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Abstract

Hydrogen-fueled internal combustion engines present a promising pathway for reducing
carbon emissions in urban transportation by allowing for the reuse of existing vehicle
platforms while eliminating carbon dioxide emissions from the exhaust. However, op-
erating these engines with lean air—fuel mixtures—necessary to reduce nitrogen oxide
emissions and improve thermal efficiency—leads to significant reductions in power output
due to the low energy content of hydrogen per unit volume and slower flame propagation.
This study investigates whether integrating a mild hybrid electric system, operating at
48 volts, can mitigate the performance losses associated with lean hydrogen combustion
in a small passenger vehicle. A complete simulation was carried out using a validated
one-dimensional engine model and a full zero-dimensional vehicle model. A Design of
Experiments approach was employed to vary the electric motor size (from 1 to 15 kW) and
battery capacity (0.5 to 5 kWh) while maintaining a fixed system voltage, optimizing both
the component sizing and control strategy. Results showed that the best lean hydrogen
hybrid configuration achieved reductions of 18.6% in energy consumption in the New
European Driving Cycle and 5.5% in the Worldwide Harmonized Light Vehicles Test Cycle,
putting its performance on par with the gasoline hybrid benchmark. On average, the
lean H; hybrid consumed 41.2 kWh /100 km, nearly matching the 41.0 kWh /100 km of
the gasoline PO configuration. Engine usage analysis demonstrated that the mild hybrid
system kept the hydrogen engine operating predominantly within its high-efficiency region.
These findings confirm that lean hydrogen combustion, when supported by appropriately
scaled mild hybridization, is a viable near-zero-emission solution for urban mobility—
delivering competitive efficiency while avoiding tailpipe CO; and significantly reducing
NOy emissions, all with reduced reliance on large battery packs.

Keywords: hydrogen internal combustion engine; lean combustion; mild hybrid electric
vehicle; urban mobility

1. Introduction

The pursuit of zero-emission mobility has led to increasing interest in hydrogen.
Hydrogen-fueled ICEs (H;-ICEs) offer the potential for carbon-free tailpipe emissions while
capitalizing on existing engine architectures, thereby avoiding the full life-cycle environ-
mental impact associated with complete vehicle replacement and taking advantage of the
great improvements produced in this technology in the last decade. Hydrogen combustion
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primarily produces one compound of concern: nitrogen oxides (NOy). These emissions
are known to be detrimental to both human health [1] and the environment, contributing
significantly to air pollution and accelerating climate change [2]. These emissions are most
prominent when the engine operates near stoichiometric conditions, typically at high load,
where combustion temperatures overpass 2000 K [3]. Operating under lean hydrogen-air
mixtures becomes a relevant strategy to mitigate NOy formation [4,5]. However, a major
drawback of lean combustion in Hy-ICEs is the considerable loss in power output [6,7],
stemming from hydrogen’s inherently low volumetric energy density.

In some cases, effective engine optimization strategies have been shown to partially
compensate for this loss, as demonstrated in [8]. This challenge is especially critical in
small urban vehicles, where limited engine bay space restricts the extent of possible hard-
ware modifications. Overcoming this power deficit is therefore essential for the successful
adoption of hydrogen combustion engines in the light-duty automotive sector, particularly
in passenger vehicles, where manufacturers increasingly adopt downsized [9] engines to
reduce emissions and fuel consumption without compromising performance [10,11]. An
alternative can be the electrification of the powertrain, which involves the integration of
a 48 V mild hybrid electric vehicle (MHEV) architecture [12], in which an electric motor
assists the engine during transient and low-load conditions. Among the available config-
urations, P1-type hybrid architectures offer noticeable improvements in both efficiency
and performance [13,14], while requiring minimal modifications to the existing internal
combustion engine and vehicle layout. This low invasiveness makes them well-suited
for real-world retrofitting applications [15]. The reduction in battery size over the vehi-
cle’s life cycle, combined with the use of green hydrogen, results in a significantly lower
environmental impact compared to a full battery electric vehicle (BEV) [16], particularly
in terms of greenhouse gas (GHG) emissions [17]. This is especially relevant in regions
where the electricity grid mix is still heavily reliant on fossil fuels, making BEVs more
carbon-intensive than ICEVs in certain scenarios [18,19]. The 48 V MHEV system not only
compensates for the torque deficit but also improves the overall vehicle efficiency through
regenerative braking and by enabling engine operation closer to its optimal efficiency
points [20,21]. In a previous work of the research group that authored [15], a mild hybrid
48 V powertrain with a PO architecture was integrated into a city car retrofitted for stoichio-
metric hydrogen operation. That study demonstrated how hybridization can compensate
for the power deficits typically observed in Hy-fueled engines while also enhancing fuel
economy during urban driving cycles. However, the fuel consumption was higher than the
gasoline hybrid case.

