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ARTICLE INFO ABSTRACT

Keywords: The H2ICE project focuses on the investigation of the feasibility and the development of a new class of hybrid
Decarbonization powertrains incorporating a hydrogen-fueled Internal Combustion Engine (ICE) designed for 12-meter urban
H,-ICE

buses, with the goal of achieving low emissions and competitive efficiency. A combined experimental and
simulation-based approach was adopted.

Waste heat recovery .. . . . . P

Energy management system Achieving the full potential of this propulsion system requires significant advancements over the current state
Hydrogen-SCR of the art, as several technical challenges remain. Chief among these is effectively managing the combustion
Ultra-lean combustion process. First, a three-dimensional CFD model was calibrated and validated against an extensive optical-engine
campaign, achieving predictive accuracy on mixture formation and flame development adequate for supporting
design decisions in ultra-lean operation. This model supported the development of a complete one-dimensional
engine model, coupled with a dedicated control strategy that improved combustion stability in the ultra-lean
regime while enabling reduced NOy formation and high efficiency.

Several Waste Heat Recovery (WHR) configurations were assessed through a synergy between experimental
analysis and numerical simulations, including an electric turbocompound and an Organic Rankine Cycle (ORC).
The combined two-stage WHR system achieved a maximum recovery efficiency of 14% (6.4% on average),
delivering up to 16 kW of net electrical power under high exhaust energy conditions. In parallel, an innovative
H,-SCR concept was experimentally validated, reaching up to 50% NOy conversion efficiency at exhaust tem-
peratures around 250 °C and oxygen concentrations of approximately 12.5%.

A causal Rule-Based (RB) Energy Management System was designed as an implementable solution for real-
time ECU application. In the final virtual-vehicle assessment over SORT driving cycles, hydrogen consumption
reached values as low as 9 kg/100 km (i.e., meeting the project target of ~ 10 kg/100 km under standardized
conditions), while real-world variability may lead to higher values, as discussed in the manuscript. Tailpipe NOy
emissions ranged from approximately 0.14 g/kWh under standardized type-approval cycles to as low as 0.009 g/
kWh under real-world operating conditions, remaining below the forthcoming Euro 7 limits for heavy-duty
applications.

These results demonstrate that HyICE-based hybrid powertrains represent a technically feasible and realistic
solution for urban buses, capable of delivering low pollutant emissions and competitive efficiency, and offering a
viable decarbonization pathway in contexts where battery-electric solutions face infrastructure or range
limitations.

Urban buses
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Nomenclature

Acronyms and symbols
ATS Aftertreatment System
BEV Battery Electric Vehicle

SCR Selective Catalytic Reduction
SiL Software in the Loop

SV Space Velocity

TC Turbo Compound

TCO Total Cost of Ownership

BMEP  Brake Mean Effective Pressure U-RANS Unsteady Reynolds Averaged Navier-Stokes
BSFC Brake Specific Fuel Consumption WHR Waste Heat Recovery
BTE Brake Thermal Efficiency Cp.gas Specific heat capacity of exhaust gas
CA50 Crank Angle of 50% Mass Fraction Burned Cscr SCR thermal capacity
CFD Computational Fluid Dynamics hamp Convective heat-transfer coefficient SCR-ambient
DI Direct Injection hin/hoy:  Enthalpy of working fluid at component inlet/outlet
DoE Design of Experiment H System Hamiltonian
ECU Engine Control Unit Mggs Exhaust gas mass flow rate
EG Electric Generator myr Working-fluid mass flow rate in the ORC
EGR Exhaust Gas Recirculation NOxi, /NOx,,: Inlet/outlet NOx concentration in the SCR
EMS Energy Management System Pexp/Ppump Expander power / Pump power in ORC
FC Fuel Consumption Dintc/Pout,rc  Turbocompound inlet / outlet pressure
FCEV Fuel Cell Electric Vehicle Prc Power delivered by the turbocompound
GHG Green House Gas Pice Power delivered by the ICE
HEV Hybrid Electric Vehicle Mo Hydrogen mass flow
HRVG  Heat Recovery Vapor Generator Porc Net ORC electrical power
ICE Internal Combustion Engine Qre Thermal power recovered by HRVG in the ORC
IMEP Indicated Mean Effective Pressure SL Laminar flame speed
IT Ignition Timing St Turbulent flame speed
LCA Life Cycle Assessment Texh Engine-out exhaust gas temperature
MAP Manifold Absolute Pressure Tinrc/Tou7c  Turbocompound inlet / outlet gas temperature
MBT Maximum Brake Torque Tscr SCR temperature
NOx Nitrogen Oxides B Turbocompound Expansion ratio (Pin,tc / Pout,Tc)
ORC Organic Rankine Cycle e Turbocompound adiabatic efficiency
PFI Port Fuel Injection Nem Electromechanical efficiency
PMP Pontryagin Minimum Principle Nscr SCR conversion efficiency
RB Rule-Based NwrR Overall WHR efficiency
RMSE  Root Mean Square Error A Relative air-to-fuel-ratio
RNG Renormalization Group
1. Introduction the need for experimental data and system-level validation to support

The decarbonization of urban public transport represents a critical
challenge in the global effort to address climate change and mitigate the
health impacts of air pollution. Diesel-powered bus fleets, while long
established as the backbone of city mobility, contribute significantly to
greenhouse gas (GHG) emissions and urban air pollutants. Recent efforts
have therefore focused on alternative propulsion systems, including
battery electric vehicles (BEVs) and low-carbon fuel solutions; however,
large-scale BEV deployment may be limited by infrastructure readiness,
electricity availability and local operational constraints [1].

Hydrogen stands out among alternative fuels due to its carbon-free
molecular structure, which ensures zero tailpipe CO» emissions in
both fuel cell electric vehicles (FCEVs) and hydrogen internal combus-
tion engines (Hy-ICEs) [2]. While policy attention has mainly targeted
FCEVs and BEVs, H,-ICEs provide a promising intermediate option for
medium- and heavy-duty transport, especially where driving range,
payload and operational flexibility are critical [3]. Hy-ICEs maintain the
advantages of the conventional ICE platform and emit only water vapor
during ideal combustion conditions, although high temperatures can
still generate NOy. Experimental work indicates that NOy formation is
strongly affected by mixture preparation, combustion phasing and
turbocharged operation [4], highlighting the necessity of coordinated
combustion and After-Treatment System (ATS) optimization. Moreover,
ultra-lean hydrogen combustion, an essential operating mode for high
efficiency, poses challenges related to mixture formation, ignition sta-
bility and increased sensitivity to in-cylinder thermodynamic conditions
[5]. Validated CFD tools for these regimes are still limited, underscoring

model development.

Beyond emissions, Hy-ICEs offer logistical and economic advantages
when compared with BEVs and FCEVs. They are compatible with
existing manufacturing lines, maintenance practices, and service infra-
structure, which lowers the barrier to large-scale adoption. Technolog-
ically, they require less complex systems than FCEVs, avoiding the need
for fuel cell stacks and their associated thermal management challenges
[6].

A further advantage is the potential to retrofit existing diesel ICEs to
operate on hydrogen. This approach can reduce capital expenditures and
facilitate early transitions in public transport fleets without necessi-
tating entirely new vehicle platforms. Recent developments by manu-
facturers such as Mahle [7] and Phinia [8] have demonstrated the
feasibility of this retrofit strategy. Such solutions are particularly rele-
vant for transit agencies facing tight budget constraints and operating
vehicles with long lifecycles. Hybrid H,-ICE powertrains can also deliver
additional benefits: recent studies have shown that integrating hydrogen
combustion with hybridization can reduce the energy consumption of a
diesel bus by an average of 29% [9]. This aligns with previous work on
hybrid bus development, which highlights how hybridization can
compensate for engine limitations in transient urban driving conditions
[10]. However, integrating additional subsystems such as waste heat
recovery (WHR) units and hydrogen-compatible SCR technologies in-
troduces further challenges, including exhaust thermal management,
component packaging and control strategy coordination, especially
under highly variable urban cycles.

Life Cycle Assessment (LCA) provides a broader view of
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environmental performance. BEVs achieve low use-phase emissions
when powered by renewable electricity [11], but their overall impact
depends on several boundary conditions such as: grid carbon intensity,
battery production burdens and diverse weather conditions [12]. The
environmental profile of Hy-ICE buses similarly depends on the
hydrogen pathway, with green hydrogen offering substantial GHG re-
ductions [13]. Comparative LCAs consistently show that BEV and H,-
ICE solutions present context-dependent advantages driven by energy
supply and manufacturing processes [6,11], underscoring the need for
system-level analysis.

Economic viability must also be considered. BEVs often yield
favorable TCO due to high efficiency and low maintenance, but limita-
tions such as upfront costs, range constraints and charging requirements
may restrict their adoption under demanding operating conditions [14].
H,-ICEs may offer greater operational flexibility, especially in regions
where hydrogen infrastructure already exists or is being planned and
can achieve competitive cost performance relative to FCEVs. Scenario-
based studies on hydrogen mobility confirm that cost-effectiveness,
together with good environmental performance, strongly depends on
energy market and infrastructure evolution, reinforcing the need to
assess propulsion technologies within realistic boundary conditions
[13].

