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Abstract: The H2-ICE project aims at developing, through numerical simulation, a new generation
of hybrid powertrains featuring a hydrogen-fueled Internal Combustion Engine (ICE) suitable for
12 m urban buses in order to provide a reliable and cost-effective solution for the abatement of both
CO2 and criteria pollutant emissions. The full exploitation of the potential of such a traction system
requires a substantial enhancement of the state of the art since several issues have to be addressed. In
particular, the choice of a more suitable fuel injection system and the control of the combustion process
are extremely challenging. Firstly, a high-fidelity 3D-CFD model will be exploited to analyze the
in-cylinder H2 fuel injection through supersonic flows. Then, after the optimization of the injection
and combustion process, a 1D model of the whole engine system will be built and calibrated, allowing
the identification of a “sweet spot” in the ultra-lean combustion region, characterized by extremely
low NOx emissions and, at the same time, high combustion efficiencies. Moreover, to further enhance
the engine efficiency well above 40%, different Waste Heat Recovery (WHR) systems will be carefully
scrutinized, including both Organic Rankine Cycle (ORC)-based recovery units as well as electric
turbo-compounding. A Selective Catalytic Reduction (SCR) aftertreatment system will be developed
to further reduce NOx emissions to near-zero levels. Finally, a dedicated torque-based control strategy
for the ICE coupled with the Energy Management Systems (EMSs) of the hybrid powertrain, both
optimized by exploiting Vehicle-To-Everything (V2X) connection, allows targeting H2 consumption
of 0.1 kg/km. Technologies developed in the H2-ICE project will enhance the know-how necessary
to design and build engines and aftertreatment systems for the efficient exploitation of H2 as a fuel,
as well as for their integration into hybrid powertrains.

Keywords: hydrogen; H2-ICE; decarbonization; public transport

1. Introduction

In the context of decarbonization of the transportation sector, regulators are imposing
increasingly stringent limitations in terms of CO2 emissions, and the European Commission
has declared its ambition to reach zero net Greenhouse Gas (GHG) emissions by 2050 [1].
As a matter of fact, 35% of the worldwide energy consumption is due to the transportation
sector [2] and in 2020 road transport constituted 77% of all European Union (EU) transport
GHG emissions [3]. In this sector, lorries, buses, and coaches are responsible for more than
a quarter of GHG emissions in the EU (i.e., over 6% of total European GHG emissions) [4].
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To mitigate this contribution, stronger CO2 emission standards have been set by the EU
for Heavy-Duty Vehicles (HDVs), including smaller trucks and urban or suburban buses.
The proposal establishes a 90% decrease in CO2 emissions per km from new HDVs by 2040
(compared to a mid-2019 to mid-2020 baseline) with intermediate targets for 2030 (45%)
and 2035 (65%) [5].

In this framework, synergetic exploitation of decarbonized energy carriers and power-
train electrification could shift the public transportation fleets towards more sustainable
mobility, compliant with current legislation targets. On the one hand, Battery Electric
Vehicles (BEVs) may represent a promising alternative to improve the air quality of highly
congested urban areas and to decarbonize the Light-Duty Vehicle (LDV) sector [6]. On
the other hand, due to the limited specific energy of chemical batteries, BEVs are still
not considered suitable for applications where the payload and the operative range are
the main constraints (e.g., commercial vehicles or buses), requiring high initial costs and
large batteries [7,8]. Among the possible alternatives for the HDV sector, the exploitation
of hydrogen as an alternative fuel could play a key role in the EU energy transition [9],
ensuring zero carbon-based emissions (e.g., CO, CO2, and soot) and high energy efficiency.
In addition, the production path of hydrogen could rely on a wide variety of available
technologies and energy resources, many of which are renewables and/or have low carbon
impact, strengthening the argument for hydrogen as a long-term sustainable energy vector
to fuel the future [10]. In the context of the public urban transportation sector, hydrogen
has already been exploited in Fuel Cell Electric Vehicles (FCEVs), demonstrating significant
advantages with respect to BEVs, both in terms of weight reduction and range increase,
with a shorter refueling time [11,12]. Moreover, using hydrogen as a fuel to power In-
ternal Combustion Engines (ICEs) could add further benefits with respect to Fuel Cell
(FC) technology, such as a great tolerance to fuel contamination, significant cost savings
(up to one order of magnitude), and the possible exploitation of existing production lines,
due to familiar technologies and parts to current Internal Combustion Engine Vehicles
(ICEVs) [13]. Furthermore, one of the main concerns regarding hydrogen vehicles is the
need for new infrastructures for hydrogen distribution and refueling, while in the case of
urban buses, a quite limited range is typically requested, and tank refueling is not an issue,
since captive fleets can centralize the fuel station.

Despite the great potential of H2 as a fuel for ICEs in public transport, in the last two
decades, it has been implemented in only a few prototypes [14,15] and real bus fleets, such
as in the two demonstration projects HyFLEET:CUTE [16] and SunLine Cleen Fleet [17]. In
particular, the HyFLEET project involved the operation of 47 hydrogen-powered buses in
regular public transport service in 10 cities on three continents, from 2006 to 2009, testing on
15 buses two different types of H2-ICEs (naturally aspirated or turbocharged). In addition,
SunLine Cleen Fleet tested a prototype hybrid H2-ICE bus in California for three years
(2006–2008). The outcomes of both projects have shown that hydrogen can be a low or
even emission-free transport fuel, implementing today’s technology. Nevertheless, some
issues remain unresolved, such as the performance of the fuel injectors, the turbocharged
operation, and the control of the engine management system. Moreover, a rising interest
has been growing recently for the development of a new generation of ICEs designed to
be operated at high boost levels with ultra-lean mixtures, thus simultaneously achieving
extremely low NOx emissions (<0.05 g/kWh) along with high-efficiency values (>42%)
at lambda > 2 [18–20]. A further enhancement could be obtained through the synergic
combination with hybrid propulsion technologies, particularly suitable for urban bus
applications, for which series hybrid architecture could significantly benefit from energy
recovery through regenerative braking, as well as from a substantial downsizing of the ICE,
with vehicle acceleration performance being decoupled from engine power output [21].

In this context, the present research project, the so-called H2-ICE project, aims to
develop an innovative hybrid H2-fueled powertrain for urban bus application, giving
insights into the current knowledge gap for H2 exploitation in ICEs. Specifically, the
approach adopted for the H2-ICE project consists, at first, of defining the use case scenarios
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for the targeted application (i.e., 12 mt urban bus) and emission and fuel consumption
targets to be met. This essential preliminary step allows the specification of the boundary
conditions and the requirements delineating the development scope of the main vehicle
subsystems. Then, in a second step, the H2 engine and its subsystems will be developed
and optimized, starting from a state-of-the-art diesel engine. Afterwards, in a third step,
the engine and its subsystems are tested and modeled to be integrated into a virtual
high-fidelity simulation model and the energy management system will be developed
exploiting Vehicle-To-Everything (V2X) connectivity. Then, the virtual demo vehicle will be
evaluated to demonstrate its capabilities in real-world driving conditions. The present work
is focused on the development phase of the engine and its subsystems and is organized as
follows: Section 2 provides an overview of the project, with the case study description, a
discussion of the challenging issues to be addressed, the overall fixed targets, and the hybrid
powertrain technical specifications. Furthermore, Section 3 describes the analysis of the
suitable combustion and fuel injection system, Section 4 the WHR system together with the
aftertreatment technologies needed, and Section 5 the engine and powertrain management
strategy. Finally, the actual findings and future steps of the project are presented in Section 6.

