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Abstract 

Hydrogen is on its way to become an important energy carrier of the future. It will con-
tribute to well-to-wheel and life cycle CO2 neutral on-road mobility solutions hence will 
become a backbone element to meet EU CO2 neutrality targets. Complementary to the 
already initiated electrification, H2 can be used as a sustainable fuel in fuel cell appli-
cations as well as for H2 engines. 

Within the joint project “H2 ICE Democar”, funded by the German Federal Ministry for 
Economic Affairs and Climate Action, a consortium of industry companies and scientific 
institutions determine key requirements for a H2 engine hybrid powertrain in a light 
commercial vehicle. Due to the carbon-free fuel, this innovative technology combines 
CO2-free operation, potential for zero-impact exhaust emissions with long driving 
range, fast refueling and high thermal H2 engine efficiency. 

This paper focuses on optimizing the operation strategy of the serial hybrid powertrain. 
As there is no mechanical connection between the H2 engine and the wheel, several 
degrees of freedom are addressed to provide the power, which is requested by the 
electrical traction and storage system. These considerations are based on the specifics 
of the utilized H2 engine. After numerous iterations on the engine hardware, which is 
derived from the gasoline engine originally to be found in this vehicle's powertrain [1], 
a representative mapping of the engine was recorded and serves as parameter space 
for the optimization of the strategy of operation. By applying different weightings be-
tween efficiency and engine-out emissions the engine behavior can be adopted to ex-
ternal conditions, e.g. of the exhaust gas treatment system. In summary, the presented 
results underline the potential of the selected powertrain architecture, where related 
degrees of freedom are used for optimal system behavior. 
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1 Introduction to the "H2 ICE Democar" project 

Within the joint project “H2 ICE Democar”, funded by the German Federal Ministry for 
Economic Affairs and Climate Action, Ford, Bosch, MAHLE, Umicore, Institute of Au-
tomotive Engineering (IFS, University of Stuttgart), Research Institute for Automotive 
Engineering and Powertrain Systems Stuttgart (FKFS), Chair of Thermodynam-
ics of Mobile Energy Conversion Systems (tme), DHL, PUREM by Eberspächer and 
Shell are identifying key requirements for a serial hybrid light commercial vehicle (LCV) 
powertrain with a lean burn H2 engine. Due to the carbon-free fuel, this innovative tech-
nology enables CO2-free operation, potential for zero-impact exhaust emissions with 
long driving range, fast refueling in combination with a high thermal efficiency H2 en-
gine. 

Fig. 1 outlines the project concept. The potential of the technical solution will be demon-
strated by two vehicle demonstrators for a logistics application (transporter) and pas-
senger transportation (people mover). Especially in the field of logistics applications, 
the chicken-and-egg problem "lack of H2 vehicles due to lack of H2 filling stations" and 
"lack of H2 filling stations due to lack of H2 vehicles" can be resolved by installing cen-
tralized filling stations at fleet operator hubs. Complementary to Fuel Cell Electric Ve-
hicles (FCEV), H2 engine powered vehicles will boost H2 demand and therefore 
accelerate the growth of H2 infrastructure. 

The "H2 ICE Democar" project aims to identify essential building blocks for a H2 engine 
propelled serial hybrid LCV powertrain. In addition to engine and vehicle tests, transi-
ent simulations on various load collectives are carried out to gain an in-depth under-
standing of the specific characteristics of a H2 engine operation in a hybrid powertrain. 
Optimizing the combustion system in line with a H2 dedicated exhaust gas aftertreat-
ment, a H2 tailored hybrid operating strategy and engine control unit software functions 
allow for the holistic evaluation of the potential of a H2 engine based serial hybrid 
powertrain. 

This paper is focused on optimizing the operation strategy of the H2 engine hybrid 
powertrain. 