Although real-world applications remain relatively limited, they are
steadily increasing. Pilot programs in the European Union and California
[15,16] have introduced H,-ICE buses, often as part of broader hydrogen
mobility initiatives. These initiatives demonstrate the feasibility of
hydrogen mobility but also highlight the need for advances in fuel in-
jection systems, turbocharging strategies and engine management. Hy-
bridization remains a promising pathway for improving efficiency and
emissions performance in urban applications [10]. Despite these con-
tributions, most existing studies assess combustion behavior, ATS per-
formance, hybridization strategies or environmental impacts separately
[4-16]. Limited work has combined ultra-lean combustion behavior,
WHR integration, H,-SCR operation and hybrid controls into a unified
framework. As a result, system-level understanding of their combined
influence on NOy reduction, conversion efficiency and vehicle-level
performance remains incomplete.

In this context, the present paper focuses on the final results of the
HICE project, a research and demonstration program aimed at evalu-
ating the technical feasibility, operational performance, and integration
challenges of hydrogen-fueled internal combustion engines in public
transport. Building on earlier publications that detailed the project’s
development phase [17], this work addresses the concluding assessment
phase, covering both engine-level and system-level analyses. A new
contribution of this study is the integrated evaluation of combustion
behavior, WHR systems, and H»-SCR aftertreatment within a hybrid bus
platform, thereby addressing the knowledge gap identified above. The
study provides insight into the capabilities and limitations of Hy-ICE
buses in real-world transit scenarios and assesses their potential role
alongside BEVs and other clean propulsion technologies in achieving
sustainable urban mobility.

The paper is organized as follows: Section 2 presents an overview of
the final achievements of the HoICE project, including the case study
context and target performance metrics. Section 3 analyzes the com-
bustion system, while Section 4 examines the waste heat recovery sys-
tem and ATS solutions. Section 5 discusses engine and powertrain
management strategies. Section 6 integrates these findings into a virtual
vehicle assessment, and Section 7 concludes with the main outcomes
and recommendations for future research.

2. HLICE overview and final goals
2.1. Case study

The considered vehicle is a 12-metric-ton urban bus employing a
series hybrid architecture, integrating a hydrogen internal combustion
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engine derived from a state-of-the-art diesel engine and an electric
traction motor as power sources [17]. Table 1 reports the main vehicle-
level specifications used in this study, which are representative of a
standard 12-m urban bus class widely adopted in European public
transport fleets. The curb and fully loaded weights reflect typical oper-
ational conditions, considering both the structural mass and a full pas-
senger load of approximately 90 people, which is standard for high-
capacity urban buses. The road load values at 50, 80 and 100 km/h
were derived from coast down-equivalent data from a similar vehicle
architecture [10] and are consistent with the aerodynamic and rolling
resistance characteristics of vehicles in this category.

The main powertrain components’ technical specifications in
Table 2. More details about the components' choice and sizing can be
found in [17].

The design of the hybrid traction system considered both standard-
ized regulatory driving cycles and representative real-world mission
profiles. Specifically, three distinct mission profiles characteristic of
typical urban bus operations are analyzed. Their corresponding speed
profiles are illustrated in Fig. 1. Specifically, the Braunschweig cycle is
an urban driving cycle commonly utilized in research studies and
equipment certification programs [18]. The MLTB cycle, developed by
UK transport authorities in 1996, serves to assess the compliance of new
vehicles with emissions and fuel economy regulations [19]. Lastly, the
Gillingham Uphill profile represents a real-world driving scenario
derived from GPS data, characterized by significant elevation changes to
evaluate vehicle performance under demanding operating conditions
[20].

2.2. Main research areas and project targets

The H,ICE project has been focused on advancing hydrogen-fueled
ICE technology for integration into hybrid powertrains, particularly
for use in urban buses. To unlock the full potential of hydrogen as a clean
and efficient fuel, the initiative addressed several technical barriers by
combining experimental development, simulation, and systems inte-
gration. Through this integrated approach, the project aimed to push the
state of the art in hydrogen powertrain design, combustion control, and
emissions reduction. Indeed, the main focus of the project has been
divided into three main areas, as follows:

Combustion and fuel injection systems.

e Enhance computational modeling of hydrogen combustion and
emissions.

e Expand experimental datasets on Hj ignition and combustion under

engine-relevant pressure and temperature conditions.

Mitigate abnormal combustion such as surface ignition, backfiring,

preignition, and knock due to Hy's reactive properties.

Waste Heat Recovery Technologies and Aftertreatment System.

Develop advanced WHR systems to utilize high exhaust gas enthalpy
for energy efficiency, tailored for the present application.

e Innovate a Selective Catalytic Reduction (SCR) system using
hydrogen as the reductant to achieve near-zero tailpipe Nitrogen
Oxides (NOy).

Table 1

Hybrid bus specifications and target setting.
Vehicle length 12m
Curb weight 12 ton
Fully loaded weight 18 ton
Full passenger capacity 90
Road Load @ 50 km/h 16 kW
Road Load @ 80 km/h 43 kW
Road Load @ 100 km/h 74 kW
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Table 2
Hybrid powertrain technical specifications.
ICE Displacement 3.0L
Bore x stroke 83 x 90 mm
Features Single stage Turbocharger w/VGT
Max. power 100 kW
EM Max. power 200 kW
Max. torque 1500 Nm
Battery Capacity 19.8 kWh
Nominal voltage 396V
Maximum current 2400 A
Maximum power 950 kW
Cell in series 120
Cell in parallel 20

Design and test catalysts compatible with hydrogen-based ATS
systems.

Integrate and coordinate WHR and H»-SCR systems for optimal
emission control and thermal energy usage.

Engine and Hybrid Powertrain Management.

Design of a combustion controller managing the control action to
assure the requested torque production with optimal performance.
Develop control strategies for the coordinated operation of WHR and
SCR systems.

Develop an Energy Management System (EMS) to improve the
overall efficiency of hydrogen-powered hybrid systems.

Furthermore, Table 3 reports the overall targets adopted in this
study, defined based on state-of-the-art evidence for turbocharged ultra-
lean Hy combustion and hybrid powertrain operation. The engine tar-
gets originate from the project’s engineering goals, which identified
ultra-lean operation as the key enabler for simultaneously achieving
high efficiency and very low engine-out NOy, to be further reduced by
the H,-SCR system. As an example, the peak ICE efficiency target of 42%
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derive from the high exhaust gas enthalpy available, which makes waste
heat recovery and turbocompounding viable contributors to overall
system efficiency. Finally, the 10 kg/100 km hydrogen-consumption
objective aligns with the system-level performance goals set within
the H2ICE project and is consistent with the improvements observed in
comparable hybrid bus prototypes [10]. These targets therefore provide
coherent boundary conditions for component design, hybrid energy-
management optimization and vehicle-level assessment.

3. Combustion system

Managing hydrogen injection and combustion poses challenges due
to the risk of backfire in port injection and to the complexities of mixture
formation in direct injection. In previous works related to the project
[17,23-25] CFD models have been developed for investigating different
injection options, from Port Fuel Injection (PFI) to Direct Injection (DI)
with various nozzle designs, to assess mixture uniformity and combus-
tion efficiency. Indeed, high-fidelity CFD models were crucial for accu-
rately simulating hydrogen injection, combustion, and anomalies such
as knock, preignition, and misfire, with the goal of achieving high effi-
ciency and low NOy emissions. As a result of the tradeoff between per-
formance and complexity, the engine architecture defined for this work
is based on PFI hydrogen injection. The adoption of hydrogen port in-
jection in this work minimizes changes to the overall engine architec-
ture, derived from a diesel engine, while future work could address the
transition to DI injection and more advanced supercharging systems in
order to explore further performance improvements. The simulation
models have therefore been validated at the component level, also

Table 3
H,ICE project targets for vehicle and engine efficiency, and NOy emissions.
Vehicle performance Max Speed 65 km/h
Min Acceleration 1.1 m/s?

Max Gradeability @Full 14%

. . Load
reflects tl}e values rep.orted for b(.)os.ted H, engines operating at A > 2, Vehicle and engine Specific power 40 KW /dm®
where mixture formation, spark timing and elevated boost enable high efficiency ICE efficiency 42% peak efficiency
thermodynamic efficiency while keeping pressure-rise rates low 35% part load
[4,21,22]. Similarly, the tailpipe NOy target (<0.05 g/kWh) results from efficiency
combining the inherently low-NOy characteristics of ultra-lean com- Emicsi ;“el c‘f;‘s}‘mptw“ 10 kg/ 101‘3 k‘l:‘
bustion with the additional reduction achievable through H-SCR TmHssions O tailpipe <0.05 g/kW
. X R X Auxiliaries WHR system efficiency >4%
aftertreatment, consistent with the NOy formation trends observed in eTurbo efficiency 4%
experimental studies. The WHR and e-turbo efficiency targets (>4%)
Braunschwei
75 &
50
10
25 |
= -5 35%
~
g - o
= 75 Gillingham 5 o
- ; . < u Stop Phases
250 : & uC Speed
5, & i 0 onstant Spee
o 25 O Acceleration
o 0 53 ® Deceleration
I} Q
= ~
Q MLTB
> 75 5
50
10
25 \
0 -5 39%
0 1000 2000 3000
Time [s]

Fig. 1. Vehicle speed of the considered driving cycles (black lines), and road grade when present (red line), together with driving cycle phases. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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taking into account future developments. This section discusses the
experimental campaign in a single-cylinder research engine and the
subsequent validation of a CFD numerical model for hydrogen com-
bustion, employed to develop the engine model for the final vehicle
demo.

