achieved than for comparable 
gasoline engines. The limit for NOx emissions was set at 2.2 
vol% [27]. Wallner et al. [35] also investigated a switching 

1 3

15  Page 2 of 13



Automotive and Engine Technology (2025) 10:15

strategy in a BMW Hydrogen 7 vehicle with lean opera-
tion at low load and stochiometric operation at high load. 
For stochiometric operation, they used a combination of a 
three-way catalyst and a NOx storage catalyst and achieved 
very low NOx emissions. Also Medda et al. [19] also report 
lean and stochiometric operation to combine the advantages 
of both strategies. In particular, the challenge of switching 
between the two operating modes is addressed in the pre-
sented project.

2  Leveraging engine hardware to enable 
advanced operating strategies

The engine described in this paper is a three-cylinder gaso-
line direct injection engine that has been modified for use 
with hydrogen, but not fully optimized. The engine features 
variable valve timing (VVT), variable turbine geometry 
(VTG), a three-way catalyst, and high-pressure exhaust gas 
recirculation (EGR) to adapt the operation strategy. The 
complete setup is described by Terhorst-Kluge et al. [31].

The synthetic gas test bench (SGB) enables the precise 
dosing of a wide range of gases to characterize catalyst 
samples under conditions that offer significantly higher 
reproducibility compared to engine test benches. Catalyst 
samples are drilled from the monolith and mounted in the 
test bench. By adjusting the volumetric flow rate and sample 
length, a wide range allows for the investigation of a broad 
range of gas hourly space velocities (GHSV) can be investi-
gated. Gas dosing is controlled via mass flow controllers and 
solenoid valves. Heaters ensure temperature control accord-
ing to predefined ramps. In addition, emission analysis is 
a central aspect of the test bench. Emissions are quantified 
both upstream and downstream of the catalyst sample using 
various techniques, including FTIR, FID, NDIR, PMD, and 
a hydrogen mass spectrometer (HSense). A detailed over-
view and description of the SGB setup can be found in pre-
viously published papers [23, 38].

The goal of the project is to achieve high-power output 
while simultaneously keeping the NOx emissions at a very 
low level. The projected engine map is therefore divided 
into three zones: A quality control zone for fuel-guided lean-
burn operation at low and part load, a quantity control zone 
for air-guided stoichiometric operation at high-load, and a 
transition zone for switching between lean and stoichiomet-
ric operation (Fig. 1).

Due to the lower temperatures during lean operation, the 
NOx emissions are very low [27]. However, closer to the 
stochiometric area, the emissions rise significantly (Fig. 1). 
To take advantage of the beneficial power yield of stochio-
metric operation at full load, countermeasures to reduce 
NOx emissions must be considered. Here, the three-way 

catalyst mentioned above shows effective NOx conversion 
down to single-digit ppm values.

Between the two low NOx emission ranges, there is a 
range (λ > 1 & λ < 2.4) where high emissions occur. To avoid 
NOx emission peaks during the transition, it is very impor-
tant to cross this area very fast. At the same time, the transi-
tion between the modes must be torque-neutral to avoid any 
impact on the drivability. To achieve this, the installed hard-
ware can be used. The VTG systems adjust the geometry 
of the turbocharger turbine blades to optimize airflow. VVT 
allows a faster actuation of the air path than the throttle flap. 
The technology enables the optimization of the timing of 
intake valve opening and closing to improve engine perfor-
mance. By simultaneously adjusting timing and valve lift, 
VVT helps adjust the air mass flowing into the cylinder. The 
desired opening and closing angle of intake valves is stored 
based on maps derived from measurements conducted on 
the test bench, thus enabling precise adjustments to different 
engine conditions.

The specific valve lift is directly derived from these tim-
ings and the engine speed (Fig. 2). The valve timing signifi-
cantly influences the filling process, as it affects calculations 
for residual gas and valve overlap. A different configuration 
can lead to distinct interactions between the intake and 
exhaust phases and influence the overall engine behavior. 
Therefore, incorporating these variations into the filling 
model was crucial for achieving precise control. Another 
critical aspect that needed attention was the choke effect. 
This phenomenon must be considered because it depends 
on several variables, including valve timing, valve lift and 
the operation mode of the engine. To estimate the air charge, 
the actual valve timing is used as feedback from the VVT 
system in a physical air charge model to ensure accurate 
modelling of the intake flow. At the same time, target valve 
timing from test bench measurements is used to determine 
the intake pressure using an inverted model of the air charge 
estimation. The resulting intake manifold pressure is con-
trolled by adjusting the intake throttle position using model-
based pre-control and a PI governor. The boost pressure is 
controlled by adjusting the VTG position using a real-time 
capable turbocharger model. As a result of these consider-
ations, we successfully integrated a map-based pre-control 
for the valve timing system, tailored to both operating 
modes. This approach enables enhanced adaptability lead-
ing to improved performance and reduced emissions.