 
Fig. 1 Description of the project idea behind "H2 ICE Democar". 
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2 Engine modification for hydrogen operation 

The H2 engine is derived from the well-known 1.0 l Ford EcoBoost three-cylinder gas-
oline engine [2]. Tab. 1 summarizes the main technical features and specifications. 
Fig. 2 shows the system layout of the H2 engine concept including all sensors and the 
exhaust gas treatment system. The majority of sensors and actors can be carried over 
from the gasoline series system. However, some have to be adapted with regard to 
the measuring range, e.g. the intake manifold pressure sensor to capture the required, 
higher boost pressure levels. In addition, the fuel injection equipment, exhaust system 
and tank system are completely revised. The temperature and NOx sensors as well as 
the urea dosing modules in the exhaust system are controlled by the Dosing Con-
trol Unit (DCU). The hydrogen storage system is controlled by the Tank Con-
trol Unit (TCU). The interaction between Engine Control Unit (ECU), DCU and TCU is 
crucial for a reliable and safe vehicle operation. The overall system design including 
the controlling software functions is one of the main project parts. 

H2 engine - cylinder head and base engine: Special attention has been paid to in-
crease the robustness against high combustion peak pressure. The engine crank train 
has been reinforced utilizing a steel crank shaft and steel conrods, enhanced bearings 
and an enhanced piston. The latter has been optimized introducing a ring carrier for 
high wear resistance in the first ring groove and a salt core cooling gallery for efficient 
piston cooling. Furthermore, MAHLE updated the intake and outlet valves as well as 
the valve seats with H2 embrittlement resistive material that also allows for “dry” oper-
ation. For an absolute minimization of oil consumption, the cylinder honing has been 
optimized and the tribological system has been enhanced with matching piston 
rings [3, 4]. Minimizing the oil input into the combustion chamber is essential, as oil is 
the only remaining source of engine-out hydrocarbons (HC), carbon monoxide (CO) 
and carbon dioxide (CO2) emissions in an H2 engine. In addition, oil droplets or parti-
cles from oil coal deposits are potential sources for preignitions. In order to balance 
the project effort, no major modification of the cylinder head have been planned (i.e. 
intake port modification hence increase of charge motion level). 

Crank case ventilation: H2 concentration up to 8 vol.-% and hence above the lower 
H2 explosion limit, has been measured in the crankcase gas atmosphere. To avoid 
potentially ignitable H2 accumulations in the crankcase, an active crankcase ventilation 
system, provided by MAHLE, has been adapted to the engine. 

Ignition system: A "cold" prototype H2 spark plug as well as modified ignition coils 
optimized for H2 operation are provided by Bosch. 

Boosting system: For H2 engines, the resulting engine-out NOx emissions are a major 
challenge that has to be considered for H2 engine concept design. A homogeneous 
lean combustion based on hydrogen is characterized by high dilution tolerance in com-
bination with a high laminar flame speed of H2. The lean combustion concept enables 
a high thermal efficiency in combination with lowest engine-out exhaust gas emissions. 
Both high air demand and low exhaust gas temperatures come along with lean engine 
operation and hence special focus has to be put on the boosting system for the delivery 
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of the required air mass. Consequently, the mass production engine wastegate turbo-
charger has been replaced by an all new single stage VGT turbocharger that has been 
matched to the H2 engine concept (see [5] for details regarding design parameters). 

 

 
Fig. 2 System layout of the 1.0 l EcoBoost H2 engine concept. 

Fuel injection system: Bosch provided dedicated prototype injectors for low pressure 
H2 direct injection. This injector has an outward opening nozzle to achieve a high flow 
rate performance when operated with low-density gaseous hydrogen. The selected 
injector variant has a static H2 flow rate of 5.8 g/s at 25 barA, 85 °C. Hence, the injector 
can inject the required H2 mass in short injection windows (< 90° CA). The maximal 
nominal operating pressure has been set to 30 bar to utilize the fuel tank efficiently, 
hence maximize driving range. For combustion system optimization the injectors can 
also be adapted with tailored Jet Guiding Caps (JGC). This provides additional de-
grees of freedom regarding jet targeting and thus mixture formation enhancement. 
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More details regarding the injector can be found in [6]. A pressure and a temperature 
sensor were integrated into the fuel rail to account for density changes in fuel metering. 
The desired rail pressure is a function of engine load and can be set by a pressure 
regulator. 