The lean-burn strategy results in a significant reduction in power output, accompanied
by an improvement in thermal efficiency [22,23]; moreover, a notable decrease in undesir-
able combustion byproducts, particularly NOy, is observed [8]. This is primarily attributed
to the substantial reduction in the in-cylinder peak temperatures, which directly suppress
the thermal NOx formation pathway—governed by the Zeldovich mechanism [24]—due
to the lower post-combustion gas temperatures. Lean hydrogen combustion, therefore,
emerges as a promising strategy to simultaneously reduce NOx emissions and enhance
thermal efficiency, aligning well with the goals of sustainable propulsion [25]. However,
this approach is not without limitations. The lower equivalence ratios significantly reduce
the total fuel energy input per cycle, which—combined with hydrogen’s already low vol-
umetric energy density—translates into a pronounced drop in indicated torque [26,27].
Moreover, flame propagation is slower under lean conditions, increasing the risk of misfire
and incomplete combustion at low loads and engine speeds [28]. These effects are expected
to be more critical during cold-start operation, when lower in-cylinder temperatures and a
slower mixture preparation further increase the misfire risk. Although cold-start conditions
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were not simulated in this work, they represent an important focus for future experimental
validation and control strategy development. Lean operation also challenges the robust-
ness of ignition systems, as the required breakdown voltage increases, and even more so
with mixture stratification [29]. These issues necessitate careful control of the spark tim-
ing, charge motion, and intake conditions to maintain reliable combustion and acceptable
drivability. While technologies such as high-energy ignition systems, turbocharging, and
EGR dilution control can partially mitigate these challenges, they introduce complexity
and costs [30]. Injection studies show that further development is needed for safe and
efficient H, operation. Comparative analyses of single-hole vs. multi-hole sprays [31]
and sensitivity studies on spray-spray impingement confirm that injector design and tar-
geting are critical to stable mixture formation and combustion [29]. As such, integrating
lean-burn H,-ICEs into compact vehicles—especially those retrofitted from conventional
architectures—requires complementary strategies to recover lost torque and ensure a dy-
namic performance that remains competitive with that of conventional powertrains.

The primary objectives of this study were to quantify the impact of lean hydrogen
combustion in a small-size passenger car retrofitted with a port fuel injection (PFI) system,
and to assess how mild hybridization can compensate for the associated performance
losses. To this end, different combinations of engine configurations and battery capacities
were evaluated to identify the best trade-off between performance, fuel consumption, and
compliance with target driving conditions. A validated 0D /1D engine model was used to
simulate lean operation, while the vehicle-level performance was analyzed in GT-SUITE
under multiple standardized driving cycles. This dual-modeling approach enabled a
comprehensive and integrated analysis of the entire powertrain system. The overarching
goal of this research is to determine whether lean H, combustion, when combined with mild
hybridization, can deliver a viable zero-carbon propulsion strategy for MHEVs, offering a
comparable performance and driving range to today’s battery-electric vehicles (BEVs) but
with significantly reduced dependence on lithium-based energy storage.

2. Materials and Methods

The methodology adopted in this study integrates engine modeling, vehicle simula-
tion, and performance evaluation into a systematic workflow, as illustrated in Figure 1. The
process begins with the selection of three engine configurations: a baseline gasoline engine,
a hydrogen-fueled engine operating under stoichiometric conditions, and a hydrogen-
fueled engine running in ultra-lean mode. Each configuration is modeled numerically
using a 0D /1D approach in GT-SUITE, considering thermodynamic and combustion char-
acteristics tailored to each fuel and strategy. The resulting engine models are integrated
into a complete vehicle model representing a small city car, where the transient behav-
ior and energy consumption are evaluated under real-world driving cycles. Simulation
outputs are then post-processed to extract key performance metrics, such as energy use
and engine efficiency, across standardized test procedures. The results are analyzed and
compared to assess the feasibility and performance trade-offs of each combustion strategy.
The conclusions drawn from this methodology support the development of a conceptual
hydrogen hybrid vehicle optimized for urban mobility.
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Figure 1. Schematic overview of methodology applied for vehicle performance analysis.