3.1. Single-Cylinder research engine

Experiments were conducted on a 500-cc single-cylinder PFI engine
with a pent-roof chamber and optical access (Fig. 2). Mixture enlean-
ment A was controlled at fixed airflow by regulating the hydrogen in-
jection duration, while combustion and emissions were monitored using
standard indicating equipment and a fast lambda/NOx analyzer. A high-
speed camera provided combustion visualization. More details can be
found in [26-29]. It is worth noting that the optical engine geometry
(pent-roof) differs from the final heavy-duty bus engine; however, it
serves as a fundamental platform to validate the hydrogen combustion
physics and calibrate the CFD combustion and emission sub-models.

3.2. 1D and 3D-CFD models

The single-cylinder engine is modeled via a system-level tool (GT-
Power) and a detailed CFD tool (CONVERGE), shown in Fig. 3, left.

The 1D engine model features the full intake and exhaust systems,
with the hydrogen injection into the intake manifold after the throttle
valve, and a specific model to account for blow-by through the piston
rings, which is crucial for accurately interpreting the optical engine
measurements. To model combustion, a two-zone predictive model is
used, namely, the spark-ignition turbulent-flame (SITurb) model
[30,31]. For hydrogen, it is worth mentioning that only a proprietary
model for the laminar flame speed is available. A proper preliminary
calibration has been performed against measured data to set the com-
bustion model constants following the procedure reported in [32]. The
calibration resulted in these values for the combustion model
parameters:

e Flame Kernel Growth Multiplier = 1.5
e Turbulent Flame Speed Multiplier = 1.1
e Taylor Length Scale Multiplier = 2.2

e Overall Convection Multiplier = 1.0

e Dilution Exponent Multiplier = 1.2.

Fuel 420 (2026) 138866

The 3D-CFD model reproduces the geometry of the actual combus-
tion chamber and includes truncated intake and exhaust pipes, with
boundary conditions provided by a combination of indicating data and
1D simulation results. In particular, boundary conditions include time-
varying pressures, temperatures, and species compositions at the inlet
and outlet, with hydrogen and air assumed to be perfectly mixed at the
inlet. Moreover, the 3D model does not include blow-by to facilitate the
stability of the solution of the conservation equations. Unsteady Rey-
nolds Averaged Navier-Stokes (U-RANS) equations are solved with the
RNG k-¢ closure for turbulence. Fixed and adaptive mesh refinements
are applied to better capture the flame front and the flow structures
originating from the charge motion [33,34]. Specific refinements
around the spark plug, with a minimum size of 0.125 mm, support the
ignition stage [35]. Specific details on the CFD setup are given in
[23-25]. The G-equation combustion model is used for this activity,
with an ignition source of passive G in a sphere located between the
spark electrodes. The laminar flame speed table, S, is obtained via the
C3MechV3.3 reaction mechanism for hydrogen [36]. The turbulent
flame speed, St, uses the formulation proposed by Peters [37], with the
model constant by set to 3.0 for all cases [38] to match the experimental
burn rate, while standard values of the turbulence-model parameters
were retained. Lastly, thermal NOy emissions are calculated by adopting
the extended Zeldovich mechanism [39], both in the CFD model and in
the system-level model. Experimental data, based on in-cylinder pres-
sure measurements, emissions, and flame imaging [40,41], were
essential for fine-tuning the predictive combustion and emission models.

3.3. Combustion model calibration

Engine tests and corresponding simulations have been conducted at
1000 rpm, under part load from 2 bar up to 5 bar Indicated Mean
Effective Pressures (IMEP), at various dilution levels from A = 1.6 up to
A = 3.0. Ignition Timing (IT) sweeps have been conducted for each
operating point under consideration to determine the Maximum Break
Torque (MBT) value in each case. All results presented in the following
refer to MBT timings, and are characterized by a COV (Coefficient of
Variation) of IMEP below 3-5%.

Detailed 3D investigations of the combustion development have
shown that the flame front shape is rather spherical, with minimal
deformation under these conditions, but with some transport attributed
to the residual tumble motion. Fig. 3 indeed shows an example of the
comparison between of the binarized flame image obtained from the

LabVIEW
C PC
. | [ control code

g o
Sensor
P
~

0,% at the exhaust (A value)

pm Torque

Exhaust Line I

Intake

Pressure

Transducer

Cylinder

Pressure

Transducer

AVL 5700 dynamic brake

Optical

Indicating
Engine

System

Encoder

Fig. 2. Optical access engine and schematics of the data acquisition systems.
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EXP

Fig. 3. Single cylinder engine modeled in Converge (left). Comparison of binarized flame image (right) and 3D-CFD volume rendering of burned gas region (middle),
at 10 CAD after ignition timing (IT = —11 CAD aTDC), for the 2.5 bar IMEP case (A = 1.6, low load). Red circles denote the quartz piston (optical limit). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

high-speed video experiments and the corresponding CFD flame visu-
alized through volume rendering, for the 2.5 bar IMEP case (A = 1.6, low
load). Predictions agree well in terms of shape, location, and impact
with the piston.

Fig. 4 shows the in-cylinder pressure and the mass fraction burned
for three dilution levels at ~ 3.5 bar IMEP, obtained from experiments
and CFD simulations. The results indicate a very good agreement be-
tween both types of simulations and experiments. Pressure trends and
combustion phasing are properly captured. Peak pressure and its loca-
tion show minimal deviations between experimental and 1D simulated
data. Similarly, the mass fraction burned curves align closely, with slight
differences in the overall combustion duration mainly for the CFD
models, which can be ascribed to the complex phenomena occurring at
the ignition stage.

A =16, IT=-11CADaTDC

EXP. distribution
w—EXP. avg

| D-CFD

bar]

-~
=
-~
In-cylinder Pressure

80 60 10 20 0 20 10 60 80 100 -80 60 10

CAD aTDC]

EXP_distribution
— XD v
s |D-CFD
e 3D-CFD

G

Mass Fraction Bu

0 20 10 60 80 20 0

CADaTDC)

A=20, IT=-13CADaTDC

[CAD aTDC]

CAD aTDC]

Fig. 5 reports the NOy emission levels measured under two lambda
sweeps, carried out at constant throttle, and therefore decreasing IMEP,
resulting in two series at 2.2-2.5 bar and 3.5-4.5 bar. The trend shows a
decrease in IMEP as lambda increases, which aligns with expectations
since leaner mixtures result in lower in-cylinder combustion pressures.
As expected, nitrogen oxide concentrations decrease remarkably from
1.6 to 2.3 relative air—fuel ratio, as a result of the combustion temper-
ature drop. Simulations are in very good agreement with measurements,
confirming the validity and robustness of the 1D and 3D models. As
displayed in Fig. 4 and Fig. 5, a strong correlation is observed between
1D simulations, 3D-CFD results, and experimental data.

Overall, these activities focused on developing 1D and 3D-CFD
models based on the UniPG single-cylinder engine data, using thermo-
fluid-dynamic simulations. Ultimately, RANS simulations helped to
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Fig. 4. Measured and simulated in-cylinder pressure (a) and the mass fraction burned (b) curves, for A = 1.6 (left), 2.0 (middle), and 2.3 (right), at MBT ignition

timing and ~ 3.5 bar IMEP.
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Fig. 5. Measured and simulated IMEP (left) and NOx emissions (right) for two lambda sweeps at different engine loads.

refine the injection system [17], ignition system [42] and the combus-
tion chamber geometry of the urban bus engine to meet performance
targets (efficiency peak > 42% and ultra-low NOx as reported in
Table 3). Moreover, the 3D-CFD model provides heat release data and
emissions, which are also integrated into the 1D model. The physical
models, transferred to the urban bus engine, are then used to analyze
various parameters, including ignition timing, dilution, or Exhaust Gas
Recirculation (EGR) rates, and boost levels under different operating
conditions across the engine operating map.