2. H2-ICE Project Overview

The H2-ICE project aims to enhance the know-how necessary to design and build
engine and aftertreatment systems for the efficient exploitation of H2 as a fuel and for
their integration into a hybrid powertrain for a series urban bus. In particular, the full
exploitation of the potential of such a powertrain requires a substantial enhancement of
the state of the art, since several challenging issues have to be addressed. At first, the
combination of high efficiency, low emissions, high specific power output, and durability
is not currently achievable in one H2 combustion concept. Starting from fuel injection,
Port Fuel Injection (PFI) and Direct Injection (DI) are the two main considered and tested
options [22,23]. On the one hand, PFI part load efficiency can be quite high with ultra-low
NOx emissions, thanks to the possibility of ultra-lean operation allowed by the extremely
high flame propagation and wide flammability limit characteristics of H2 combustion.
However, the specific work output is typically limited to 14 bar Brake Mean Effective
Pressure (BMEP) due to the low H2 density, even in highly boosted engines. On the other
hand, DI engines have proved to be capable of achieving power densities 15% higher than
PFI, while offering high efficiencies thanks to possible charge stratification at part load, with
a lower risk of abnormal combustion [24]. Nevertheless, DI injectors still have to prove their
durability as well as their operability with extra-high flow rates, typical of gaseous fuel
such as H2. Moreover, the exploitation of fully optimized fuel injection strategies requires
high injection pressures, typically above 100 bar, limiting H2 storage options [25]. Indeed,
liquid H2 could be stored onboard in cryogenic tanks at a pressure of 16 bar, providing
injection pressures onboard, or high-pressure tanks could be exploited to store gaseous
hydrogen onboard with a working pressure generally ranging from 350 to 700 bar, but
then the full tank capacity may not be utilized. As far as H2 combustion is concerned, the
same properties that make H2 a suitable fuel for ICEs can be responsible for high risks of
abnormal combustion phenomena: the wide flammability limits, the low ignition energy,
and the high flame speeds can, as a matter of fact, result in combustion anomalies such
as surface ignition, backfiring, preignition, and knock [26]. Although significant progress
was made in improving computational tools for modeling and understanding mixture
formation and combustion in H2 engines [27,28], the numerical simulation of mixture
formation for DI H2 engines remains extremely challenging, because of the high-velocity
gas jet, leading to a complex structure of shock waves and making charge stratification
quite hard to achieve. Moreover, as far as combustion modeling is concerned, there is a
shortage of data on H2 ignition and combustion properties in terms of engine conditions
of pressure and temperature, and there has been little progress in extending the current
dataset. Furthermore, both advanced WHR systems [29] and an innovative Selective
Catalytic Reduction (SCR) aftertreatment system, based on hydrogen as the reductant
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element [30], need to be synergically developed to exploit the high exhaust gas enthalpy
available and achieve near-zero tailpipe NOx. In addition, the use of H2 as a reducing
fluid needs proper catalyst preparation, testing, and modeling to be then coupled to the
engine. Finally, the elaboration of control strategies for the synergic operation of the
developed WHR and H2-SCR aftertreatment systems and the exploitation of look-ahead
information from V2X connectivity for the Energy Management System (EMS) of hybrid
powertrains are just at the beginning of its exploitation [31]. The H2-ICE project thus aims
not only to develop an innovative hybrid H2-fueled powertrain and related technological
opportunities but also to contribute to filling the knowledge gap for H2 exploitation in
ICEs, as summarized in Figure 1.
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Case Study

First of all, the H2-ICE project defines the use case scenarios for the targeted application
and emission and fuel consumption targets to be met, allowing the definition of the
boundary conditions and the requirements delineating the development scope of the
main vehicle subsystems. The vehicle developed is a 12 mt urban bus with a series hybrid
architecture, featuring an H2-ICE derived from a state-of-the-art diesel engine and a tractive
electric motor as power units. A scheme of the hybrid architectures is presented in Figure 2
and the vehicle technical specifications and target settings are then listed in Table 1.

In addition, Table 2 presents the overall targets of the project.
Both regulatory driving cycles and real-world mission profiles will be taken into

account in the design of the hybrid traction system. In particular, three different mission
profiles, representative of a typical urban bus operation, will be considered. The speed
profiles are represented in Figure 3 and their specifications are listed in Table 3.
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Table 1. Hybrid bus specifications and target settings.

Vehicle length 12 m
Curb weight 12 ton

Fully loaded weight 18 ton
Passenger capacity 90

Road load at 50 km/h 16 kW
Road load at 80 km/h 43 kW

Road load at 100 km/h 74 kW
Rolling radius 0.54 m

Table 2. H2-ICE targets for vehicle and engine efficiency and NOx emissions.

Vehicle performance

Max speed 65 km/h

Min acceleration 1.1 m/s2

Max gradeability @ full load 14%

Vehicle and engine efficiency

Specific power 40 kW/dm3

ICE efficiency
42% peak efficiency

35% part load efficiency

Fuel consumption 0.1 kg/km

Emissions NOx tailpipe <0.05 g/kWh

Auxiliaries
WHR system efficiency >4%

eTurbo efficiency >4%

In particular, the Braunschweig is an urban driving cycle, employed in various research
projects or equipment certification programs [32]. The MLTB cycle was developed by UK
transport authorities in 1996 to verify the compliance of new vehicles with emissions and
fuel economy standards [33]. Finally, the Gillingham Uphill is a real-world emission profile,
obtained from GPS acquisitions, and features high elevation changes to also test challenging
driving conditions [19].

The baseline reference engine is a diesel engine with 3.0 L of displacement, downsized
to a rated power of 100 kW and modified in order to be exploited for H2 combustion,
with a proper benchmark between the cost and the level of complexity [34]. Technical
specifications of the different components have been set exploiting the outcomes of previous
EU-funded projects such as ZeEUS [35] and based on an extensive literature review and
market survey. Concerning the choice of the suitable Electric Motor (EM), at present
almost the entire light-duty hybrid vehicle industry has shifted to Permanent Magnet (PM)
machines in order to meet the increasing power density and efficiency requirements [36].
On the contrary, for medium- and heavy-duty vehicles induction machines remain an
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attractive option for their very low drag losses at part load. Nevertheless, the specific
market of electrified buses is shifting towards PM electric machines with an average peak
nominal power of 200 kW [35]. Finally, a PM synchronous machine has been chosen
thanks to its high energy efficiency, delivering a peak power of 200 kW and continuous
power of 140 kW. As far as the battery is concerned, at first, the battery sizing and energy
content have been fixed, according to the route length and the final desired State of Charge
(SoC) [37]. A total installed energy of 20 kWh is considered the most suitable for the
present application, with a target maximum power of 200 kW, in consistency with the
EM power. Regarding battery chemistry, a high-specific-power cell is desirable for a full
hybrid series application [38]. In this field, the most exploited chemistries are the ones
available with Li-ion batteries, granting high power densities and long life cycles, necessary
for long traveled distances [39]. Among the different options, Lithium-Ferro-Phosphate
(LFP) offers a longer life cycle, ensuring lower replacements, with a comparable carbon
footprint of battery stack production with respect to other chemistries such as lithium
Nickel Manganese Cobalt Oxide (NMC) batteries. In conclusion, the chosen cell is made
of LFP, and the main characteristics are reported from [40], with 120 cells in series and
20 in parallel to achieve the target power and density. The main powertrain components’
technical specifications are summarized in Table 4.
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Table 3. Main Features of the considered mission profiles.