Full valve lift is used primarily at maximum engine 
power to ensure full performance when needed. In the part 
load range, however, early closing of the intake valve is 
used. This adjusts the amount of air supplied to the cylinder 
according to the torque curve [11].
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Fig. 1  Engine maps for NOx emissions before and after catalyst, air–fuel ratio and exhaust temperature
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is limited to a minimum to prevent NOx emissions during 
stationary operation and to a maximum to prevent misfires. 
In lean operation, however, the desired lambda value is cal-
culated from a limited desired fuel mass. The boundary con-
ditions are a maximum air–fuel ratio to avoid misfires and a 
minimum air–fuel-ratio to avoid high NOx emissions during 
stationary operation. In the next step, the target air mass can 
be determined from the desired air–fuel ratio. Implemen-
tation of the procedure under realistic operating conditions 
results in high NOx emission peaks when switching from 
lean operation to stochiometric. Although the duration of 
this peak is very short, the cumulative emissions in a WLTC 
cycle are very high with 15.34 g per cycle, corresponding 
to EFNOx

= 660 mg/km (Fig.  4). To reduce the peaks, 
optimizations of the switching strategy are integrated into 
the software. First, the parameters of the lambda controller 
were adjusted to achieve a faster response and avoid areas 
where the three-way catalyst is not working efficiently. Sec-
ond, a wobble-function [2], familiar from modern gasoline 
engines, was integrated to improve catalyst efficiency in 
stoichiometric operation. Figure  5 shows a load step that 

3  Testing and validation of the dual-mode 
operation with switching between lean and 
stochiometric operation

Figure 3 shows a schematic of the operating mode change. 
Starting from lean-burn operation, an open loop lambda 
control is used because the lambda sensor is highly cross-
sensitive to residual hydrogen in the exhaust gas [30]. In 
stochiometric operation, a closed-loop lambda control is 
also possible. In the case of a negative load ramp, the change 
between operating modes can be achieved directly by adjust-
ing the fuel mass. With a positive load ramp, however, both 
the intake pressure and the air mass must be reduced. The 
target full mass is calculated in both operating modes. In sto-
chiometric operation, the target air–fuel-ratio is set to one, 
so the target air mass can be calculated directly from desired 
air–fuel-ratio and the desired fuel mass. Once the stationary 
air–fuel-ratio has been reached, the closed-loop controller 
can be activated. The air–fuel ration is adjusted using a cor-
rection factor of the fuel mass. The desired air–fuel-ratio 

Fig. 2  Working principle of the UniAir-System [11]
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EFNOx
= 102 mg/km (Fig.  7). Despite the significant 

reduction in NOx peaks during the transition from lean to 
stoichiometric operation, residual NOx peaks continue to 
occur at these switchover points. To further reduce these 
emissions, ongoing optimization efforts are focused on 
accelerating the switchover transitions.

Overall, the WLTC cycle test in Fig.  8 shows a NOx 
emission reduction of ∆NOx

= 84% compared to the 
original WLTP emissions in Fig. 5. The individual contri-
butions to this result are illustrated in Fig. 8. The resulting 
NOx emissions of EFNOx

= 102 mg/km are still above the 
legal limit, so further optimization should follow. On the 
one hand, there is the possibility to control the VVT system 
to accelerate the transition process. On the other hand, the 
high-pressure EGR integrated into the hardware can be used 
to enlarge the lean operation area. When switching from a 
lower air–fuel ratio to the stochiometric area, the transition 
area would be smaller, which also accelerates the transition 
and reduces the NOx emissions. However, the combustion 
engine hardware has not been fully optimized for hydrogen. 
Modifications to the combustion chamber and thus to the 
mixture formation would lead to further homogenization in 
a series engine. This should reduce the raw emissions and, 
accordingly, the tailpipe emissions.

includes such a wobble-function with a mean air-fuel-ratio 
of λ = 0.97. Furthermore, enriching the air–fuel mixture 
generally reduces the NOx emissions. The engine runs very 
stable and without knocking with a slightly rich mixture. 
However, this causes high ammonia emissions, which are 
caused by the three-way catalyst [4]. For this reason, the 
mean air-fuel-ratio of the wobble function has been raised 
to the usual value of λ =1. 

After switching from lean to rich, the oxygen storage 
capacity of the three-way catalyst is fully utilized, deacti-
vating it for NOx reduction. To optimize the efficiency of 
the catalyst under these dynamic conditions, a purge func-
tion is integrated. A brief enrichment of the mixture helps 
to remove oxygen from the catalyst, allowing for a faster, 
high-performance average oxygen storage loading and the 
desired catalyst efficiency.

As an additional measure, adjusting the ignition angle by 
lowering the temperature can contribute to reducing NOx 
emission [21]. Figure  6 illustrates the transition between 
lean and stoichiometric combustion modes during a load 
ramp; an adjustment of the ignition timing can be observed. 
The diagram illustrates the impact on NOx emissions. It also 
shows the low NH3 emissions achieved through optimized 
control of the air–fuel ratio.