4. Waste heat recovery technologies and after treatment system

In this work, a tailored WHR section was developed and integrated
into the ATS to achieve high overall system efficiency and low NOy
emissions, in line with the stated objectives. A two-stage waste heat
recovery configuration was implemented (see Fig. 6). The first stage
comprises an additional turbine installed in the exhaust line

< JHHH
l ] l l ILRR
H2ICE :‘ - . Intercooler
| | | | | | »

Exhaust gas

1st recovery stage -

Turbocompound
L NS

after-
treatments

|
|
|
|
|
|
|

2nd recovery
, Stage - ORC

Fig. 6. Two-stage WHR recovery section considered.

downstream of the turbocharging unit’s main turbine, directly con-
verting the residual gas pressure into mechanical power. The second
stage employs an Organic Rankine Cycle (ORC) unit to indirectly
convert exhaust heat into electrical power. The ATS section is positioned
immediately downstream of the turbocharger to ensure exhaust gas
temperatures remain within the optimal range for effective emission
reduction across various engine operating conditions.

4.1. Turbocompound

The first section is configured as a direct heat recovery: the exhaust
gases cross a radial turbine, expanding and converting their enthalpy
into mechanical power, which is subsequently transformed into elec-
trical power via an integrated generator. This recovery turbine, referred
to as the Turbocompound (TC), is of radial type, similar to that
commonly used in turbocharger units. Its preliminary design was based
on the similarity theory applied to the turbocharger turbine, as both
operate with the same exhaust mass flow rate and comparable order of
magnitude of temperatures and pressures [43]. The design point, shown
in Table 4 and with a “blue circle” in Fig. 8, corresponds to an engine
operating condition of 3400 rpm and 230 Nm, yielding a rated brake
power of approximately 80 kW. This sizing enables the additional tur-
bine to operate effectively even at lower engine loads, by acting on the
turbine revolution speed.

This configuration was included in the overall simulation model to
evaluate its interactions with the engine and potential side effects
arising from the addition of a component in the exhaust line, including
its influence on engine performance, turbocharger balance, and, more
broadly, the adjustment of engine control parameters. Fig. 7 represents
the characteristic map of the designed turbine, showing the reduced
mass flow rate myq [(kg/s)KO‘s/kPa], evaluated at the gas inlet pressure
and temperature, as a function of the expansion ratio p. The turbine
adiabatic efficiency 7r¢, as defined in Equation (1), is also reported.
Based on these data, the power recovered by the TC, Pr¢, can be deter-
mined. Revolution speed is not reported, but it can be changed ac-
cording to an optimization of the overall system [44]. This approach
consented to keep the physical consistency of the analysis, and consider

Table 4
Exhaust gas thermodynamic data chosen for the design point of the
turbocompound.

Pressure gas [bar] Temperature gas [°C] Gas flow rate [g/s]

1.35 442.4 160.2
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Fig. 7. Characteristic map of the additional turbine proposed for the first WHR
section. The working points of the HoICE engine have also been plotted.

at the same time the variation in gas composition, temperature and
pressure (Equation (1).

mga.s vV Tin1c

DPin;tc
_ Pintc. @
- poumTC

Myeq =

Prc = Nl cMgas (hin,Tc — hout,TC,ad—is)

In addition, the considered working points of the H2ICE engine have
also been plotted. The selected turbine design point lies in the high-load
region, ensuring good efficiency across most of the engine operating
conditions considered (up to 50%). The maximum efficiency slightly
exceeds 70%.

An electromechanical efficiency, #,,, is considered to account for the
conversion of recovered thermodynamic power into electrical power.
The high-speed electrical generator coupled to the TC unit has an effi-
ciency profile obtained from literature data [45], encompassing both
electrical and mechanical conversion losses. This efficiency varies
parabolically with rotational speed, reaching a maximum of 92% at
approximately 70 kRPM and remaining above 85% in the range of
40-100 kRPM, indicating high performance across the most frequently
encountered operating conditions. An important effect to consider is the
increase in the exhaust backpressure, which leads to higher pumping
losses and, consequently, an increase in specific fuel consumption or a
reduction in useful torque. Fig. 8 shows the indicated cycle (in-cylinder
pressure vs. volume) of the HyICE at an engine operating point of 3400
RPM and 230 Nm (BMEP = 4.8 bar), comparing the baseline configu-
ration (without the direct WHR) to the case with the TC operating and
inducing backpressure (in-cylinder pressure variation during exhaust
phase). The results highlight that while the pumping loop becomes more
pronounced, its adverse impact is partially offset by the increased engine
inlet pressure, which raises the pressure levels throughout the thermo-
dynamic cycle and enhances the positive (upper) portion of the cycle.
Nevertheless, the increase in peak in-cylinder pressure should be
managed to avoid knocking and excessive NOy emissions.
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Fig. 8. Indicated cycles for a specific working point, with and without recovery
sections in the exhausts.

4.2. ORC

The ORC unit was modeled using an integrated zero-dimensional
(0D) and one-dimensional (1D) approach within the GT-SUITE™ envi-
ronment. The system’s primary goal was to simulate the off-design
performance of a small-scale ORC-based unit fed by the exhaust gases.
Thermodynamic properties of the working fluid (R245fa) were retrieved
using the NIST Refprop™ database.

The ORC-based unit considered consists of: a) a volumetric gear
pump, which delivers the working fluid into the system. It was modeled
using a 0D approach, where its mass flow rate was derived from the mass
conservation equation; b) a scroll-type expander, able to convert thermal
energy into mechanical form. It was modeled using a map-based
approach derived from experimental data, given its crucial role in
determining system behavior; c) heat exchangers (evaporator and
condenser), represented as 1D discretized elements where mass, energy,
and momentum conservation equations were applied. Heat transfer
coefficients were evaluated using established correlations such as Col-
burn, Kandlikar, and Friedel ones; d) a three-liter tank serves as a
receiver upstream of the pump, ensuring flow stability and pressure
head on the pump. The system of Equation (2) reports the most relevant
relations. The model is initialized by the inlet pressure, temperature, and
mass flow rate of the exhaust gas, which serve as an input for calculating
the thermal power transferred (Qrec) to the working fluid within the Heat
Recovery Vapor Generator (HRVG). This calculation enables the eval-
uation of the mass flow rate of the working fluid, myr, given that the
inlet and outlet fluid enthalpies, heyqp,in and heygp, our, are defined by the
pump discharge and expander inlet. Once the R245fa mass flow rate is
calculated, the expander and pump thermodynamic power can be esti-
mated, with their efficiencies taken from experimentally based oper-
ating maps. Pressure losses along the piping are also evaluated to
determine the actual inlet and outlet conditions of the working fluid for
each component. Final net electrical power output, Pogc, is obtained by
applying the electrical efficiency of the generator coupled to the
turbomachinery.
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Qrec = mguscp,gm(Tgas,in - Tgax.out)

Qrec

Myr =
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The model is completed with the hydraulic permeability evaluation,
which correlates the evaporating pressure with the mass flow rate.
Experimental results from [46] confirmed that this relationship is
approximately linear, enabling the design of a proportional regulator for
system control.

The overall model of the ORC-based unit was validated using
experimental data collected from a test bench at the University of
L’Aquila ICE lab. The validation was performed under both steady-state
and dynamic conditions [47]. The model accuracy was evaluated by
comparing predictions to experimental data under step variations of ICE
torque and speed, with a relative error in predicting expander intake
pressure equal to 2.3% before and 0.1% after step changes. The vali-
dated model was therefore considered sufficiently robust to serve as a
simulation platform for evaluating ORC performance and testing control
strategies.

Based on the verified linear relationship between expander inlet
pressure and mass flow rate, a proportional regulator was implemented
to improve performance under off-design conditions. The regulator gain
was experimentally determined from test data, and the control strategy
combined feedforward and feedback actions [48], allowing further
optimization of unit performance. Fig. 9 presents the net electrical
power output of the ORC unit as a function of the thermodynamic
conditions of the exhaust gas entering the evaporator (temperature and
reduced mass flow rate). The maximum recovered mechanical power
reaches 2 kW at the highest exhaust temperature and mass flow rates,
corresponding to an ORC efficiency of 5%, exceeding the project’s
target. The figure also highlights the operating range of the ORC-based
unit, including the minimum temperature and flow rate thresholds
required for positive energy recovery.

Fig. 10 shows the net electrical power recovered by the two-stage
WHR as a function of the exhaust energy available downstream of the
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Fig. 9. Final ORC electrical power produced in relation to the exhaust gas
conditions at the evaporator inlet.
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Fig. 10. Power recovered in electrical form from the two recovery sections.

turbocharger, Qexh available, Calculated according to Equation (3) with a
reference temperature Ty = 298 K. Under maximum exhaust energy
conditions, the total recovered electrical power approaches 16 kW. The
TC stage contributes the majority of this output, while the ORC-based
unit accounts for approximately 10-12% of the total power, in accord
to expectation [49,50]. The design target was to achieve a WHR effi-
ciency above 4%, with an e-turbo efficiency of 4%. As shown in the
figure, and using Equation (3) for efficiency calculation, the TC recovery
efficiency, 7y, ¢, reaches up to 12%, with an average value of 4.2%,
while the overall WHR efficiency, nwugr, reaches 14% in the best case,
and an average value of 6.4%, across the range of operating points
considered, which span a wide portion of the engine map.

Qexh.available = MygasCp gas (Tga.s.&xh - Tref )

_ P el,TCo
free.1co Qexh.available (€))
_ Pec + Peiore
i = Qexh.available

The achieved target in terms of net recovered power and efficiencies fall
within the experimental experience of both TC and ORC system,
ensuring effective recovery with low cost-benefit ratio [51,52].