Braunschweig Gillingham MLTB

Duration [s] 1740 2875 2281
Distance [km] 10.9 16.6 9.0

Average speed [km/h] 22.5 20.8 14.2
Maximum speed [km/h] 58.2 59.9 48.7

Average acceleration [m/s2] 0.2 0.2 0.2
Maximum acceleration [m/s2] 2.4 2.3 1.5

Specific energy demand [kwh/km] 0.90 1.05 0.94

Table 4. Hybrid powertrain technical specifications.

ICE

Displacement 3.0 L

Bore × stroke 83 × 90 mm

Features Single stage Turbocharger w/VGT

Max. power 100 kW

EM
Max. power 200 kW

Max. torque 1500 Nm
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Table 4. Cont.

Battery

Capacity 19.8 kWh

Nominal voltage 396 V

Maximum current 2400 A

Maximum power 950 kW

Cell in series 120

Cell in parallel 20

3. Combustion and Fuel Injection System

The present section describes the development and optimization of the fuel injection
and combustion systems suitable for the H2-fueled internal combustion engine, through
both numerical simulation and dedicated experiments in an optically accessible laboratory
single-cylinder engine. In particular, the control of the fuel injection and the combustion
process for a hydrogen engine is extremely challenging, due to the high risk of backfire
in the case of port fuel injection and to the complexity of managing mixture formation
through the supersonic flow of the gaseous fuel in the case of direct injection. Then, the
development of high-fidelity CFD models to highlight the in-cylinder H2 fuel injection
through supersonic flows and to describe accurately the hydrogen combustion, including
anomalies such as knock, preignition, and misfire is fundamental to combine high efficiency,
low emissions, high specific power output, and durability all in one concept.

3.1. Injection

Regarding the choice of the fuel injection system, different options have been analyzed,
ranging from PFI to DI, as mentioned in Section 2. Indeed, to achieve high power output
and efficiency, hydrogen DI is preferable, however, the low hydrogen density leads to
supersonic chocked flows, with high penetration and reduced in-cylinder mixing times,
despite hydrogen’s extremely high laminar diffusivity. Injection pressure levels and nozzle
design therefore need to be carefully scrutinized. In this context, high-fidelity Large Eddy
Simulations (LESs) of the turbulent under-expanded H2 jets can play a crucial role in the
fundamental understanding and prediction of the physical mixing process, allowing the
design of an optimized injector nozzle and associated injection strategies. In addition to
high-resolution CFD simulations, the Reynolds-Averaged Navier–Stokes (RANS) modeling
approach could also be employed as a cost-effective engineering tool to predict and explore
several nozzle designs and pressure ratios [41–44]. Boundary and operating conditions are
derived from reduced-order models (cf. Sections 2 and 5).

As a first step, LES fundamental studies have been conducted on nitrogen jets for
validation of the developed injection model, and predictions [41] have been compared with
experimental data [44,45]. An example is shown in Figure 4, where the contours of the
density gradient of the nitrogen jet are presented at different time steps, with 5.8 bar of
Nozzle Pressure Ratio (NPR) and 1 bar of ambient pressure, and the predicted axial density
is compared for validation against the two reference studies. Normalized centerline density
was predicted relatively well, with a small phase difference after the Mach disk, also due to
uncertainties in the actual nozzle conical shape [44]. The formation of the barrel-shocks
and slip lines and the rolling up of the initial vortices are well visible.

By increasing the NPR up to 30, and considering actual hydrogen injections, the jet
morphology changes substantially, as visible in Figure 5 (left). The higher NPR generates
a larger barrel-shock, with only one shock cell. Immediately afterwards, the flow transi-
tions to turbulent flow, which eventually reduces the tip penetration. The expected main
characteristics of the jets are captured by the CFD model, such as the turbulent mixing
and the emitted aerodynamic sound. Simulations have also been performed on pintle
outward opening nozzles, with similar considerations. Less demanding RANS studies
have then been conducted to explore a wide range of injection pressure and backpressure
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operating conditions, including the effect of nozzle shape, like inward vs. outward opening
(Figure 5, right). In this modeling framework, even if capturing H2 far-field mixing remains
challenging, RANS results provide an adequate description of the flow physics for engine
CFD models allowing the screening of multiple design parameters at an affordable cost.
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3.2. Mixture Formation

Still, limited experimental work is available in the literature dealing with H2 jet
evolution, mixing, and combustion. To build a reliable CFD design workflow, quantitative
measurements of H2 injection and combustion are needed for validation. Regarding
hydrogen mixing in a motored engine, the most comprehensive dataset is available from
Sandia’s Optical Hydrogen Engine (SOpHy) [46]. Indeed, the CFD modeling capabilities
have been tested against velocity and hydrogen mass-fraction fields measured in these
experiments. The CFD software CONVERGE, version 3.0, is used for the analyses, with
a second-order scheme for convective flux reconstruction and the implicit Euler scheme
for temporal discretization. The considered engine features a central mounter single-hole
injector, whose mesh resolution, geometry details, and boundary types were designed based
on previous activities [47,48]. For the specified motored engine operation [49], various
RANS turbulence models within the k-ε family, grid managements, wall treatments, and
turbulent Schmidt numbers have been scrutinized.

The realizable k-εmodel performed relatively better than others, and its corresponding
results are shown in Figure 6 (left) in terms of mixture distribution. In the central column,
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the experimentally measured H2 distribution is presented at two different time steps for
the optical accessible window, while in the right column, the simulation results are visible.
Comparing the direction and spread of the hydrogen jet, especially at −130 deg., the
numerical model can correctly predict the air/gas during the intake stroke, while a slight
under-prediction of the mixing is visible at −30 deg. In Figure 6 (right), the results of
the turbulent Schmidt number variation are presented in the velocity profile along the
cylinder axis. Calibrating the Schmidt number, the hydrogen diffusion predictions are
improved to some extent at the end of the compression stroke. Future project analyses
regarding the fuel injection system will include the test of other turbulence models, such
as low-Reynolds variants, or Reynolds stress model, still within the RANS framework for
computationally efficiency.
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number (right).

3.3. Full Engine Model with Combustion

In the third step of the analysis, combustion conditions are considered, with numerical
and experimental analyses on the single-cylinder naturally aspirated optical-access engine
of the University of Perugia which allows combustion visualization through the transparent
piston and side windows (see Table 5 for more engine details).

Table 5. Optical-access engine specifications.

Displacement 500 cc
Bore × stroke 85 × 88 mm
N. of valves 4

Chamber type Pent roof

At the time of writing, tests are ongoing and experimental data are not yet available.
All the results of the combustion measurements will serve as a validation data for both LES
and RANS models to build a reliable and validated CFD model. The selected engine point
is at 1000 rpm with 5 bar BMEP. In particular, various excess air ratios are considered (i.e.,
λ = 2 ÷ 3.5) with two main injection categories:

• premixed cases, meant to reproduce the behavior of a PFI engine assuming that
hydrogen and air are perfectly mixed (limiting case);

• DI cases with side-mounted injector and central spark, at various Start of Injection
(SoI) times.