2.1. Engine Modeling and Lean Hydrogen Combustion Strategy

The powertrain under investigation is based on a three-cylinder, turbocharged internal
combustion engine originally designed for gasoline fueling. The unit, featuring a total
displacement of 599 cm?, was selected for its relevance in compact urban vehicles. Key
characteristics include a bore and stroke of 63.5 mm, a compression ratio of 9.5:1, and a
maximum rated output of 40 kW at 5250 rpm. The engine is equipped with a port fuel
injection (PFI) system and dual-spark ignition per cylinder. To ensure accurate simulation
behavior, a 0D/1D model of the engine was developed in GT-SUITE based on manufacturer
specifications and direct physical measurements from a disassembled unit. Details on the
engine configuration can be found in Table 1.

Table 1. Technical characteristics of the engine under study.

Parameter Specification

Engine displacement 599 cm3

Cylinder configuration 3 in-line cylinders

Intake system Turbocharged

Fuel delivery PFI: 3.5 bar (gasoline), 5.0 bar (hydrogen)
Peak output 40 kW at 5250 rpm

Ignition setup Dual-spark, inductive discharge per cylinder
Bore and stroke 63.5mm x 63 mm

Compression ratio 9.5:1

Valvetrain 2 valves per cylinder

For hydrogen operation, the base gasoline model was adapted to account for the
unique thermodynamic and chemical properties of the fuel. A separate hydrogen injection
circuit was implemented in the model, with the appropriate injection pressure and timing
adjustments. Due to hydrogen’s higher flame speed and wider flammability limits, the
ignition timing was recalibrated using a closed-loop controller targeting the maximum
brake thermal efficiency. Predictive combustion was handled through the SI Turbulent
Flame Combustion Model available in GT-SUITE (see Figure 2), incorporating turbulence
and heat transfer effects tailored for lean hydrogen combustion.
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Figure 2. The engine model in GT-SUITE for gasoline and hydrogen injection. The numerical model
replicates the behavior of the 600 cm? turbocharged engine.

The present study focuses on ultra-lean operation, with global equivalence ratios
significantly below stoichiometric levels, aimed at reducing in-cylinder temperatures and
suppressing NOx formation. However, this approach also leads to a diminished indi-
cated mean effective pressure (IMEP), particularly at lower engine speeds. Consequently,
maintaining an acceptable performance across the vehicle’s operating range necessitates
supplemental torque assistance, which is achieved through the integration of a mild hybrid
electric system.

Figure 3 shows the resulting maps obtained with the GT-SUITE 1D engine modeling
for stoichiometric gasoline operation (baseline), stoichiometric H, operation, and lean
H, operation (A = 2.0). In terms of the maximum power output, the engine fueled with
hydrogen under stoichiometric conditions achieves performance levels that are remarkably
like those observed with gasoline. Across the engine speed range, the maximum power
curves of both fuels closely overlap, with differences typically below 1.5 kW. Notably, in
the 5000-5500 RPM range, the hydrogen-fueled engine reaches up to 40.01 kW, effectively
matching the peak power recorded with gasoline. This suggests that, from a power
delivery perspective, operating with stoichiometric hydrogen does not impose a significant
performance penalty.

In contrast, under lean hydrogen conditions, the maximum power output is signifi-
cantly reduced throughout the entire operating range. Compared to gasoline, the observed
reductions range from 3 to 17 kW, corresponding to relative losses of 30% to 60%, with the
most substantial impact occurring at medium to high loads. This reduction is expected,
as highly diluted mixtures inherently limit the achievable charge density and combustion
speed, even considering hydrogen’s high-flame-speed advantage. In summary, while
stoichiometric hydrogen combustion allows the engine to maintain a baseline performance
level comparable to gasoline operation, lean-burn hydrogen imposes a considerable con-
straint on the maximum power output. This trade-off must be carefully evaluated for
applications requiring sustained high-load operations or peak performance.
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Figure 3. Engine maps obtained by the 0D/1D model with predictive combustion for pure gasoline (a),
hydrogen with stoichiometric air-fuel ratio (b), and hydrogen with lean combustion (c).