4.3. H3-SCR system

Although the H2 engine is intended to operate with extreme lean
mixtures, thus producing low NOy emissions, the hybrid-bus application
targets near-zero emissions. Therefore, NOy abatement by the ATS is still
mandatory. Currently, the conventional SCR system employs ammonia
(NH3-SCR) to catalytically convert NOy into nitrogen (N3) and water
(H20). Due to the toxicity and hazardous nature of ammonia, it is pro-
duced in vehicles using an aqueous solution containing 32.5 wt% urea
CO(NHy)y, requiring on-board storage systems for urea. Although
ammonia and urea are currently the preferred choice for the SCR of NOx,
hydrogen has recently emerged as a promising alternative. Indeed, in
recent years, several researchers have focused their studies on the
development of a suitable catalytic system for the SCR of NOx by using
hydrogen [53,54].

H2-SCR technology addresses several limitations associated with
ammonia-based SCR, including issues related to urea decomposition,
ammonia slip, byproduct deposition, and low efficiency during cold-
start conditions (light-off temperature is about 200 °C). Specifically: i)
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H, is readily available to participate to the reduction reaction; ii) no
additional reductant storage tank or ammonia slip catalyst is required;
iii) higher low-temperature activity is achieved compared to NH3-SCR,
enabling significant NOy reduction at temperatures below 170 °C, thus
being suitable for exhaust gas treatment during engine cold-start and
urban-driving operations [53].

To assess the potential NOy reduction efficiency of Hp-SCR technol-
ogy in the Hy engine, three catalytic systems were prepared and
experimentally evaluated [17]: 1) Pd/CeO3-ZrOy; 2) Pd/CeO2-Al203; 3)
Pd/Ti05-Al,05.

For all the catalytic systems, the monolithic substrate of the sample is
composed of cordierite, and the active component is palladium (Pd). The
cordierite monolithic substrate was coated with the supported catalysts
according to the impregnation method procedure. XRD (X-Ray diffrac-
tion) and SEM (Scanning Electron Microscopy) analyses were performed
on the activated catalyst samples at the end of the impregnation pro-
cedure, to verify the proper composition of the catalytic system and the
actual dispersion of the active components and support material on the
monolithic substrate [17,55].

The three catalyst samples were tested on the synthetic gas bench of
the Clean Mobility and Thermofluids research center of the Universitat
Politecnica de Valencia, which allows generating the desired gas mix-
tures by managing independently the species concentration, mass flow
rate, temperature, and pressure. Different analyzers, including Fourier
transform infra-red spectroscopy and gas chromatograph analyzers, are
used to measure the gas concentration at the catalyst inlet/outlet.

The experimental tests on the SCR samples were designed with the
aim of evaluating the NO conversion efficiency and N2-selectivity of the
catalyst operating under real conditions with respect to the final appli-
cation at the exhaust of an H3ICE. Therefore, the reagent mixture
composition was set according to the engine exhaust gas simulated by
the 1D model described in Section 5 in the operating condition corre-
sponding to an engine speed of 3000 rpm and A equal to 2.0 (lean-burn
condition).

The experimental tests were performed at different reaction tem-
peratures, Oy concentration in the reagent mixture, space velocity, H2/
NO ratio, and in dry/wet gas mixture conditions (0% or 10% H20
concentration) while the inlet NO concentration was set to 350 ppm in
all cases.

The Design of Experiment (DoE) is shown in Table 5 [55].

The experimental results achieved on the catalytic sample #3 (Pd/
Ti02-Al203), which has shown the most promising features compared to
the other catalytic systems (sample#1 and #2), are reported in Fig. 11.
The figure shows the NO Conversion Efficiency, No-Selectivity and NHg
concentration as a function of the catalyst temperature at different Oy
inlet concentrations, with a reaction ratio Ho/NO of 13 and space ve-
locity of 30 k 1/h.

The results evidence that the NO Conversion Efficiency increases
with the catalyst temperature and decreases with the oxygen concen-
tration, by reaching 50% at the condition of H2/NO ratio equal to 13, SV
equal to 30 k 1/h, system temperature of 250 °C and O2 inlet concen-
tration equal to 12.5%, that is very close to the real expected condition
at the engine exhaust.

Fig. 12 reports the results related to the catalyst operating in wet

Table 5
DoE of the experimental tests on the Hy-SCR.
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Fig. 11. Pd/TiO5-Al;03 sample NO Conversion Efficiency (top), No-Selectivity
(middle), NH; Concentration (bottom) at Ho/NO ratio = 13, Space Velocity =
30k 1/h.

conditions, with HoO concentration in the reagent mixture of 10%. The
figure shows NO Conversion Efficiency, No-Selectivity, and NH3 con-
centration as a function of O5 inlet concentration for different Hy/NO
reaction ratios, with a catalyst temperature of 190 °C and space velocity
of 50 k 1/h.

The results evidence the expected performance deterioration in wet
reaction conditions, but it is still observed that the conversion efficiency
reaches almost 50%, with Hy/NO equal to 16, O, inlet concentration
equal to 12.5% and system temperature of 190 °C, which is a very
promising result. Analysis of the product distribution further clarifies
the behavior of the Pd/TiO-Al;03 catalyst under the conditions stud-
ied. As shown by the trends, NO conversion increases systematically
when the Hy/NO ratio is increased from 8 to 13 and 16, in accordance
with the expected improvement in reduction efficiency when an

T [°C]: = 30

02 inlet concentration

3% 5%

12.5% 15%

Space Velocity: 30 k 1/h Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16
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85 k 1/h Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16 Reaction ratio (H2/NO) = 8, 13, 16
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(middle), NH3 Concentration (bottom) in wet condition: H20 concentration =
10%, Temperature = 190 °C, Space Velocity = 50 k 1/h.

additional reducing agent is available. At the same time, higher Ho/NO
ratios lead to an increase in the concentration of NHs at the reactor
outlet, while the selectivity of N3 remains essentially constant under all
conditions examined. This indicates that the reaction network progres-
sively shifts from NO towards the fully reduced products (N2 and NH3),
reducing the fraction of unconverted NO and the undesirable partially
oxidized product, N»O. It is formed under more oxidizing conditions or
at elevated temperatures; therefore, increasing the O3 concentration or
operating temperature typically shifts the equilibrium towards this
partially oxidized species. From an application point of view, the NH3
formed in situ could be advantageously exploited in a downstream
catalytic stage, allowing a further reduction in NOx of approximately
12%, ultimately bringing the overall removal efficiency to over 60%.
This behavior is particularly relevant at low temperatures that also
ensure lower catalyst deactivation [56-58], where this catalyst operates
most effectively, before side reactions at higher temperatures increas-
ingly favor the formation of N»O. In conclusion, it is worth remarking
that the Pd/ TiO2-Al;03 catalytic system has a Pd load that is half of the
other systems (0.5 vs. 1 wt%) and is therefore more affordable and cost-
effective.

5. Engine and hybrid powertrain management
The Engine and Hybrid Powertrain Management is aimed at evalu-

ating/setting the most suitable operation of the whole powertrain sys-
tem, in terms of energy consumption and tailpipe NOx emissions. This
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task has been accomplished by taking into account the integration of the
engine (including WHR and SCR) and the electric systems (battery pack
and electric machines) into the vehicle propulsion system.

5.1. Engine control

Once the WHRs and SCR systems have been developed, it was
necessary to implement a powertrain management strategy to identify
the optimal operating points of the combined system (engine + WHR),
while simultaneously ensuring that the SCR operates under optimal
conditions. To achieve this in a simulation environment and effectively
test a suitable control strategy, a reliable and accurate engine model was
essential. This model served as the core of the simulation, enabling the
evaluation of different control approaches under various operating
scenarios and ensuring a proper balance between energy recovery and
emission reduction.

Firstly, the 1-D reference engine model [22] has been integrated with
the TC, the ORC and the SCR models [17,49,50]. Starting from this new
configuration, a DoE has been conducted to map all the possible oper-
ating conditions of the system, aimed at calibrating a fast running 0-D
model for Software in the Loop (SiL) purposes [59]. Table 6 summa-
rizes the tests performed.