Simulations have been carried out using the same software, CONVERGE, as detailed
above. An assessment of the CFD model has been carried out via mesh sensitivity anal-
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ysis. Furthermore, a validation of the laminar flame speed has been carried out against
literature data, which led to the choice of the LLNL reaction mechanism developed by
O’Conaire et al. [50]. Combustion is modeled using the well-mixed approach, and the
energy deposition method is adopted to model ignition leveraging previous experiences
and data [51]. Figure 7 presents a comprehensive summary of the combustion numerical
analysis, with the mass fraction burned (left, center) at different values of lambda and SoI
and the combustion efficiency (right). The port fuel injection cases (black lines) mimicked
by a premixed assumption show the maximum combustion efficiency at all lambda values
(Figure 7, right). Of course, volumetric efficiency will be lower, and a higher intake pressure
will be needed to maintain the same load. With DI strategies, mixing tends to improve
advancing SoI. At λ = 3, the fuel mass fraction burned was lower than the premixed case
and SoI had no significant effect, while at λ = 3.5 SoI had a visible effect on the fuel mass
fraction burned which increases as the SoI advances. The combustion efficiency at λ = 3.5
is very poor, and such a level of air–fuel ratio cannot be used, at least without further
countermeasures.
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The main task of this work will then be the metal engine design optimization carried
out through thermo-fluid-dynamic simulations of the engine combustion system. RANS
simulations can guide injection and combustion systems towards the achievement of targets
specified in the previous section by tuning the injection system design with the piston and
chamber geometry design. As a result of the 3D-CFD models, heat release rates can be
derived as a function of the combustion system and operating conditions. These data can
feed the 1D engine model developed in GT-Power which can be used for the overall engine
performance assessment, such as generating engine maps of efficiency, performance, and
emissions. Based on such calibration and validation steps, the 1D engine model will then be
used to explore several additional parameters, such as injection strategies, ignition timings,
lean stability, Exhaust Gas Recirculation (EGR) rate, and boost level, under various speed–
load conditions. A crucial aspect will also be the prediction of abnormal combustions, due
to preignition and end-gas autoignition, which will rely on calibrated combustion models
against preliminary experimental tests on a prototype.

4. Waste Heat Recovery Technologies and Aftertreatment System

In parallel with the activities of engine design, the engine subsystems have been
developed and optimized through both experimental and simulation activities. Different
WHR technologies have been scrutinized, while for the aftertreatment system, an H2-
SCR system has been chosen to achieve near-zero NOx emission levels, and the analysis
is focused on the experimental characterization of the possible catalytic system to be
implemented in this device.
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4.1. WHR Technologies

The evaluation of the WHR has been preliminarily assessed on the reference engine: a
3.0 L turbocharged diesel one. The possibility to test a baseline-like engine mounted on
the test bench at the ICE laboratory of the University of L’Aquila provides engine exhaust
data, fundamental to evaluate the energy recovery potential. In particular, the temperature
of the exhaust gases Texh is measured after the catalyst and particulate filter devices in
order to preserve their operating conditions. Exhaust mass flow rate mexh is calculated
by knowing the engine air intake and the fuel rate [52]. In the turbocharger diesel engine
tested on the bench, both engine speed and torque have been varied in order to have a
wide and comprehensive range of operating points. Engine power has been chosen as a
reference parameter to hold engine speed and torque (Figure 8). Exhaust mass flow rate
and temperature are almost linear with the engine power, since the control unit of the
engine acts simultaneously on the boost pressure produced by the turbocharger and the
fuel injection to achieve the desired power (torque and speed).
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Figure 8. Reference data for engine exhaust mass flow rate and temperature as a function of the engine
power, evaluated downstream of the aftertreatment devices. Red dots represent experimental values
of engine exhaust mass flow rate, while blue triangles experimental data of exhaust temperature. Red
and blue dashed lines are, respectively, linear fittings of data.

The turbocharger is managed to obtain a certain intake air flow rate, and fuel injection
is more related to torque control. The resulting air/fuel ratio can be considered as a
parameter for controlling the engine power. Moreover, the engine is operated in lean
combustion conditions as highlighted in Figure 9, where the value of lambda is reported.
This value ranges from 1.4 (in highest power condition) to 2.4 (at 20% of rated power). In
Figure 8 is also reported the corresponding exhaust gas temperature.
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4.1.1. ORC-Based Unit

The first option studied for WHR is the possibility to introduce an indirect waste heat
recovery section, based on an Organic Rankine Cycle (ORC) unit. This is composed of an
evaporator, where the energy of the exhaust gases can be exchanged with the organic fluid
to vaporize and superheat it, an expander, which converts the thermo-dynamic energy of
the fluid into mechanical and eventually electrical energy, a condenser, which exchanges
heat towards the cold sink, and a pump to pressurize the fluid and close the thermo-
dynamic cycle (Figure 10). The ORC-based unit proposed has a volumetric machine for
the expander (of scroll type), suitable for its flexibility and capability to adapt in dynamic
and off-design conditions [53,54], and it has been tested specifically to derive a numerical
model of the whole ORC unit [55]. The model has been validated through experimental
data [56] and is based on general assumptions: (a) the organic fluid is R245fa; (b) the cold
sink is cooling water at 45 ◦C, to simulate the cooling conditions onboard; (c) the overall
amount of fluid is equal to 7 kg; (d) pump and expander rotational speeds are controlled to
match the thermal power available and to improve the overall performance considering
the permeability of the ORC circuit.
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The control of the pump speed and the contextual one of the expander are needed to
have the right mass flow rate of working fluid which matches the most suitable conditions
at the evaporator. The evaporating pressure, moreover, is strictly related to the permeability
of the circuit, mainly dependent on the WF flow rate and consequently from the entity of
the thermal power recovered (i.e., the exhaust gas temperature entering the evaporator).
Figure 11 shows the resulting values, which range from 10 to 25 bar, almost linearly with
the exhaust temperature. It is just a point to notice that the maximum pressure achieved is
not so far from the critical point of the R245fa fluid and also represents a technical limitation
for safety and technology of the components and materials [57].

The evaporating pressure is also the parameter that sets the ORC efficiency since the con-
densing pressure is almost fixed at the value of 4 bar, related to the environmental conditions
of the cold sink onboard. Figure 12 (left) shows the values of the ORC efficiency, evaluated
according to the Equation (1), and ranging from 4% to 9.5%, at the maximum pressure:

ηORC =
PORC
Pexh

=
Pexpander − Ppump

mexhcp,exh(Texh − Texh,out)
(1)
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line to represent the fit the data.
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Figure 12. (Left) ORC efficiency vs. evaporating pressure; (right) ORC net power recovered, triangles
for observed values, dotted line to fit the data.

Finally, the net ORC power PORC is evaluated and plotted vs. the exhaust thermal
power recovered from the engine in Figure 12, right. It is up to 5 kW in higher engine
power conditions, where the recovered thermal power Pexh is equal to 53 kW.

4.1.2. Turbocompound

The second option investigated is a direct recovery, where the same exhaust gases
are expanded in an additional turbine, placed downstream of the main turbine of the
turbocharger (Figure 13). The possible recovery has been evaluated thanks to a 0D model,
where the recovery turbine Taux is represented by a characteristic map (mass flow rate vs.
pressure ratio vs. efficiency vs. rotational speed), derived from an existing one and adapted
to the specific case study.