The brake thermal efficiency (BTE) maps reveal important trends regarding the perfor-
mance of each fuel and combustion strategy (see Figure 3). The gasoline engine configu-
ration reached a maximum BTE of 34.0%, with an average BTE of 29.6% across the tested
operating points. The high-efficiency zone is broad and centered around 3000-4000 RPM
and 25-35 kW, indicating well-optimized combustion phasing and energy conversion at
moderate to high loads. In contrast, the stoichiometric H, configuration achieved a peak
BTE of 31.4%, with a mean efficiency of 27.3%. While this mode maintains acceptable
efficiency, the high-temperature combustion under stoichiometric conditions limits further
gains and increases NOyx formation. Interestingly, the lean hydrogen combustion case
achieved the highest BTE overall at 33.2% (it should be noted that the map was limited to
the achievable reference torque conditions; for this reason, at high torque demand, lean
fueling is limited to lower loads). This reflects the thermodynamic advantage of lean
mixtures, which promote lower in-cylinder temperatures and reduce heat losses. The
BTE map for lean operation shows localized peaks in efficiency at mid-range speeds and
loads; nonetheless, it also reveals a narrower high-efficiency region compared to gasoline.
Furthermore, the lean map clearly illustrates the power limitations of this strategy, as the
high-efficiency region is confined to lower power outputs, and the efficiency rapidly drops
at high loads or very low speeds.
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However, the actual fuel consumption and overall efficiency at the vehicle level will
strongly depend on how the engine is used during real driving conditions. The operating
points selected by the vehicle controller across different driving cycles will determine
how much time the engine spends in efficient or inefficient zones. Therefore, vehicle-level
modeling is crucial to fully understand the impact of each combustion strategy, especially
when assessing performance over standardized or real-world urban cycles. This system-
level perspective is essential to accurately evaluate the viability of hydrogen-fueled engines
as a zero-carbon propulsion solution.

Although NOy emissions were not explicitly calculated in this work due to the absence
of a fully calibrated NOy sub-model for hydrogen combustion, the advantages of lean
operation in reducing NOy are well documented in the literature. Ultra-lean mixtures
(A = 2.0) significantly lower in-cylinder temperatures, thereby suppressing the thermal
NOy formation pathway. Studies such as [32,33] consistently report reductions of over
90% in NOx compared to stoichiometric operation, often approaching measurement limits.
Based on these findings [34] and the operating conditions achieved in the simulations of the
present work, it is reasonable [35] to expect extremely low NOx levels for the lean hydrogen
cases analyzed in this study.

2.2. Vehicle Model and DoE for Hybrid Powertrain Optimization

A complete vehicle model was developed in GT-SUITE, representing a small two-seater
passenger car in its hydrogen-converted configuration (see Figure 4). The hybridization
layout corresponds to a PO mild hybrid architecture, where an electric motor is mechanically
coupled to the crankshaft via a belt system. A 48 V lithium-ion battery system serves as
the electrical energy source, providing both traction support and regenerative braking
capabilities. The PO configuration offers advantages such as minimal invasiveness, lower
cost, and ease of integration into existing vehicle layouts, making it especially attractive for
retrofitting conventional platforms to hydrogen operation. Its belt-driven connection to
the crankshaft allows the electric motor to assist during acceleration, enables regenerative
braking, and supports engine-off coasting without major drivetrain modifications.

However, PO architectures have inherent limitations compared to P1 and P2 layouts.
Because the electric motor is upstream of the transmission, its torque contribution is limited
by belt-slip constraints and cannot be multiplied by gearbox ratios. This reduces the
ability to provide high torque at the wheels during low-speed operation and limits pure
electric propulsion to very short distances. In contrast, P1 configurations—where the
motor is mounted directly on the crankshaft—and P2 configurations—where it is placed
between the engine and transmission—allow higher torque transfer, improved regenerative
efficiency, and more extensive electric-only operation. Nevertheless, these layouts require
more complex integration and may involve significant modifications to the transmission
or engine housing, making them less practical for cost-sensitive retrofitting projects. In
this context, the PO layout represents the best trade-off between performance gains and
implementation feasibility for the present study.

The optimal configuration of the hybrid system was evaluated by a Design of Experi-
ments (DoE) approach based on Latin Hypercube Sampling (LHS). This statistical technique
ensures a stratified and space-filling distribution of sampling points across the multidimen-
sional design space while significantly reducing the total number of simulations required.
Compared to a full factorial approach—which systematically tests all possible combinations
of parameter levels and can become computationally prohibitive as the dimensionality
increases—LHS achieves comparable coverage with far fewer simulations by sampling
each parameter across its range in a way that avoids redundant combinations.
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Figure 4. Vehicle model in GT-SUITE for the conventional non-hybrid model (a) and the PO MHEV
hybrid model (b).