As visible from Table 6, the whole operating range has been inves-
tigated considering several combinations of different parameters,
ensuring to generate a fully comprehensive dataset. For each combina-
tion of engine speed, load (BMEP), and ), sweeps of CA50, EGR rate, and
turbocompound speed were carried out, varying one parameter at a
time. The 1D reference engine model includes dedicated controllers that
regulate the injected fuel mass and intake manifold pressure, allowing
the target BMEP to be reached for a given A. In parallel, a dedicated EGR
controller, acting on the EGR valve position, was implemented to ach-
ieve the desired EGR rate (EGR%) defined with respect to the intake air
mass. Through coordinated actuation of the VGT rack, throttle, EGR
valve, and fuel injection, both A and EGR targets can be met consistently
across the DoE. Following the same approach presented in [59] a 0-D
fast-running control-oriented engine model has been developed in
Matlab/Simulink. Dedicated artificial neural networks have been
properly calibrated [59] by means of the Deep Learning Toolbox of
Matlab to represent the main performance indexes. The accuracy of the
model is reported in Table 7, considering the percentage Root Mean
Squared Error (RMSE). In the 0D formulation, A is directly computed as
the air-fuel mass ratio; hence, A errors arise solely from the air-path
model, as the injected fuel mass is imposed to match the 1D reference
(consistent with the model’s fuel-input structure). Conversely, the EGR
rate is calculated following the methodology introduced in [59], where
the exhaust gas flow rate is modelled using several parameters,
including A, and the EGR valve position (taken from the reference
model) is used to determine the resulting EGR fraction. As is visible, all
the parameters present an RMSE below 2%, ensuring the good accuracy
of the model. As reported in [59], the model also integrates zero-
dimensional behavior of statistical phenomena such as cyclic disper-
sion and knock, which are modeled as Gaussian of CA50 (affecting all
indicated quantities) and log-normal for the knock distributions,

Table 6

DoE of engine operating conditions.
Parameter Units Lower Upper Limit Number of

Limit Levels
Engine [rpm] 1000 4000 4
Speed
BMEP [bar] 2 Max @given engine >4
speed

A -1 2 2.7 4
CA50 [*aTDC] 0 30 7
EGR [%] 0 7.5 4
TC Speed [krpm] 0 100 5
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Table 7

Accuracy of the engine model.
Parameter TC Speed Boost MAP A EGR CA50 BSFC Pax Tmax IMEP Texh Pexh Prc NOy
RMSE [%] 0.4 0.59 0.62 1 0.46 0.33 0.55 0.36 0.9 0.24 0.9 0.89 0.42 2

respectively. In particular for the knock, the model allows to provide, as
a function of operating conditions such as engine speed, mean CA50,
lambda, fuel mass, and EGR rate, the actual cycle-to-cycle knock index,
modeled based on the maximum amplitude of pressure oscillation.

After the development of the engine model, a torque-based control
strategy for HyICEs has been calibrated [59]. However, as the engine
model features the TC [49], the procedure for the identification of the
optimal operating conditions (in terms of CA50 and 1) for each combi-
nation of engine speed and load (i.e., BMEP) has to be revised to prop-
erly take into account the contribution of the TC. For this reason, a
corrected Brake Thermal Efficiency (BTE*), defined in Equation (4), has
been introduced in consistency with [44], where Picg represents the
power produced by the engine, Py the power extracted from the TC,
mpys the hydrogen mass flow rate and LHV the lower heating value of the
fuel:

_ Picg + Prco

BTE =—"__2 4
My, @ LHV @

In particular, for each combination of engine speed and load, BTE* has
been calculated under different TC speeds, CA50 positions and dilution
conditions, allowing the identification of the best operating set of pa-
rameters (after the removal of unreliable conditions).

Fig. 13 presents the comparison between BTE (a) and BTE* (c) for a

fixed operating condition (A = 2.3, 3000 rpm, 10 bar of BMEP). As
visible, when combustion is retarded (starting from the CA50 that
maximizes BTE), Py increases for a given TC speed (Fig. 13b) thanks to
the higher energy content in the exhaust gases. However, this effect is
detrimental for the combustion process, resulting in a lower conversion
efficiency of hydrogen into usable work from the engine. Although Py¢
increases, BTE* is also influenced by the hydrogen mass flow, which
rises under these conditions. In fact, since all simulations are performed
at fixed BMEP and engine speed, shifting the CA50 position necessarily
alters the hydrogen consumption required to deliver the same BMEP.
However, the electrical power recovered by the WHR system increases
the total generated power (engine electrical output plus WHR recovery).
Consequently, even though the hydrogen consumption is fixed for a
given CA50 and turbocompound speed (as shown in Fig. 13a), the spe-
cific fuel consumption, and therefore the corrected brake thermal effi-
ciency (BTE*), changes. This makes it possible to identify the overall
optimal operating point as the condition that maximizes BTE*. There-
fore, the CA50 that maximizes BTE* could not necessarily coincide with
that which maximizes P¢. The optimal working point (in terms of BTE*)
is achieved slightly retarding CA50 relative to the baseline condition (i.
e., maximum BTE). It is important to note that the working-point opti-
mization was carried out without accounting for its impact on NOx
formation but only BTE*. As a result, the optimized operating
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Fig. 13. BTE (top), PTC (middle) and BTE* (bottom) for fixed engine speed, A and different TC speeds.
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parameters for a given engine speed and load may produce either
slightly more or less NOx than the baseline (configuration without
WHRs), due to changes in the CA50 timing, A value and EGR concen-
tration. As a matter of fact, advancing the combustion phasing, as
running the engine in less lean conditions, results in higher peak tem-
perature, thus NOx production. Once the optimal control parameters
were determined for each engine speed and load, a dedicated torque-
based control strategy was calibrated [59] to ensure accurate delivery
of the requested torque at a given engine speed, as already demonstrated
in SiL validations [59,60]. To further enhance engine reliability, dedi-
cated strategies have been incorporated to control knocking behaviour
and limit in-cylinder maximum pressure, integrating a CA50 physics-
based peak pressure model with a dedicated feedback controller
[61,62]. Since these controllers rely on feedback metrics such as Ppax
and the knock index, one practical solution is to use low-cost pressure
transducers [63].

The proposed control strategy is suitable for integration in existing
engine control frameworks: the EMS regulates the required torque
through appropriate management of HyICE actuators, while the target
speed is maintained by the electric machine coupled to the engine.

5.2. Hybrid powertrain management

The EMS of the powertrain is aimed at controlling the power pro-
vided by the series hybrid architecture composed by the coupling of the
ICE and the Electric Generator (i.e., ICE + EG) to guarantee the battery
charge sustaining with the minimum energy consumption. A model of
the Hybrid Electric Vehicle (HEV) has been developed to implement the
EMS and assess the energy consumption for different driving cycles [17].
The final series architecture consists then in adding the TC and ORC to
the exhaust of the ICE. The results of the 1D simulation analysis carried
out on engine and WHR systems were considered to develop black-box
models to be implemented in the HEV model (Fig. 14).

The optimal series powertrain system power profile as a function of
engine speed and torque has been identified through an optimization
procedure that maximizes the series system efficiency, defined as in Eq.

(5):

_ P, DC P, IceGen + P TcGen + P OrcGen
”system - PF . -
‘uel

()

P Fuel

The development of the Energy Management System focused on a
heuristic, causal Rule-Based (RB) strategy designed for real-time
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implementation on a production Engine Control Unit (ECU). For com-
parison purposes, a local optimization approach based on the Pon-
tryagin Minimum Principle (PMP) was also formulated. The latter was
employed to estimate a benchmark for the vehicle’s fuel consumption
over the entire driving cycle. In fact, the Pontryagin Minimum Principle
is an optimal control framework that provides the necessary conditions
for optimality, but it requires full knowledge of the driving cycle, thus
leading to a non-causal solution. To assess the impact of the EMS on NOy
tailpipe emissions, the model of the ATS was integrated into the forward
HEV model. This step was particularly important, as NOy are the only
relevant pollutant emissions for HyICEs. Moreover, series-HEVs may
operate with long engine stops, which reduce exhaust temperature and
in turn SCR conversion efficiency. The ATS model accounts for both the
exhaust thermal dynamics and the conversion efficiency of the SCR by
using dedicated sub-models. For the final integration, despite the
demonstrated promising performance of the Hy-SCR, the conventional
NH;3-SCR was considered instead. This option is explained considering
that the NH3-SCR is a ready-to-market technology and guarantees con-
version efficiency higher than 90% in almost the whole engine operating
domain of the current simulation scenario. On the other side, although
the Hy-SCR exhibits significant simplification of the after-treatment lay-
out, with benefits on capital/operation costs, and improved perfor-
mance at lower exhaust temperature (e.g. during engine warm-up), at
the current development stage, it still presents lower conversion effi-
ciency when the engine operates at medium-high load. Actually, the
maximum expected efficiency of 50% that can be reached considering
the exhaust thermal conditions and chemical composition of the engine
in the current simulation scenario, could be not sufficient to reach the
project target to contain tailpipe NOx below 0.05 g/kWh, in some of the
driving cycles considered.

The thermal behavior of the ATS system, adopted for the hybrid-
electric bus, is simulated by an energy balance on a control volume
including the SCR. The thermal model is based on the following
hypotheses:

e Zero-dimensional approach;
e Lumped parameters.

According to these assumptions, the spatial variations of the tem-
perature can be neglected, and the physical phenomena involved can
only be described as a function of time, as in Equation (6):

Speed [Rad/s]

Fig. 14. HEV architecture (left) and optimal series hybrid system power profile (right).
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aTSCR _ Cp,exh* .

o Mexi(Texh — Tscr) (6)

h,
=C — (Tscr — Tamv)
SCR

where T,y [K] and m,,, [kg/s] are the engine-out temperature and mass
flow rate of the exhaust gases, Tscr [K] is the temperature of the SCR
system, that is assumed equal to the SCR outlet temperature, T, [K] is
the ambient temperature, c,.+ [J/kg K] is the specific heat of the
exhaust gases, Cscg [J/K] is the SCR thermal capacity, and hg,, [W/K] is
the convective heat transfer coefficient from the SCR to the environ-
ment.