The first result is the pressure ratio of the turbocompound βTC, which is related
to the pressure admissible on the exhaust line since the outlet pressure is close to the
environmental one. The growth in turbocompound pressure ratio increases the engine
backpressure, although the presence of a Variable Geometry Turbocharger (VGT) mitigates
this value on the exhaust manifold of the engine [58,59] and it is considered in the net power
estimation (PTC, net). Figure 14 shows the turbocompound pressure ratio, which is linearly
dependent on the exhaust temperature Texh (i.e., turbocompound inlet temperature) and
ranges from 1.2 to 1.6. For engine exhaust temperatures lower than 350 ◦C, the available
thermal power is not sufficient to drive the turbocompound, and the resulting pressure
ratio is too low.
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Figure 14. Turbocompound pressure ratio and exhaust temperature (i.e., turbocompound inlet
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The operation of the turbocompound is evaluated thanks to a characteristic map of
the additional turbine, where the efficiency ηTC is a function of the specific working point
in terms of mass flow rate and pressure ratio. In Figure 15 (left), the efficiency is plotted as
a function of the exhaust mass flow rate mexh: the values range from 55% to 68%, and this
provides a possible optimization of the design of the machine for the specific application.
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Figure 15. (Left) Turbocompound efficiency vs. exhaust mass flow rate crossing the auxiliary turbine.
(Right) Final net power recovered by the turbocompound vs. pressure ratio of the turbine, squares
for observed values, dotted line to fit the data.

Finally, the net turbocompound power has been reported in Figure 15 (right). The
values are up to 8 kW and linearly dependent on the pressure ratio across the auxiliary
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turbine. As already stated, this dependence is limited by the backpressure effect on the
engine: if the pressure ratio on the turbine is higher, the side effect on the engine can
overcome the increase in turbocompound power and nullify the recovery.

4.1.3. Engine Side Effects

The introduction of the WHR section on the exhaust gas line will produce an unavoid-
able engine backpressure increase. This could be more significant for the turbocompound
specifically if it is placed downstream of the turbocharger (series turbocompound). How-
ever, if a parallel turbocompound is also considered, the rearrangement of the equilibrium
of the turbocharger, to meet the request of the boost pressure and leave room for possible
recovery, could produce a backpressure increase in the exhaust manifold. In this case, the
possibility of introducing two sections of waste heat recovery, combining direct and indirect
ways, can significantly increase the recovery and better exploit the available thermal energy
from the exhausts [60].

Considering the ORC-based unit, the backpressure increase is strongly related to the
permeability of the heat exchanger used as an evaporator on the gas side. In this case, the
technology chosen for this component is crucial. Finned tube heat exchangers seem to
have the best performances in this regard [61] and, if these pressure drops are limited (e.g.,
<100 mbar), the negative effect of the engine can be neglected. However, the introduction of
the ORC unit is more invasive than the turbocompound and requires more space onboard.
Moreover, it introduces a non-negligible extra weight, whose influence on the propulsive
power should be estimated. But, considering the application of the H2-ICE project (i.e.,
12 m bus), this extra weight may not be so significant if related to the overall weight of the
vehicle and its payload.

4.2. SCR System

Although the H2-fueled engine is intended to operate with an extremely lean mixture,
thus producing low NOx emissions, the target of the hybrid bus application is to reach
almost zero emissions. Therefore, NOX abatement by the aftertreatment system is still
mandatory and is at present based on SCR [62]. Currently, the SCR system is based on a
technology that consists of reductive treatment with ammonia (NH3-SCR) to catalytically
convert NOx into nitrogen (N2) and water (H2O) molecules. Due to the toxicity and
hazardous nature of ammonia, it is produced in vehicles using an aqueous solution, called
AdBlue, containing 32.5 wt.% urea CO(NH2)2 [63]. This additive is stored in a separate tank
and injected before the SCR converter into the gas stream leaving the particulate filter, where
the urea thermally decomposes to produce isocyanic acid (HNCO) and ammonia (NH3) [64].
Although ammonia and urea are currently the preferred choice for the selective catalytic
reduction of NOx, hydrogen has recently attracted strong interest as a reducing agent,
representing a rather interesting alternative. Indeed, in recent years, several researchers
have focused their studies on the development of a suitable catalytic system for the selective
catalytic reduction of NOx using hydrogen (H2-SCR [65–67]). The latter technology has
several advantages: zero carbon footprint, as there is no formation of CO and CO2 molecules
during NOx removal; formation of water from hydrogen combustion (O2 present in the
gas stream); high NOx conversion activity at lower temperatures (T < 200 ◦C) with respect
to NH3-SCR counterparts (T = 350–400 ◦C) [68]; possibility of drawing from a single
tank using hydrogen also as a fuel to partially replace diesel or petrol in the combustion
mixture. Four main reactions occur in selective catalytic reduction with hydrogen in the
presence of oxygen, but the desiderated one has two NO molecules reacting with four
hydrogen molecules to form N2 [62,65]. Studies reported so far in the literature have shown
a low selectivity towards N2 production with undesirable productions of partially reduced
species such as N2O and NH3.

As a first step, the preparation of suitable catalytic systems using palladium (Pd) as
the active phase and metal oxides as supports is the object of the study. These catalytic
systems could be deposited on monolithic cordierite support [69] for the realization of a
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system that can be implemented in the last stage of treatment in diesel engine flue gas
purification. In particular, the catalytic support that is to be developed consists of the
mixture of the two metal oxides CeO2 and ZrO2 and of a Pd-based active catalytic phase
(hereinafter called PCZ). The catalytic systems were made by wet impregnation using
60 wt% CeO2 and 40 wt% ZrO2 properly mixed with deionized water at 40 ◦C for 2 h.
Then, the catalytic support was dried in an oven at 120 ◦C for 12 h until completely dry.
To the resulting powder, palladium nitrate hydrate (Pd(NO3)2 2H2O) was added so as to
obtain a Pd loading of 1 wt.%, as from previous studies it appears to be the best in terms
of NOx conversion and selectivity toward N2. Wet impregnation was performed at 70 ◦C
at a constant pH of 9.5 (dropwise addition of a 0.25 M NH4OH solution), where a color
change from white to brownish due to the presence of palladium is observed. The obtained
catalytic system is first dried in an oven at 120 ◦C for 12 h and then calcined in air at 500 ◦C
for 4 h. Figure 16 shows the diffraction patterns of the raw CeO2 (a) and ZrO2 (b) powders,
of the mixture CeO2-ZrO2 (c), and the complete catalytic system (active phase and catalytic
support) Pd/CeO2-ZrO2 (d). The CeO2-ZrO2 catalytic support (c) shows peaks attributable
to the crystalline phases of the starting metal oxides and the Pd/CeO2-ZrO2 (PCZ) catalytic
system (d) shows a diffraction pattern with narrower peaks than the only support. The
crystalline phases of Pd cannot be appreciated due to the small quantity of metal on the
catalytic support.

Energies 2023, 16, x FOR PEER REVIEW 17 of 31 
 

 

 
Figure 16. X-ray diffraction pattern of CeO2 (a) and ZrO2 (b) precursor powders, CeO2-ZrO2 catalytic 
support (c) and catalytic system Pd/CeO2-ZrO2 (d); 1 = Cerianite, CeO2; 2 = Zirconium Oxide, ZrO2. 