In this study, two primary architectural variables were considered. First, the electric
motor sizing varied using torque-speed curves corresponding to continuous power levels
from 1 kW to 15 kW, capturing a wide range of possible traction contributions. Second,
the battery energy capacity was adjusted by varying the number of parallel cells while
maintaining a fixed 48 V nominal voltage, allowing for different combinations of power
and energy capabilities while preserving the system’s low-voltage design.

Figure 5 presents the distribution of the DoE cases considering two of the six param-
eters modified in this work: the electric motor power and battery size (expressed as the
number of parallel cells). The remaining four parameters, which include RBC control
thresholds for torque assistance and hysteresis, as well as gear-shifting strategy coeffi-
cients, were also varied. The Latin Hypercube Sampling method ensured a uniform and
comprehensive exploration of the multidimensional parameter space.

In the Design of Experiments, the battery capacity and electric motor power were
treated as continuous variables to allow for the identification of optimal values without
being constrained by current commercial increments. This approach enables a more precise
mapping of the design space and avoids overlooking intermediate combinations that could
yield better performance. The electric motor size could be varied while maintaining its
base efficiency by scaling the maximum torque curve, and the battery capacity could
be increased simply by adding more cells in parallel while keeping the nominal voltage
fixed at 48 V. While production systems typically adopt discrete component sizes, the
continuity assumption is valid at the simulation stage and provides valuable guidance for
the subsequent selection of commercially available components.
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Figure 5. DoE cases for battery and EM using Latin Hypercube Technique.

In parallel, the rule-based control (RBC) strategy managing the energy flow between
the engine, electric motor, and battery was refined. The control logic included torque
assist activation during low engine loads, regenerative braking during deceleration, and
SoC-dependent logic to limit deep discharge or overcharge. An optimization sweep of
the RBC parameters was carried out for each configuration to identify control settings
that minimize the total energy consumption without compromising performance. A more
detailed description of the RBC parameters is presented in Appendix A. The optimal
configuration for each case was defined as the one achieving the lowest total energy
consumption over the driving cycle. Since the vehicle is not a plug-in hybrid, the evaluation
considered not only the fuel energy used during operation but also the net change in the
battery state of charge. When the final SOC differed from the initial SOC, the equivalent
energy content—converted to the liquid fuel equivalent—was added or subtracted to
ensure a fair comparison. This approach ensures that the selected configuration not only
matches the best brake thermal efficiency points of the engine but also reflects the true
energy demand of the complete powertrain.

Component sizing and control strategy optimization were conducted under the World-
wide Harmonized Light Vehicles Test Cycle (WLTC), the standard homologation procedure,
to ensure consistency in the boundary conditions and regulatory relevance. Once the
optimal hybrid configurations were identified through WLTC-based simulations, their
performance was evaluated across a diverse set of six driving cycles: the New European
Driving Cycle (NEDC), the WLTC, Federal Test Procedure 75 (FTP-75), the China Light-
Duty Vehicle Test Cycle for Passenger Cars (CLTC-P), the ARTEMIS Urban Driving Cycle,
and the New York City Cycle (NYCC), as shown in Figure 6. The chosen set of cycles
combines widely used regulatory procedures with real-world urban profiles to ensure
both comparability and representativeness. The WLTC and NEDC provide standardized
benchmarks for international studies, while FTP-75 and the CLTC-P capture regional traffic
characteristics in North America and China, respectively. The ARTEMIS Urban Driving
Cycle and NYCC were included to represent highly transient, stop-and-go driving con-
ditions, which are particularly relevant for evaluating the performance of mild hybrid
systems and lean hydrogen combustion under demanding urban scenarios. These cycles
were selected to capture a broad spectrum of urban traffic dynamics, including varying
levels of stop-and-go intensity, acceleration patterns, and average speeds. By analyzing the
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energy consumption, battery usage, and engine operating patterns across these cycles, this
study highlights how different driving environments influence the hybrid system behavior
and overall efficiency, offering insights beyond regulatory test scenarios.
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Figure 6. Speed profiles for six standard driving cycles.