Tab. 1 Technical data of 1.0 l EcoBoost H2 engine concept. 

Engine Type In-line three-cylinder 
Displacement / cc 999 

Fuel Compressed gaseous H2 
Bore x Stroke / mm x mm 71.9 x 82.0 

Compression Ratio 10.0 
Fuel System H2 direct injector, centrally mounted 

Ignition System Prototype H2 spark plug,  
modified ignition coil 

Cylinder Head Aluminum 
Cylinder Block Cast iron 

Crankshaft Steel 
Connecting Rod Steel 

Piston With cooling channel 
Turbocharger Single stage VGT 

Rated Power / kW 60 

3 Engine tests with base configuration 

In the base H2 engine configuration, the low pressure H2 direct injector is in centrally 
mounted position with recess (negative protrusion of -3 mm) to form a focused jet [4, 
6]. In this way, an early contact of hydrogen with hot surfaces at the spark plug and 
exhaust valves can be avoided, which is beneficial for mitigating the risk of preignition 
for this engine configuration. At the same time, for injection with open intake valves H2 
backflow into the intake port can be minimized. Base H2 engine test results are shown 
in Fig. 3. The operating point at 5000 rpm, full load, corresponds to the power of 
~ 60 kW. The peak power is constraint by the peak in-cylinder pressure (140 bar) and 
the air mass which is required for the lean combustion limit that determines the level 
of engine-out NOx emissions. Increased COV values (see Fig. 3(b)) indicate an optimi-
zation potential regarding mixture formation, which was discussed in a separate publi-
cation [1]. 

From Fig. 3 it can also be derived that the engine can be operated with a lean relative 
air/fuel ratio (λ ≥ 2.0, see Fig. 3(a)) over the entire engine map. Highest efficiency (Fig. 
3(c)) across a wide engine map area enables degrees of freedom to optimize the serial 
hybrid vehicle operation strategy for low engine-out NOx emissions at highest thermal 
hydrogen engine efficiency. 

To maximize time for mixture formation, early start of injection (SOI) timings have been 
applied at low loads up to BMEP = 4 bar. In order to enhance trapping efficiency in the 
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high load area, the injection windows are shifted to late injection timing after intake 
valve closing.  

As Fig. 3(e) and Fig. 3(f) show, the required H2 mass can be injected in less than 
79° CA (DOI: Duration of Injection) at low rail pressures between 3 bar (low load) and 
21 bar (rated power). To ensure that the injected H2 mass flow rate is independent from 
in-cylinder backpressure, the ratio of injection pressure to in-cylinder pressure was set 
above the critical pressure ratio (~ 2) during the complete injection window. 

 
Fig. 3 H2 base engine test results: (a) exhaust 𝜆𝜆, (b) COV, (c) indicated efficiency, 

(d) SOI, (e) DOI, (f) rail pressure prail. 

Fig. 4 shows the engine-out emissions of HC, CO and nitrogen oxides (NOx) normal-
ized by the emissions of the gasoline engine. The very low values illustrate that there 
are no significant HC (< 0.7 %) or CO (< 0.1 %) emission contributions from engine oil. 
This is important since engine oil is the only source of engine-out HC or CO emissions. 
The residual amounts of engine-out HC and CO can be reliably oxidized by the oxida-
tion catalyst.  

Regarding engine-out NOx emissions, it should be considered here that the illustrated 
engine maps have been optimized for maximizing trapping efficiency only and not yet 
in terms of engine-out NOx emissions. The base H2 engine already is characterized by 
five times lower NOx engine-out emission when compared to a state-of-the-art gasoline 
engine. Further potential is expected from improvement in mixture formation (e.g. Jet 
Guiding Caps, compare [1]) and optimizing the set point parameters for SOI, rail pres-
sure, camshaft timings and ignition. Nonetheless the recorded mappings can serve as 
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basis to define the optimization method for the hybrid operation strategy as described 
in the following. 

 
Fig. 4 (a) HC*, (b) CO*, (c) NOx* engine-out emissions normalized by the values 

of the gasoline engine in %. 