Figure 17 shows micrographs at various magnifications of the PCZ catalytic system. 
From these micrographs, it is possible to see a very regular and compact surface in which 
there is good interaction between the two metal oxides that act as the catalytic support. 
Specifically, one can observe areas (circled in red) with a regular spherical morphology 
attributable to cerium oxide and areas (circled in green) with a smaller average crystalline 
domain size attributable to zirconium oxide. The structure of the produced support ma-
terial thus presents the two support oxides evenly distributed in space with exposed sites 
of both precursors.  

Figure 16. X-ray diffraction pattern of CeO2 (a) and ZrO2 (b) precursor powders, CeO2-ZrO2 catalytic
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Figure 17 shows micrographs at various magnifications of the PCZ catalytic system.
From these micrographs, it is possible to see a very regular and compact surface in which
there is good interaction between the two metal oxides that act as the catalytic support.
Specifically, one can observe areas (circled in red) with a regular spherical morphology
attributable to cerium oxide and areas (circled in green) with a smaller average crystalline
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domain size attributable to zirconium oxide. The structure of the produced support material
thus presents the two support oxides evenly distributed in space with exposed sites of
both precursors.
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Figure 17. SEM micrographs at various magnifications of the Pd/CeO2-ZrO2 catalytic system, regular
spherical morphology circled in red and smaller averga cristallin domain circled in green.

As a second step, small-scale prototypes of coated cordierite substrate will be tested
with real currents emitted by a diesel engine at the test bed, studying the degree of conver-
sion and selectivity of the catalyst under different engine operating conditions and with
different flow rates of H2. The experimental setup is schematized in Figure 18. The reagent
mixture is obtained by flowing the exhaust gases downstream of the turbine. The hydrogen
is injected into the prototype exhaust gas line upstream of the H2-SCR reactor.

Energies 2023, 16, x FOR PEER REVIEW 18 of 31 
 

 

 
Figure 17. SEM micrographs at various magnifications of the Pd/CeO2-ZrO2 catalytic system, regu-
lar spherical morphology circled in red and smaller averga cristallin domain circled in green. 

As a second step, small-scale prototypes of coated cordierite substrate will be tested 
with real currents emitted by a diesel engine at the test bed, studying the degree of con-
version and selectivity of the catalyst under different engine operating conditions and 
with different flow rates of H2. The experimental setup is schematized in Figure 18. The 
reagent mixture is obtained by flowing the exhaust gases downstream of the turbine. The 
hydrogen is injected into the prototype exhaust gas line upstream of the H2-SCR reactor. 

 
Figure 18. Experimental setup scheme for the small-scale substrate prototype. 

5. Engine and Hybrid Powertrain Management 
The present section describes the development of the engine and hybrid powertrain 

management strategies. On the one hand, the load control of H2-ICEs is crucial to ensure 

Figure 18. Experimental setup scheme for the small-scale substrate prototype.



Energies 2024, 17, 34 18 of 29

5. Engine and Hybrid Powertrain Management

The present section describes the development of the engine and hybrid powertrain
management strategies. On the one hand, the load control of H2-ICEs is crucial to ensure
good performance and low emissions: a proper control strategy is required to avoid the risk
of combustion anomalies (e.g., knock and preignition) while limiting NOx emissions and
enhancing engine efficiency. Since the 1D GT Power engine model of the H2-ICE featured
in the present work has been already discussed [70] such a model has been exploited to
generate a set of reference data that accurately represent the behavior of the engine. As a
starting point, a fast-running engine model based on Artificial Neural Networks (ANNs)
has then been developed, based on GT Power results. The advantage of such a model is
the low computational time, which makes it suitable for the development of the H2-ICE
control strategy using a Model-in-the-Loop (MIL) approach. On the other hand, since in a
hybrid powertrain both fuel economy and pollutant emission reduction strongly depend
on the exploitation of each energy source (i.e., fuel and battery), a supervisory high-level
control strategy is mandatory to determine the power which has to be delivered by each
source. Two methodologies have been developed for the design of the energy manage-
ment strategies, the former based on a heuristic rule-based approach, the latter based on
the minimization of the equivalent fuel consumption (ECMS) by means of Pontryagin’s
Minimum Principle (PMP). Both approaches are intrinsically causal as they do not require
the a priori knowledge of the mission profile, nevertheless this information is accounted
for in the design process to improve the accuracy of the strategy in reaching a target SoC. It
is worth noting that for urban buses, for which the route is defined a priori, this could be a
non-critical issue.

5.1. Engine Model Description

The engine model has been developed in Matlab/Simulink starting from available
data of the H2-ICE. To cover as much as possible the whole operating envelope, the engine
model has been validated in a wide operational range for each of the controllable variables
as shown in Table 6.

Table 6. Engine Model Limits.

Variable Range

Speed [rpm] [1000–4000]
BMEP [bar] 2–max BMEP available for given RPM
CA50 [deg] [−30–30]
Lambda [-] [2–2.7]

EGR [%] [0–10]

The engine model is necessarily coupled to the control strategy: indeed, the inputs
of the model are the outputs of the control strategy, thus all the modeled quantities have
to be directly or indirectly (e.g., derived from an intermediate block) calculated based on
the control actions: this makes the simulation a loop including the engine model and the
engine controller. The model outputs concern combustion metrics, and intake and exhaust
conditions, as shown in the I/O sketch reported in Figure 19.
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The modeling approach allows representing the cycle-by-cycle behavior: it can be
explained by taking as an example the generation of Indicated Mean Effective Pressure
(IMEP) as shown in Figure 20:

1. The intake conditions, in terms of air mass and EGR percentage, are estimated from
the intake block;

2. RPM, Spark Advance (SA), mass of fuel, and the intake conditions are the input
parameters for the Crank Angle of 50% Heat Release (CA50) ANN;

3. CA50, intake conditions, mass of fuel, RPM, and VGT position are the input for the
IMEP ANN.
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Figure 20. Input and output of the engine model, IMEP example.

Table 7 summarizes the accuracy of the engine model (compared to reference data) in
steady-state conditions, in terms of Root Mean Square Error (RMSE) and percentual RMSE.

Table 7. Engine Model Accuracy.

Variable RMSE RMSE %

CA50 [deg] 0.34 0.56
IMEP [bar] 0.033 0.33

BSFC [g/kWh] 2.26 0.75
Pcyl, max [bar] 0.51 0.43
Tcyl, max [K] 6.57 0.41

NOx (below 2000 ppm) [ppm] 11 0.56
P exhaust [bar] 0 0.3
T exhaust [K] 2.3 0.57

As shown in Table 7, the percentage RMSE is always lower than 1% for each predicted
variable. Once the model has been validated in steady-state conditions, the capability of
representing cycle-by-cycle variations is introduced. Specifically, two additional ANNs
have been introduced to properly represent the statistical distribution of CA50, which
propagates to other combustion metrics. For knock intensity, a further statistical dispersion
is used to represent Maximum Amplitude Pressure Oscillation (MAPO) variations at
fixed CA50 levels. Finally, the model has been completed with intake manifold and
turbocharger dynamics. Figure 21 shows a comparison, in terms of BMEP, Brake Specific
Fuel Consumption (BSFC), and NOx, between the GT Power and the Simulink model
outputs in a transient simulation where RPM, VGT, Throttle Valve (THR), SA, and mass of
injected fuel change. As it is possible to see, the model is capable of replicating the engine
behavior in terms of torque production, consumption, and emissions.
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Figure 21. BMEP, BSFC, and NOx simulated in GT Power in a transient simulation and BMEP
simulated from the presented engine model.