3. Results and Discussion

This section presents the outcomes of the component optimization process and the
subsequent evaluation of the hybrid powertrain performance across multiple driving
conditions. This study first focused on identifying optimal combinations of electric motor
powers and battery capacities under the WLTC, the regulatory homologation cycle, using
a Latin Hypercube-based Design of Experiments (DoE). These simulations provide a
comprehensive understanding of how system sizing influences the energy efficiency across
different engine configurations, including gasoline, stoichiometric hydrogen, and lean
hydrogen operations. Once the optimal hybrid configurations were determined, their
performance was further analyzed under six distinct driving cycles—the NEDC, the WLTC,
FTP75, the CLTC-P, ARTEMIS_URBAN, and the NYCC—to assess the real-world behavior,
particularly in urban environments. The results not only highlight the efficiency potential of
hydrogen-powered hybrids but also emphasize the critical role of vehicle-level integration
in determining actual fuel consumption and system effectiveness.

3.1. Component Optimziation

The following analysis explores how hybrid component sizing influences vehicle
energy consumption across different fuel and engine configurations. Figures 7 and 8
examine the effects of the electric motor power and battery energy capacity, respectively,
using data from a Latin Hypercube-based Design of Experiments under the WLTC. Energy
consumption is expressed in kWh per 100 km and is derived by multiplying the fuel volume
consumption by the fuel’s volumetric energy density. This approach ensures a consistent
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comparison between gasoline- and hydrogen-fueled systems, enabling a fair assessment of
the impact of electrification on the overall efficiency.
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Figure 7 presents the results of the DoE on the electric motor sizing for the three
PO hybrid configurations—gasoline, stoichiometric H, and lean H, —evaluated under
the WLTC. The horizontal axis corresponds to the electric motor’s continuous power
rating (in kW), while the vertical axis shows the resulting vehicle energy consumption
in kWh per 100 km. Each dot represents a unique hybrid configuration. For reference,
the dashed horizontal lines indicate the energy consumption of the baseline conventional
configurations: gasoline (green) and stoichiometric H; (red), serving as benchmarks to
evaluate the effectiveness of hybridization.

The results reveal distinct trends depending on the fuel type. Gasoline PO hybrids
and hydrogen with stoichiometric calibration achieve substantial reductions in energy
consumption with relatively small motors—many configurations under 5 kW already
outperform the gasoline baseline. This behavior reflects the fact that, when using the
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complete engine map without significant power losses, the benefits of increasing the
electric motor size beyond 5 kW become negligible compared to the associated increase in
the component weight. Moreover, the potential usage of the electric motor is inherently
limited by the PO mild hybrid architecture, which restricts the extent of the electric torque
contribution during high-load transients.

For lean hydrogen configurations, significant energy savings are only achieved once
the electric motor size exceeds approximately 9 kW. This threshold marks the point where
the hybrid system can effectively compensate for the reduced torque capability of ultra-lean
combustion and maintain the engine within its high-efficiency operating regions. Below this
level, the electric motor contribution is insufficient to overcome the drivability limitations
imposed by lean fueling, leading to energy consumption values consistently above the
gasoline benchmark. The best-performing lean Hj configuration, highlighted by the square
marker, confirms that achieving competitive efficiency in this case requires more substantial
electrification than for gasoline or stoichiometric H, hybrids.

Figure 8 shows the influence of the battery energy capacity on the overall energy
consumption for each hybrid configuration. While all configurations benefit to some extent
from increasing the battery size, the degree and nature of this benefit vary notably by
fuel type. Gasoline PO hybrids achieve very low energy consumption even with modest
battery capacities—below 2 kWh—demonstrating their ability to capitalize on hybrid
advantages such as regenerative braking and load shifting with minimal battery sizing.
This reinforces their strong synergy with mild hybridization. Stoichiometric H, PO hybrids,
in contrast, show relatively high energy consumption throughout the battery size range,
with only marginal sensitivity to increased capacity. This suggests that the limitations of
stoichiometric hydrogen combustion—particularly under part-load conditions—cannot
be substantially mitigated by simply enlarging the battery due to restricted operating
efficiency zones and a suboptimal engine response.

Lean H; PO hybrids show the most marked response to increasing battery capacity.
Energy consumption drops significantly as the battery size increases, with noticeable
improvements beyond 3 kWh. This confirms the battery’s essential role in supporting lean
hydrogen combustion, particularly in overcoming its lower torque output and helping the
engine remain in efficient regions. The best-performing lean configuration, which requires
the largest battery among all options (~5 kWh), approaches the energy consumption levels
of the gasoline hybrid, underscoring that adequate battery support is critical for lean
hydrogen strategies to be competitive.