The integration of all these developed functions 
into the software leads to a reduction of accumulated 
NOx emissions of 2.38  g per cycle, corresponding to 

Fig. 3  The dual-mode strategy [12]
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conversion efficiencies above ηNOx
≥ 99% are achieved in 

both cases.
The characterization of the SCR catalyst suggests sig-

nificant potential for additional NOx reduction when imple-
mented downstream of the TWC. However, the extent of 
NOx conversion is limited by the amount of NH3 produced 
by the TWC. The question remains: How much potential 
does a passive SCR really offer under the operating condi-
tions investigated during the WLTC? Predictive simulations 
show that the potential for NOx reduction with a down-
stream passive SCR with a volume of VSCR = 1 l operating 
under the shown strategy is less than 1% improvement over 
the cycle compared to TWC-only operation. This is due to 
the limited quantities of NH3 generated relative to the NOx 
concentration. Likewise, a tested engine operating strategy 
with increased NH3 formation led to higher NOx emis-
sions, which results in only a minor overall improvement 
in NOx reduction. Efficient NOx reduction with a passive 
SCR system would require an operation strategy that is fully 
optimized to produce the right amount of NH3 emissions. 
In contrast, when considering an active NH3-SCR system 
with demand-controlled dosing of urea-water solution, 
the measured tailpipe NOx emissions in the WLTC can be 

4  Aftertreatment

While the TWC enables high NOx conversion efficiency 
ηNOx  under stoichiometric engine operation, and engine 
calibration strategies can further reduce NOx raw emissions, 
there may be additional reduction potential during lean 
operation and the transition phases between stoichiomet-
ric and lean modes. This raises the question: Can an addi-
tional catalyst downstream of the TWC further reduce NOx 
tailpipe emissions without significantly increasing system 
cost and complexity? A passive selective catalytic reduction 
(SCR) catalyst could offer such potential by utilizing sec-
ondary emissions such as NH3, formed above the TWC. In 
this concept, the NH3 generated under rich conditions and 
during switchover phases can be stored on the SCR catalyst 
and subsequently used to reduce NOx during lean operation. 
Figure 9 illustrates the NOx conversion efficiency ηNOx  of 
a Cu-SSZ-13 catalyst as a function of catalyst inlet tem-
perature TInlet at two NO2/NOx ratios of xNO2/NOx

= 0 and 
0.5. The lower efficiency ηNOx  observed at xNO2/NOx

= 0 
compared to xNO2/NOx

= 0.5 underscores the strong 
temperature-dependent sensitivity to the NO2/NOx ratio. 
Nevertheless, at a temperature above TInlet > 230  °C, NOx 

Fig. 4  WLTC without strategy optimization
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5  Outlook and conclusion

In this study, a dual mode strategy was investigated to 
achieve high-power output while simultaneously limiting 
the NOx emissions. The presented engine is a three-cylin-
der gasoline-based engine with Variable Turbine Geom-
etry (VTG) and Variable Valve Timing (VVT). The engine 
operates in three distinct zones: part-load lean, high-load 
stoichiometric, and transient phases. In the part-load lean 
zone, a lean quality control strategy is implemented, while 
in the high-load stoichiometric zone, quantitative control is 
achieved through closed-loop lambda control.

The study highlights that:

further reduced by up to 90% compared to the TWC-only 
configuration.

In conclusion, utilizing the NH3 formed in the TWC in 
a passive SCR contributes to the reduction of NH3 tailpipe 
emissions. However, under the engine operating conditions 
investigated, the application of a passive SCR in addition to 
the TWC does not lead to the desired improvement. In con-
trast, in combination with the additional dosing of a urea–
water solution in an active NH3-SCR system, a substantial 
enhancement in NOx reduction is achieved, reaching values 
comparable to those of lean-burn H2 and diesel ICE.

Fig. 5  Load step with wobble function
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EFNOx
= 102 mg/km in the Worldwide Harmonized 

Light Vehicles Test Cycle (WLTC).
	● The potential for further emission reductions through 

additional exhaust aftertreatment strategies is also 
discussed.

	● Nitrogen oxide emissions remain below 
cNOx = 100 ppm in the lean operating range.

	● During stoichiometric operation, a three-way catalytic 
converter effectively reduces emissions.

	● Furthermore, software optimization has led 
to an impressive reduction of NOx emissions 
by ∆NOx

= 84%, achieving values as low as 

Fig. 6  Load ramp with ignition angle retardation
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technologies to further reduce emissions and improve the 
environmental performance of the powertrain. Therefore, 
the objective is to develop a highly innovative exhaust 
aftertreatment system and control concept that reduces 

These results demonstrate the effectiveness of the dual-
mode strategy in reducing NOx emissions while maintaining 
high power output. Future work should focus on integrat-
ing additional optimizations and exhaust aftertreatment 

Fig. 8  NOx emission reduction potential due to the calibration of existing functions and implementing of new functions

 

Fig. 7  WLTC with optimized strategy
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