Control Strategy Description

Once the engine model has been validated, a torque control strategy can be imple-
mented. The inputs of the latter are the requested BMEP at the current RPM, the manifold
and boost pressure, and the feedback from a combustion analyzer (CA50, Pcyl, max, and
MAPO), as shown in Figure 22. Based on these inputs, the control strategy sets the position
of the actuators (e.g., SA, THR, VGT, etc.).
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Figure 22. Input and output of the control strategy.

In order to avoid abnormal combustions (e.g., knock, preignition, etc.) and limit NOx
emissions, the lambda value has to be above 2.2, thus the load control can be directly
managed with the amount of injected fuel. However, the fuel request has to be saturated
between the knock and misfire conditions to keep the engine in safe operating conditions.
As regards combustion phasing, proper control of the CA50 position results is crucial in
order to maximize efficiency without compromising reliability. For this purpose, a CA50-
based control strategy has been implemented. The target CA50 is defined as a function of
the current operating condition (RPM, load request, EGR, and lambda) and is saturated
under knocking conditions. The SA allowing achievement of the target CA50 for the current
conditions is then calculated using a dedicated ANN. Moreover, the open loop positions of
the THR, VGT, and EGR settings are calculated from calibrated maps as a function of engine
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speed and load request. Finally, a closed loop control has been developed, on manifold
pressure and boost pressure, acting respectively on THR and VGT. Figure 23 shows an
example of the control strategy behavior. As can be noticed, the engine is also capable of
following the BMEP request under transient conditions.
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Figure 23. BMEP request, BMEP provided, and error.

Figure 24 shows the actuator (THR, VGT, SA, fuel) settings and the corresponding
achieved CA50. It is worth noticing how after a sudden drop in the requested BMEP, the
control strategy saturates the minimum requestable fuel and retards the CA50 to keep the
BMEP on target.
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5.2. Hybrid Powertrain Management

The Energy Management Strategy (EMS) of the hybrid powertrain is aimed at con-
trolling the power provided by the range extender (i.e., ICE-EG) in order to guarantee
sustaining the battery charge with the minimum energy consumption. A vehicle model has
been developed for the EMS design and simulation, according to the data flow shown in
Figure 25. Starting from fitting the experimental data of the various vehicle components
and vehicle parameters, the optimal operating points of the range extender were identified
as a function of speed and torque through an optimization process. This is made possible
by the series architecture of the powertrain, which allows its fixed-point operation.



Energies 2024, 17, 34 22 of 29Energies 2023, 16, x FOR PEER REVIEW 23 of 31 
 

 

 
Figure 25. Vehicle Modeling Data Flow. 

Two Energy Management Strategies (EMSs) have been developed. Specifically, a heu-
ristic rule-based strategy and an optimal strategy based on the minimization of the equiv-
alent fuel consumption by means of the Pontryagin Minimum Principle (PMP). The rule-
based strategy has been implemented to achieve a causal non-optimal benchmark to be 
used as a reference for tuning the optimized PMP strategy. 

5.2.1. Rule-Based Strategy 
The EMS consists of a Rule-Based (RB) controller of the ICE-EG, in which the state 

variable is the battery SoC [16], as can be seen in Equation (2): 

⎩⎪⎨
⎪⎧𝜉௧௔௥௚௘௧ = 𝜉௦௧௔௥௧ + 𝜉௘௡ௗ − 𝜉௦௧௔௥௧𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ൈ න 𝑣𝑑𝑡 = 𝜉௦௧௔௥௧ + 𝜉௥௔௧௘ ൈ න 𝑣𝑑𝑡𝜉ெ௔௫ = 𝜉௧௔௥௚௘௧ ൈ 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝑀𝑎𝑥𝜉ெ௜௡ = 𝜉௧௔௥௚௘௧ ൈ 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝑀𝑖𝑛𝜉ு௔௥ௗெ௜௡ = 𝜉௧௔௥௚௘௧ ൈ 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝐻𝑎𝑟𝑑𝑀𝑖𝑛 ⎭⎪⎬

⎪⎫
 (2)

The initial State of Charge (SoC) level, denoted as 𝜉ௌ௧௔௥௧, represents the starting point, 
while 𝜉ா௡ௗ is the final SoC desired. The ICE-EG is activated when SoC decreases down to 
the lower threshold, 𝜉ா௡ௗ, while it is deactivated when the SoC reaches the upper thresh-
old, 𝜉ெ௔௫. These thresholds vary with time and are calculated based on the target SoC 
(𝜉௧௔௥௚௘௧) multiplied by predefined tolerance (Max and Min) factors. This ensures that the 
target SoC stays within a defined window throughout the simulation. The two thresholds 
and 𝜉௧௔௥௚௘௧ decrease along the driving transient, in accordance with the expected battery 
discharge rate (𝜉௥௔௧௘). 

An additional activation threshold for the ICE-EG (𝜉ு௔௥ௗெ௜௡ ) is also provided, in 
which, in the event of excessive battery discharge, more power is requested to cope with 
an unexpected increase in load. The flow chart of the rule-based EMS is shown in Figure 
26. 
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Two Energy Management Strategies (EMSs) have been developed. Specifically, a
heuristic rule-based strategy and an optimal strategy based on the minimization of the
equivalent fuel consumption by means of the Pontryagin Minimum Principle (PMP). The
rule-based strategy has been implemented to achieve a causal non-optimal benchmark to
be used as a reference for tuning the optimized PMP strategy.

5.2.1. Rule-Based Strategy

The EMS consists of a Rule-Based (RB) controller of the ICE-EG, in which the state
variable is the battery SoC [16], as can be seen in Equation (2):

ξtarget = ξstart +
ξend−ξstart

distance ×
∫

vdt= ξstart + ξrate ×
∫

vdt
ξMax = ξtarget × toleranceMax
ξMin = ξtarget × toleranceMin

ξHardMin = ξtarget × toleranceHardMin

 (2)

The initial State of Charge (SoC) level, denoted as ξStart, represents the starting point,
while ξEnd is the final SoC desired. The ICE-EG is activated when SoC decreases down to
the lower threshold, ξEnd, while it is deactivated when the SoC reaches the upper threshold,
ξMax. These thresholds vary with time and are calculated based on the target SoC (ξtarget)
multiplied by predefined tolerance (Max and Min) factors. This ensures that the target SoC
stays within a defined window throughout the simulation. The two thresholds and ξtarget
decrease along the driving transient, in accordance with the expected battery discharge
rate (ξrate).

An additional activation threshold for the ICE-EG (ξHardMin) is also provided, in
which, in the event of excessive battery discharge, more power is requested to cope with an
unexpected increase in load. The flow chart of the rule-based EMS is shown in Figure 26.
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Pre denotes the selected delivered power by ICE-EG, which can fluctuate between
two power levels: Pchg where maximum efficiency is achieved, and PMaxCharge representing
the maximum delivered power by the ICE-EG when the SoC reaches the second lower
threshold (ξHardMin).

.
m f is the fuel consumption. Figure 27 shows the time trajectory of the

battery SoC with the different SoC thresholds for a generic driving cycle.
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5.2.2. Equivalent Consumption Minimization Strategy

The Pontryagin Minimum Principle (PMP) is a crucial tool in the study of optimal
control problems for dynamic systems. It addresses the challenge of finding the best
trajectory that minimizes a given performance criterion, subject to the system’s dynamics
and constraints. Further theoretical details on the principle can be found in [71], while
examples of its application to the HEV powertrain control can be found, e.g., in [72,73].