For comparison, modern mild hybrid electric vehicles typically use very small 48 V
battery packs—ranging from 0.4 to 1 kWh in production systems—which suffice for energy
recuperation and torque assistance [36]. Some studies have simulated slightly larger packs
(e.g., 0.9 kWh in a P2 MHEV context), indicating diminishing returns beyond 1.8 kWh due
to thermal limits [37]. In contrast, the lean Hj hybrid leverages a 5 kWh battery, significantly
larger than that of typical MHEV systems, reflecting its key role in compensating for the
low-torque delivery inherent to ultra-lean combustion.

From a cost perspective, the PO lean Hy MHEYV architecture presents both advantages
and challenges. On the one hand, the use of an existing internal combustion platform with
minimal modifications significantly reduces manufacturing and integration costs compared
to fuel cell electric vehicles (FCEVs) or battery electric vehicles (BEVs). The mild hybrid
system also requires a smaller battery pack (~5 kWh) than that for BEVs, lowering the
lithium demand and associated costs. On the other hand, the high cost of onboard hydrogen
storage systems—particularly Type IV composite tanks—remains a major economic barrier,
often exceeding the cost of the powertrain itself. Additionally, hydrogen fuel prices per
unit of energy are currently higher than gasoline or electricity in most regions. While these
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costs are expected to decrease with the scaling of hydrogen production and infrastructure,
a full Total Cost of Ownership (TCO) analysis is necessary to quantify the competitiveness
of this technology in real-world markets. This will be addressed in future work.

3.2. Vehicle Behaviour

The second stage of the analysis focused on how optimized hybrid configurations
perform under diverse operating conditions. Six driving cycles were used to reflect both
regulatory testing procedures and representative urban driving scenarios. These cycles
differ significantly in terms of average speed, acceleration frequency, and stop—start be-
havior, offering a comprehensive picture of real-world performance. Results are presented
in Figure 9a as absolute energy consumption (kWh/100 km), and in Figure 9b as the
percentage difference from each configuration’s conventional baseline.
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Figure 9. Vehicle powertrain configuration comparison for different driving cycles in terms of energy
consumption (a) and differences against the gasoline conventional baseline (b).

Gasoline PO hybrids consistently achieved the highest energy savings across all cycles,
with reductions ranging from 9.1% in the WLTC to over 33.6% in the NYCC. Particularly
large gains were observed in urban-focused cycles with low average speeds and extended
idle periods, such as ARTEMIS URBAN (—26.9%) and the NYCC (—33.6%). These results
confirm that even mild hybridization significantly enhances energy efficiency in low-load,
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stop-and-go conditions by recovering the braking energy and allowing the engine to remain
off during idling.

Stoichiometric Hy PO hybrids also showed a strong performance across the board,
although generally slightly below that of gasoline hybrids. Energy consumption reductions
range from 4.6% in the WLTC to 32.1% in the NYCC, with significant gains in ARTEMIS
URBAN (—23.8%) and FTP75 (—11.6%). These results indicate that, despite stoichiometric
hydrogen combustion’s narrower high-efficiency operating window, the integration of mild
hybrid support enables meaningful improvements in energy efficiency under urban usage,
particularly when electric support is properly scaled. However, the lower part-load thermal
efficiency compared to gasoline and lean hydrogen still limits performance under more
dynamic acceleration patterns. Lean Hy PO hybrids deliver the most balanced and favorable
performance among hydrogen-based systems. They achieved energy reductions across
all six driving cycles, with the largest improvements observed in the ARTEMIS URBAN
(—29.2%), NYCC (—30.2%), NEDC (—18.6%), and FTP-75 (—18.1%). Even in the WLTC and
CLTC-P, which include more aggressive accelerations, energy savings remained significant
at 5.5% and 16.1%, respectively. These results highlight that the lean combustion strategy,
though torque-limited, can achieve high overall efficiency when paired with a properly
sized electric motor and battery. The hybrid system helps maintain engine operation within
narrow high-efficiency regions and compensates for torque deficits during transients.