 

4 Optimization of Operation Strategy 

The powertrain of a pure serial plug-in hybrid electric vehicle has no mechanical link 
between H2 engine and the wheels, as shown in Fig. 5. The traction of the vehicle is 
realized by an electrical machine (M) that is mechanically coupled to the wheels and 
sources it's power either from the HV battery and/or the secondary e-machine (G) 
which is mechanically coupled to the engine (H2E). This allows an engine speed control 
that is independent from the vehicle speed. The power is not directly requested by the 
driver but by the electrical traction and storage system and is especially dependent on 
the state of the battery. Tab. 2 summarizes the main components of the powertrain. 
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Fig. 5 Powertrain architecture of the serial H2 engine hybrid plug-in electrical vehi-

cle (Main components: H2E … Hydrogen Engine, G … Generator, M … 
Motor)  

 

 

Tab. 2    Powertrain data for transient load collective simulations 

Architecture Serial Hybrid Electric Vehicle 
Vehicle Mass [kg] 2705 
Powernet load [W] 250 (WLTP), 1000 (Real world profiles) 

Transmission ICE-GEN i=1, eta=1, TRAC-Wheel 
i=13.18, eta=96% 

Battery type and capacity [Ah] PHEV – 36.6 Ah (series) 
EM types Generator (G) 60kW, Motor (M) 90kW 

ICE type 1.0l Ford Ecoboost converted to H2 op-
eration, see Tab. 1 

 

Within the vehicle control a central set of characteristic curves describes how a power 
request to the engine is translated into a desired engine speed and further a desired 
engine torque. These curves can be switched depending on the operation mode, as 
illustrated in Fig. 6.  
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Fig. 6 Power demand realization by translation into desired engine speed and 

torque by characteristic curves 

4.1 Operation Curves & Dynamics  

The aforementioned characteristic curves are the basis of engine operation point de-
termination. Defining those curves is accomplished by minimizing a cost function that 
allows a multi criteria optimization of different parameters according to their weighted 
"price". This weighted price is defined by the importance of the considered parameter 
in the respective situation and the goal is to realize the requested power at lowest 
possible cost.  

The main optimization parameters for a H2 engine suggest themselves to be effective 
engine efficiency (ηe) and brake specific nitrogen oxide emissions (BSNOx). Repre-
sentative engine mappings were recorded at the engine testbench as soon as the en-
gine hardware maturity was sufficient (for more detail refer to [5]). Results associated 
from these mappings, can be read on every iso-line of power, as shown in Fig. 7. Now 
the importance of the optimization parameters can be varied by applying different 
weighting. Under consideration of necessary smoothness, a set of curves was gener-
ated out of which the characteristic curves for translation of a power request into an 
engine operating point are selected for different use cases.  
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Fig. 7 Determination of engine operating points from stationary mappings by ap-

plying weightings on optimization parameters. 

The resulting operating points of three different weightings are shown for a WLTC cycle 
in charge sustaining mode in Fig. 8. A single focus on engine efficiency (weighting 
efficiency / NOx emissions = 100/0) leads to operation close to the maximum torque 
curve, where best efficiencies were recorded. Due to limitations in the available air 
mass, operation at 𝜆𝜆 < 2.5 is necessary and associated engine out NOx emissions oc-
cur (compare Fig. 3, Fig. 4). A power demand of 30 kW would be realized by 
3000 rpm/95 Nm.  

Shifting the weighting towards lower engine-out NOx emissions (weighting efficiency / 
NOx emissions = 80/20, resp. 20/80) significantly reduces the torque level at medium 
power requests by increasing the engine speed demand. 30 kW would be realized by 
3500 rpm/82 Nm (80/20), respectively 4000 rpm/72 Nm (80/20). Thereby it is possible 
to omit regions with increased NOx emissions if, for example, the exhaust gas treatment 
is not at optimal performance. Deviations from the best possible specific efficiency 
must be accepted. 