In the current application, the problem is formulated by considering the battery State
of Charge (SoC) as the state variable and the battery power ( Pb) as a control variable. The
Hamiltonian can be defined as the sum of the fuel mass consumed by the engine and an
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equivalent fuel mass consumed by the electric motor weighted by an equivalence factor,
represented by the co-state (λ), thus leading to an Equivalent Consumption Minimization
Strategy (ECMS). The co-state drives the solution alternatively towards battery charging
or battery depletion and the ECMS-based technique minimizes the Hamiltonian while
adjusting the equivalent factor dynamically over time to guarantee the charge is sustained
throughout the whole reference driving cycle. Figure 28 shows the results of the co-state
identification and the deviation of the final SoC vs. the target value corresponding to the
initial one.
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Figure 28. Co-State Identification results.

Table 8 compares the results in terms of fuel consumption and powertrain efficiency
achieved by the two proposed EMSs (i.e., RB and PMP) for the three driving cycles con-
sidered. It can be noted that the use of the optimization strategy leads to an improvement
(on average, 9%) compared to the use of the causal strategy. It is worth noting that the fuel
consumption is still higher than the imposed target of 10 kg/100 km, nevertheless, a signifi-
cant reduction is expected to be achieved by further improvements in engine combustion
system and control, implementation of WHR technologies, and further refinement of the
EMS. Figure 29 shows the time trajectories of the SoC and cumulative fuel consumption,
evidencing that both RB and PMP guarantee suitable charge sustaining throughout the
whole driving cycle though the former EMS exhibits a larger SoC deviation from the mean
value, especially in Braunschweig and MLTB cycles.

Table 8. Simulations results: PMP vs. RB.

Simulation Results

Road Cycle Braunschweig Gillingham Uphill MLTB

EMS PMP RB PMP RB PMP RB
Fuel consumption (kg/100 km) 11.578 12.694 13.604 14.882 14.803 16.342

∆ (%) −8.789 −8.586 −9.415
ηpowertrain(%) 24.208 22.039 25.915 23.715 26.259 23.766

Where the powertrain efficiency, ηpowertrain, is defined as in Equation (3):

ηpowertrain =
Ewheels + EAux
ERex + Ebattery

(3)



Energies 2024, 17, 34 25 of 29Energies 2023, 16, x FOR PEER REVIEW 26 of 31 
 

 

 
Figure 29. Fuel consumption and state of charge time trajectories achieved by RB and PMP for the 
three driving cycles. Braunschweig (left), Gillingham (center), MLTB (right). 

6. Conclusions and Future Steps 
In the present work, preliminary results achieved to date from the H2-ICE project 

were presented. A comprehensive methodology has been developed to support the design 
of engine concepts and vehicle subsystems for the efficient exploitation of H2 as a fuel, as 
well as for their integration in a hybrid powertrain for an urban bus application. High-
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of nozzle designs and pressure ratios, and to control and optimize the combustion, setting 
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Figure 29. Fuel consumption and state of charge time trajectories achieved by RB and PMP for the
three driving cycles. Braunschweig (left), Gillingham (center), MLTB (right).

6. Conclusions and Future Steps

In the present work, preliminary results achieved to date from the H2-ICE project
were presented. A comprehensive methodology has been developed to support the design
of engine concepts and vehicle subsystems for the efficient exploitation of H2 as a fuel, as
well as for their integration in a hybrid powertrain for an urban bus application. High-
fidelity CFD models have been developed and validated to assess the potential of different
injection options from Port Fuel Injection (PFI) to Direct Injection (DI), with different levels
of nozzle designs and pressure ratios, and to control and optimize the combustion, setting a
maximum of λ = 3 to keep the combustion efficiency above 85%. Two different Waste Heat
Recovery (WHR) systems have been analyzed and tested to enhance engine efficiency at
higher levels: for a direct heat recovery system based on the Organic Rankine Cycle (ORC),
a net recovered power of 5 kW has been obtained in higher-engine-power conditions,
while for an indirect turbocompound it is up to 8 kW recovered power, limited by engine
backpressure effects. Regarding the aftertreatment system, the preparation of suitable
catalytic systems for the Selective Catalytic Reduction (SCR) of NOx using hydrogen as
a reducing agent has been completed. Moreover, a dedicated control strategy has been
developed exploiting a fast-running engine model based on Artificial Neural Networks
(ANNs) together with the torque control strategy. Finally, two approaches to an Energy
Management System (EMS) have been tested to target the desired fuel consumption (i.e.,
0.1 kg/km) and to guarantee a suitable SCR operation: a Rule-Based (RB) approach and
an optimal strategy based on the equivalent fuel consumption minimization (ECMS). A
gain in the fuel consumption near 10% is obtained with the PMP strategy with respect to
the RB one in the different considered driving cycles. Future steps of the project will be
focused on:

• further developing the engine combustion system, also exploiting the outcomes of the
upcoming experimental campaign on the mentioned single-cylinder optical-access
engine, to further decrease the hydrogen consumption,

• assessing the capability of the two WHR systems tested for different operating condi-
tions and considering the possibility of introducing two sections of WHR, combining
direct and indirect ways to increase the recovery,

• giving additional insights on the behavior of the H2-SCR reactor with the experimental
testing of small-scale prototypes in a wide range of operating conditions,

• optimizing the Energy Management System (EMS) to reach the desired target in
terms of fuel consumption, together with the H2-ICE optimization, over the different
mission profiles.

Then, the final outcome of the project would be not only the development of a traction
system for a new generation of H2-ICE but also the enhancement of the know-how for
sustainable H2 exploitation in the context of public transport mobility.
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Abbreviations

ANN Artificial Neural Networks
BEV Battery Electric Vehicle
BMEP Break Mean Effective Pressure
BSFC Brake Specific Fuel Consumption
CA50 Crank Angle of 50% Heat Release
CFD Computational Fluid Dynamics
DI Direct Injection
DP Dynamic Programming
EGR Exhaust Gas Recirculation
EM Electric Motor
EMS Energy Management System
EU European Union
FCEV Fuel Cell Electric Vehicle
GHG Greenhouse Gas
HDV Heavy-Duty Vehicle
ICE Internal Combustion Engine
ICE-EG Internal Combustion Engine—Range Extender
IMEP Indicated Mean Effective Pressure
IVO Intake Valve Opening
LDV Light-Duty Vehicle
LES Large Eddy Simulation
LFP Lithium-Ferro-Phosphate
MAPO Maximum Amplitude of Pressure Oscillations
MIL Model-in-the-Loop
NMC Nickel Manganese Cobalt Oxide
NPR Nozzle Pressure Ratio
ORC Organic Rankine Cycle
Pcyl, max Maximum In-Cylinder Pressure
PFI Port Fuel Injection
PM Permanent Magnet
PMP Pontryagin Minimum Principle
RANS Reynolds-Averaged Navier–Stokes
RB Rule Based
RMSE Root Mean Square Error
RPM Revolutions Per Minute
SA Spark Advance
SCR Selective Catalytic Reduction
SoC State of Charge
SoI Start of Injection
SOpHy Sandia’s Optical Hydrogen Engine
Tcyl, max Maximum In-Cylinder Temperature
THR Throttle Valve
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V2X Vehicle To Everything
VGT Variable Geometry Turbocharger
WF Working Fluid
WHR Waste Heat Recovery
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