The SCR parameters were derived from experimental data collected
at the engine test bench on a different engine, subsequently scaled to
match the volume of the SCR system under study. The SCR temperature
estimated by the thermal model has been imposed as input to evaluate
the SCR conversion efficiency, which is defined in Equation (7):
NOSCR _ NOSCR

x,in x,out

NOSCR

x,in

)

Nscr =

SCR CR
where NO;;, and NOy .

are NOy concentrations in ppm at the inlet and
outlet of the SCR, respectively. The SCR conversion efficiency is deter-
mined by a black-box model, as a function of the SCR temperature [K],
the Space Velocity (SV) [h~1], which quantifies the velocity of the
exhaust gases within the SCR, and the pre-SCR NO3/NOy concentration

ratio. The latter has been fixed at 0.5.

5.3. Rule-Based energy management strategy

The RB strategy provides a charge-sustaining operating mode of the
series system. Particularly, this mode requires that the series system is
always on and operates over the whole driving cycle at constant power,
specifically set for each driving cycle in order to guarantee maximum
system efficiency, as well as battery charge sustaining. The workflow to
evaluate the series system power set-point is shown in Fig. 15. Firstly,
the road load energy demand to the DC-Link is computed by featuring a
backward approach and the corresponding series system power is
calculated considering the duration of the reference driving cycle. Af-
terwards, a simulation loop is performed by the forward HEV model to
refine the power set-point that effectively guarantees the battery charge
sustaining (e.g. until |Asocgna |<2%).

The main results of the RB strategy are listed in Table 8, which re-
ports a comparison of fuel consumption with and without the WHR
systems.

As it can be observed, the integration of TC and ORC at ICE exhaust
leads to a reduction in fuel consumption for all the driving cycles
investigated, compared to the ICE-only configuration. The best result is
achieved for the MLTB driving cycle. These results represent the WHR

e Pw
Evwzperink = f:f (l *(Py20)+ Py fgen RF+ (B, < 0)) dt

m

P. — Ewabctink
system = "5

Run simulation

Asocena > 2% Asocena < —2%

18socenal < 2%

Fig. 15. Workflow of series system power set-point calculation.
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Table 8
Results of the RB control strategy.
Braunschweig Gillingham MLTB
Uphill
System obj. power [kW] 35.5 38.0 28.0

Fuel Consumption [kg/100 km] / Offset [%]

ICE only
ICE 4 TC 4 ORC

13.4
13.1

15.4
15.0

16.9

-2.7 -2.3 16.1 -4.5

impact at the real vehicle level, where the engine operates also at low
and medium loads and the available exhaust enthalpy is limited. This
explains why the fuel-economy benefit shown in Fig. 8 (ranging from
2.3% to 4.5%) is lower than the average WHR recovery efficiency
quantified over the full engine operating map, where higher loads and
temperatures lead to more favorable energy-recovery conditions.

5.4. Pontryagin minimum Principle

The PMP method is widely adopted for the optimal control problems
of dynamic systems [64]. It aims at finding the best trajectory of the
control variable that minimizes a given performance criterion, subject to
the system’s dynamics and constraints. The PMP problem is formulated
by the system of Egs. (8)—(11):

o  Vael®) = VA — 4o Py(t) o R(©)

5 (&P t) = — 2o Qun s R0 ®
9[GSLL] B 9 (o¢

=os (&P [GSLLL 1) = — [GSLLI() » % (E) )
&) =& (10)
Mto) = Ao an)

where the Hamiltonian can be expressed as in the Equations (12) and
13):

H(E, Py, t) = my(Py) + A(t) @ £(2, Py, 1) a2)
Pyop(t) = argmin{H(t, &, u,A(t) ) } 13)

which is subjected to the constraints as in the Equations (14) — (17):

Pytaxcrg(€) < Py < Praaxpis(€) 14)
Entin < € < Sntax (15)
nystem,Min < Psystem < nystem,Ma.x (16)
P system S P systemRateMax (17)

Actually, the problem is formulated by considering the battery State of
Charge (SoC) as a state variable and the battery power (P,) as a control
variable. The Hamiltonian can be defined as the sum of the fuel mass
consumed by the ICE and an equivalent fuel mass consumed by the
electric motor, weighted by an equivalence factor, represented by the
co-state. The latter drives the solution alternatively towards battery
charging or battery depleting. The PMP approach minimizes the
Hamiltonian while dynamically adjusting the equivalent fuel con-
sumption factor over time, to guarantee the charge sustaining over the
whole driving cycle [65]. Further improvement of the optimized EMS
can be achieved by integrating a predictive model with a Spatiotemporal
Attention Graph Convolutional Network (STAGCN), to forecast the
passengers getting-on/off the bus and consequently the vehicle mass
[66].
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The results in terms of fuel consumption achieved with the RB con-
trol strategy are compared to the ones of the PMP for the three driving
cycles are listed in Table 9, considering the engine configuration with
and without WHR systems.

As mentioned, the PMP results represent a non-causal lower bound
for fuel consumption over the driving cycle and are used as a bench-
mark. The comparison indicates that the RB strategy remains within
approximately 5-7% of this optimum, demonstrating that the proposed
implementable control achieves near-optimal performance while pre-
serving real-time applicability. Nevertheless, even when accounting for
the contribution of the WHR systems, the project target of 10 kg/100 km
is not fully achieved under the current configuration. Finally, the
optimal series system power trajectories have been given as input to the
forward HEV model, with the SCR sub-model included, to investigate the
impact of the series system control strategy on NOy tailpipe emissions.
Table 10 reports a comparison of NOy emissions and SCR conversion
efficiency between the two control strategies investigated.

The results obtained with the RB strategy highlight its capability to
balance fuel consumption and NOy emissions under realistic operating
constraints. Across the investigated driving cycles, the RB control en-
sures limited engine-out NOy levels, capable of meeting the project
target, while maintaining competitive fuel efficiency, confirming the
effectiveness of the developed causal and implementable control
approach.

When compared with the RB results, the PMP-based formulation
leads to higher engine-out NOy emissions for the Braunschweig and
Gillingham cycles. This increase is likely associated with the operating
conditions selected by the PMP optimization, which tends to run the
engine at higher load levels to minimize equivalent fuel consumption.
The resulting rise in peak in-cylinder temperatures promotes NOy for-
mation. This behavior is consistent with the definition of the PMP
Hamiltonian (Eq. (12), which focuses exclusively on fuel minimization
without explicitly accounting for NOyx emissions.

6. Final virtual assessment

Once the optimal powertrain configuration was finalized, the study
focused on assessing the achievement of the targets outlined in Section
2. To this end, a comprehensive digital twin was developed in the
Simulink environment [67] integrating the modules of the powertrain
subsystems (i.e., ICE, WHR, ATS) designed in previous tasks of the
project. The analysis was conducted using the RB EMS, which was
selected because it is fully causal, directly implementable on a real ECU
and provides a robust trade-off between hydrogen consumption and
tailpipe NOy emissions under varying operating conditions. Vehicle
simulations were performed under charge-sustaining operation, with
the battery SOC maintained within a narrow band, and driver behavior
was represented through PID (Proportional Integral Derivative) tracking
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Table 10
Comparison of NO, emissions and SCR conversion efficiency between the two
control strategies investigated, for all the driving cycles.

Gillingham MLTB
Uphill

Braunschweig

Powertrain: ICE 4+ TC + ORC

RB PMP RB PMP RB PMP

NOy Engine [mg/km] 1469 1920 1802 1956 3055 2886
NOy Tailpipe [mg/km] 30.70 89.72  39.41 89.97 48.51 108.6
NO, Tailpipe [g/kWh] 0.019  0.060  0.021 0.053 0.025  0.059

cold-start phases represent a limited portion of the overall duty cycle.
For the considered application, the influence of thermal transients on
average hydrogen consumption is therefore expected to be quite
marginal.

Environmental variability related to ambient temperature was not
directly parameterized in the present virtual simulations. However,
climate-related effects were previously analyzed in a dedicated LCA
study conducted on the same vehicle platform [12], where diverse
weather conditions were explicitly considered. That analysis showed
that hydrogen-consumption variations remain moderate under typical
European climates and become significant only under extreme thermal
scenarios. Conversely, altitude operation in terms of reduced air density
and its potential impact on turbocharger performance was not explicitly
modeled. The present study therefore reflects operation at standard at-
mospheric conditions.

The final assessment was carried out using driving scenarios not
included in the powertrain design process. In particular, the SORT
driving cycles have been considered [68], as standardized driving pro-
files specifically designed to assess the energy consumption and emis-
sions of urban and suburban buses. The main characteristics of the
mentioned driving cycles are listed in Table 11.