 
Fig. 8 Operating points of the H2 engine in WLTP (charge sustaining mode) with 

different weightings of optimization parameters ηICE and BSNOx. 
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This set of curves now allows an adaptation of the H2 engine operation to boundary 
conditions of the exhaust gas aftertreatment and thereby contributes to the project goal 
of zero-impact exhaust emission.  

Whilst the requested driving dynamics can be covered by the battery it is possible to 
limit the dynamic request towards the H2 engine unit. Fig. 9 shows the impact of limiting 
the engine speed gradient at several steps. While significant deviations from the de-
fined power realization curve are noticeable at unlimited operation a reduction in de-
sired speed gradients allows the engine to more precisely operate at desired speed 
load collectives. 

 
Fig. 9 Limitation of engine dynamics in order to operate the H2 engine close to the 

defined power realization curve at WLTC cycle. 

Obvious consequence of a measure as such is of course a slower power delivery and 
the resulting compromise must therefore be assessed in terms of benefit in fuel con-
sumption and emission behavior. A rate limitation of 500 rpm/s was selected for the 
following load cycle evaluations. 

 

4.2 Transient load cycle simulation 

Transient cycle simulations were used for the evaluation of the defined operation strat-
egy variants. Several driving cycles are considered, consisting of official speed pro-
files (WLTC) and Bosch internal cycle definitions (RDE aggressive, Stop&Go - Fig. 10). 
All simulations were performed in "charge sustaining mode", hence with the target to 
match the starting SOC at the end of the driving profile. For comparison three different 
power realization curves were applied (weighting factors engine efficiency / engine out 
NOx emissions: 100/0 | 80/20 | 20/80, as shown in Fig. 7) to assess the effect on fuel 
consumption.  
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Fig. 10 Drive cycles for operation strategy evaluation - part 1: WLTC, Bosch RDE 

aggressive, Bosch Stop&Go cycle 

Besides the WLTC and the internal Bosch profiles, speed recordings from real life de-
livery trips (Fig. 10) were simulated. These recordings are representative for a potential 
use case of an LCV. 

 
Fig. 11 Drive cycles for operation strategy evaluation - part 2: "Real world cycles". 

As expected best average engine efficiency and alongside lowest fuel demand is ob-
served at 100 % weighting on fuel efficiency in every considered driving profile, see 
Tab. 3. In dependence of the load collective moderate deterioration of fuel consump-
tion between 0.5-0.9% result from the 80/20 weighted power realization. Shifting the 
focus even more in direction of avoidance of engine-out NOx emissions (weighting 
20/80) has significant impact and increases the fuel consumption by 2 - 4.5 %. This 
necessitates a careful selection of the weighted optimal curve according to the driving 
conditions. 

 

 

RW Cycle 1 RW Cycle 2 RW Cycle 3 
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Tab. 3  Result summary of driving profile simulations with differently weighted power 
realization curves. 

 Weighting for Optimal Curve Calcula-
tion 

Engine efficiency / Engine out NOx 
emissions  

Cycle Result unit 100/0 80/20 20/80 
WLTP ηe average  

fuel demand 
relative change 

% 
kg/100km 

% 

35.14 
2.24 

0 (base) 

34.75 
2.26 

+0.82 

33.81 
2.31 

+3.01 
RDE aggr. ηe average  

fuel demand 
relative change 

% 
kg/100km 

% 

35.07 
2.87 

0 (base) 

34.80 
2.89 

+0.51 

34.10 
2.94 

+2.53 
RW 

Cycle1 
ηe average  

Energy demand 
relative change 

% 
kg/100km 

% 

36.17 
2.50 

0 (base) 

35.65 
2.52 

+0.85 

34.38 
2.60 

+3.98 
RW 

Cycle2 
ηe average  

Energy demand 
relative change 

% 
kg/100km 

% 

36.25 
2.62 

0 (base) 

35.68 
2.64 

+0.89 

34.23 
2.74 

+4.48 
RW 

Cycle3 
ηe average  

Energy demand 
relative change 

% 
kg/100km 

% 

35.44 
2.90 

0 (base) 

35.21 
2.91 

+0.47 

34.53 
2.96 

+2.08 
 

The potential to reduce engine out NOx emissions and further to comply to a holistic 
strategy of engine operation under consideration of the exhaust gas treatment system 
will be proven in vehicle assessments soon.  
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5 Summary and outlook 

5.1 Summary 

Presenting results on the H2 engine's lean combustion system, this paper focuses on 
the utilization of the degrees of freedom offered by the serial hybrid powertrain. It is 
shown that the flexibility of a target-oriented operation strategy has significant impact 
on the powertrain performance and can contribute to the major project target of zero 
impact emissions at best possible efficiency. 