The SORT 1 cycle represents heavily congested urban traffic condi-
tions, with frequent stop-and-go situations and a low average speed (~
12 km/h). The SORT 2 cycle is a mixed urban cycle, with a moderately
higher average speed (= 18 km/h), less frequent stops, and a greater
distance covered. Then, SORT1 and SORT2 driving cycles were
considered representative of the regulatory framework. SORT3 was
excluded, as it is expected to mimic suburban driving conditions, which
are slightly outside the scope of the proposed vehicle concept.

In addition, an urban route measured in the Italian city of Genoa,
Route 18, represents the real-world scenario for the analysis [69]. This
route is characterized by significant road-grade variations and

Table 11
Main Features of SORT driving cycles.

of the prescribed cycles. S9RT 1 (Heavy SORT 2 (Mixed SORT 3
. Lo . City) Urban) (Suburban)
Ambient conditions were kept at standard values, and quasi-steady
thermal behavior of the engine, WHR and aftertreatment systems was Avg. speed 12.6 km/h 18.6 km/h 26.3 km/h
d. This modelin, mption implies that warm nalti Max. speed 40 km/h 50 km/h 60 km/h
assumed. s modeling assumptio plies that warm-up penalties, Max. 1.03 m/s 1.03 m/s? 0.77 m/s?
transient combustion inefficiencies, and reduced aftertreatment con- acceleration
version efficiency during cold-start are not fully captured. However, in a Deceleration 0.8 m/s? 0.8 m/s? 0.8 m/s?
series-hybrid urban bus application the engine typically operates within Duration 154.5s 183.9's 20625
relatively stable load regions once thermal equilibrium is reached, and Distance 520m 920m 1450 m
Table 9
Comparison between the results of RB and PMP control strategies for two different powertrain configurations.
Braunschweig Gillingham Uphill MLTB
FC [kg/100 km] / Offset [%]
RB PMP A RB PMP A RB PMP A
ICE only 13.4 12.5 -7.2 15.4 14.3 —6.8 16.9 15.6 -7.4
ICE + TC + ORC 13.1 12.2 -6.5 15.0 13.8 -7.7 16.1 15.2 5.7
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congested urban traffic, providing a demanding operating profile
beyond standardized cycles. The main outcomes of the simulations are
reported in Table 12.

First and foremost, the analysis of these results demonstrated the
robustness of the proposed EMS, as it ensures charge sustainability
across a wide range of driving conditions, maintaining a negligible
variation in the battery SOC. Regarding fuel economy, the results for
both SORT cycles confirm that the vehicle is capable of meeting the
project targets (i.e., 10 kg/100 km) in a type-approval scenario. In
contrast, under the Genoa route 18, hydrogen consumption increases to
18.1-20.8 kg/100 km, approximately doubling the SORT values. This
reflects the combined effect of traffic variability and topographical load
changes typical of real-world operation. For context, real-world data
from the Genoa transit agency indicate an average fuel consumption of
approximately 1.5 km/L (on an energy equivalent basis: 2375 MJ/100
km) for conventional 12-m diesel buses on the same route [10]. When
expressed on an energy-equivalent basis, the hydrogen consumption
measured for the HyICE hybrid bus (i.e., 2280-2640 MJ/100 km) is
therefore of comparable magnitude, with the forward direction slightly
below and the backward direction slightly above the diesel reference. By
contrast, a BEV would generally exhibit markedly lower energy con-
sumption, although its well-to-wheel performance ultimately depends
on the carbon intensity of the electricity mix [13]. Regarding NOy
emissions, under the SORT cycles NOx remain higher than the internal
project target (see Section 2, target NOx emissions < 0.05 g/kWh). This
behavior is mainly attributed to the frequent engine stop-start events
and low-load operation typical of these short urban cycles, which limit
exhaust temperature stabilization and reduce the time-averaged after-
treatment conversion efficiency. Dedicated catalyst warm-up strategies
could be implemented to mitigate this aspect. Nevertheless, the obtained
NOx levels under SORT conditions (0.143-0.146 g/kWh) remain below
the upcoming Euro 7 limits for HD applications (~0.2 g/kWh), con-
firming compliance with the expected regulatory framework [69].
Under real-world operation on the Genoa route 18, NOy emissions
decrease to approximately 0.008-0.009 g/kWh, thereby meeting the
project target (<0.05 g/kWh).

Overall, the SORT results represent reference performance under
controlled operating conditions, whereas the Genoa route 18 provides a
more representative estimate of consumption under demanding real-
world scenarios. Variability in ambient temperature, transient thermal
states, driver aggressiveness or traffic dynamics could lead to deviations
from the cycle-based estimates. Quantifying such effects is a relevant
direction for future work.

7. Conclusions

The H,ICE project was conceived with the primary objective of
demonstrating the technical feasibility, operational performance, and
integration potential of a hydrogen-fueled internal combustion engine
within a hybrid powertrain for 12-meter urban buses. The project target
was to develop a COj tailpipe free powertrain architecture capable of
achieving a hydrogen consumption below 10 kg/100 km, and tailpipe
NOy emissions under 0.05 g/kWh, while ensuring the auxiliary systems,
such as Waste Heat Recovery (WHR) and Turbo-Compound units, could

Table 12
Comparison between the results with RB control strategy for the final vehicle
model on SORT and RDE driving cycles.

SORT1 SORT2 Route 18 — Route 18 —
Forw. Back.
Asoc -0.032  —0.031 —-0.02 —0.003
FC [kg/100 km] 9 9.2 18.1 20.8
NOx Emissions [mg/ 154 157 19 19
km]
NOx Emissions [g/ 0.146 0.143 0.009 0.008
kwWh]
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provide meaningful contributions to the overall efficiency without
compromising emissions.

From the combustion standpoint, advanced 1D and 3D-CFD models
were developed and validated through extensive optical-engine testing,
enabling the definition of stable ultra-lean operating conditions using a
Port Fuel Injection (PFI) configuration selected for its reduced hardware
complexity. The validated models enable optimization of ignition
timing, dilution levels, and CA50 phasing.

A two-stage WHR system combining electric TC and an Organic
Rankine Cycle delivered up to 16 kW of net power, with peak and
average recovery efficiencies of 14% and 6.4%, respectively, confirming
WHR as a viable contributor to system-level efficiency. When trans-
ferred to vehicle operation, the WHR contribution was also evaluated
through the HEV model by comparing configurations with and without
recovery systems. The resulting fuel-economy benefit lies between 2.3%
and 4.5% depending on the mission profile, which reflects the realistic
exhaust-enthalpy conditions encountered during hybrid bus operation.

Although the H,-SCR concept demonstrated the capability to achieve
up to 50% NO conversion at typical exhaust temperatures (~250 °C),
confirming the technical feasibility of hydrogen-assisted NOx reduction
even with reduced palladium loading, the final virtual assessment was
carried out using a conventional urea-SCR system. This choice reflects
the current market maturity and technology readiness level of conven-
tional urea-SCR, ensuring realistic and deployable emissions perfor-
mance within the present regulatory framework.

Control system development was another major achievement. A
torque-based engine controller was developed and calibrated for
optimal Brake Thermal Efficiency (BTE) when accounting for TC
contribution. Then, a causal Rule-Based (RB) Energy Management Sys-
tem was designed as an implementable solution for real-time ECU
application. The integration of the WHR systems further contributed to
improving vehicle-level fuel economy under the RB strategy, reinforcing
the effectiveness of the proposed hybrid powertrain architecture.

The final virtual vehicle assessment, carried out using a quasi-static
model of the complete hybrid bus, demonstrated that under regulatory
SORT driving cycles the vehicle achieved hydrogen consumption as low
as 9 kg/100 km and tailpipe NOy emissions around 0.14 g/kWh, while
under real-world operation NOy emissions decreased to approximately
0.009 g/kWh. Although the internal project target for NOy (<0.05 g/
kWh) was not met under short type-approval cycles due to frequent
engine stop-start events, the obtained values remain below the forth-
coming Euro 7 limits for heavy-duty applications. A comparison with
conventional diesel operation on the real-world conditions shows that
the HoICE hybrid bus achieves a comparable energy consumption while
delivering zero tailpipe CO2 and reduced NOy emissions.

Overall, the project confirms that optimized ultra-lean combustion,
WHR integration, and efficient aftertreatment can enable a hydrogen-
ICE hybrid bus architecture with competitive efficiency, low emis-
sions, and operational flexibility, offering a viable decarbonization
pathway where full battery-electric deployment is challenged by infra-
structure or range constraints.

Future work should focus on transitioning from PFI to Direct Injec-
tion (DI) to further improve mixture control, efficiency, and lean-limit
operation, as well as refining the EMS to better exploit transient oper-
ation. The integration of cost-optimized H2-SCR technology remains a
promising avenue for lowering NOyx emissions without urea logistics. In
addition, dedicated catalyst warm-up strategies could be implemented
to mitigate NOx emission rise in engine stop-start events. Additional
work should also address cost competitiveness, durability of hydrogen-
combustion hardware, and system-level safety considerations, which
are essential for large-scale deployment.
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