A lean combustion system with 𝜆𝜆 ≥ 2.0 over the entire engine map combined with a 
low-pressure direct injection was realized. The engine test results discussed in sec-
tion 3 confirm the potential of lean engine operation, enabling low engine-out NOx emis-
sions and high powertrain efficiency. Compared to the fully optimized gasoline engine 
even with the baseline H2 engine concept and with non-optimized SOIs five times lower 
NOx engine-out emissions can be measured under the most challenging operating con-
ditions at peak power. Further improvements can be achieved by the H2 injector con-
cept to improve mixture formation as presented in [1].  

Benefits from the powertrain architecture arise from the possibility to define power cre-
ation by the REX with different engine speed and load combinations within the opera-
tion map of the engine, as is shown in section 4. Applied to the emission behavior of a 
H2 engine this allows to shift the operation points towards areas of engine out NOx 
emissions close to zero in a wide range of power demands. As a trade-off between 
best possible efficiency and NOx emissions is clearly observed, the focus of the oper-
ation strategy can be tailored to the condition of exhaust gas treatment system. 

In summary, the presented results outline a high efficiency powertrain concept that 
minimizes engine-out emissions by its lean combustion system and the potential of the 
serial hybrid architecture to operate the engine under optimal conditions. 

5.2 Outlook 

Future objectives of the project include the start of vehicle calibration and the imple-
mentation of the presented serial hybrid operating strategy, utilizing all discussed de-
grees of freedom provided by the powertrain architecture in combination with lean 
H2 engine operation. 

Fig. 12 shows the already fully established people mover demonstrator vehicle version. 
With the finalized vehicle calibration, the performance of the “H2 ICE Democars” will be 
evaluated on the chassis roller dyno and on the test track in driving cycles relevant for 
logistics applications. 



16  Powertrains with Renewable Energy Carriers, Stuttgart 2023 

 
Fig. 12 People mover version of the "H2 ICE Democar", exhibited at the event 

"Wasserstoffmotor LIVE" at IFKM, KIT Karlsruhe (29./30.06.2023). 
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8 Abbreviations 

BMEP   Break Mean Effective Pressure 

BSNOx  Break Specific NOx (engine out) emissions 

CA   Crank Angle 

CAE   Computer Aided Engineering 

CO/CO2   Carbon monoxide / dioxide 

COV   Coefficent of Variation 

DCU   Dosing Control Unit 

DOI   Duration of Injection 

ECU   Engine Control Unit  

EGT   Exhaust Gas Treatment 

EOI   End of Injection 

EV   Exhaust Valve 

FCEV   Fuel Cell Electric Vehicle 

H2   Hydrogen 

HC   Hydrocarbons 

JGC   Jet Guiding Cap 

LCV   Light Commercial Vehicle 

n   Engine speed / rpm 

NOX   Nitrogen oxide (NO + NO2) 

CA   Crank Angle 

TCU   Tank Control Unit 

TRL   Technology Readiness Level 

OC   Oxidation Catalyst 

PF   Particulate Filter 

REX   Range Extender 
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SCR   Selective Catalytic Reaction 

SOI   Start of Injection 

VGT   Variable Geometry Turbine 

z   Injector Recess / mm 

3D-CFD  Three-dimensional Computational Fluid Dynamics 

𝜂𝜂𝑒𝑒   Effective engine efficiency 

𝜂𝜂𝑖𝑖   Indicated thermal efficiency 

𝜆𝜆   Relative air/fuel ratio 
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