In summary, the average energy consumption across the six driving cycles reinforces
the conclusions drawn from the individual-cycle analysis. Gasoline PO hybrids achieved
the lowest average consumption at 41.0 kWh/100 km, representing a 22.0% reduction com-
pared to the gasoline conventional baseline of 52.6 kWh /100 km. Lean H; PO configurations
follow closely with 41.2 kWh/100 km (—21.5%), while stoichiometric H, PO configura-
tions achieved 42.6 kWh/100 km (—18.9%). Although gasoline hybrids retain a slight
advantage, both hydrogen-based hybrids show highly competitive energy performances.
Moreover, these results represent a significant improvement over the H; conventional
(non-hybrid) configuration previously reported by the research group, which exhibited
higher energy consumption and poorer performance under transient conditions due to the
lack of electrified torque assistance. Beyond energy metrics, the hydrogen-based systems
offer key environmental advantages: both eliminate tailpipe CO, emissions, and the lean
hydrogen strategy, operating at A ~ 2.0, is well known to produce extremely low NOy
emissions. Although NOy was not explicitly modeled in this study, the low-temperature
combustion associated with lean hydrogen operation is widely validated in the literature to
yield negligible NOx formation. Thus, the lean H; PO configuration emerges as a technically
viable, energy-efficient, and environmentally superior solution for future urban mobility,
combining low fuel consumption with near-zero emissions.

Further insight into the underlying causes of energy consumption differences can be
gained by analyzing engine operation patterns. Figure 10 presents the engine usage maps
for each powertrain configuration under the WLTC, overlaid on their respective BTE con-
tour plots. The red dots indicate actual operating points during the cycle, providing a direct
link between vehicle-level control and engine efficiency. In the gasoline conventional case
(Figure 10a), the engine operated broadly across the mid- to high-efficiency zones (28-34%),
with a dense concentration of points around 2000-3000 rpm and 5-15 kW. However, due to
the absence of hybrid assistance, the engine remained active during most low-load phases,
leading to suboptimal usage at the lower-efficiency margins of the map.
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Figure 10. Engine use for gasoline conventional (a), gasoline PO (b), stoichiometric H, PO (c), and
lean H, PO (d) in the WLTC.

The gasoline PO hybrid configuration (Figure 10b) shows a noticeable shift in engine
operation. Fewer points are observed in the low-efficiency area below 5 kW, indicating
that the hybrid system effectively covers low-load demands using the electric motor. This
enables the engine to operate more frequently in regions of higher BTE, increasing the
overall efficiency and reducing fuel consumption, as previously shown. In the case of the
stoichiometric H, PO configuration (Figure 10c), the usage points are more tightly clustered
in the lower-efficiency range (24-30%), particularly below 15 kW and around 2000 rpm.
This is a consequence of stoichiometric combustion’s narrower optimal zone and lower
partial-load efficiency. Even though hybrid control avoids extreme low-load points, the
engine’s inherent efficiency limitations restrict further gains.

The most distinct operating behavior appears on the lean Hy, PO map (Figure 10d).
Here, the engine operation is heavily concentrated along the narrow band of high-efficiency
lean zones (28-33%), with fewer excursions into low-efficiency regions. The map clearly
shows that lean operation benefits from sustained mid-load usage, and the hybrid control
successfully keeps the engine within this window. However, the restricted torque enve-
lope of lean combustion prevents the engine from supporting higher loads, which may
necessitate larger electric contributions.
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This usage-based analysis confirms that hybridization allows for the better exploitation
of the engine’s efficiency potential, but the extent of the benefit varies by fuel. The gasoline
hybrid achieves the greatest improvement due to the wide high-efficiency plateau of spark
ignition. Lean hydrogen combustion, while less flexible, can be highly efficient if kept
within its optimal window—a task for which hybrid control proves especially valuable.

In contrast to the WLTC, the engine usage maps for the New York City Cycle (NYCC)
in Figure 11 reveal a markedly different operating behavior. The NYCC is characterized
by frequent stops, short acceleration bursts, and low-speed operation, which significantly
constrain engine load levels. As shown in Figure 11a, the gasoline conventional setup
operates almost exclusively in the low-efficiency region (below 28%), with dense clusters
of usage points below 2000 rpm and under 5 kW. This explains the notably high energy
consumption observed for this configuration in the NYCC.
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Figure 11. Engine use for gasoline conventional (a), gasoline PO (b), stoichiometric H, PO (c) and lean
Hj PO (d) in the NYCC.

6000

The gasoline PO hybrid (Figure 11b) significantly reduces engine usage in these low-
efficiency zones. The electric motor effectively absorbs many of the low-load events, allow-
ing the engine to operate less frequently and in more favorable efficiency regions. Although
the maximum BTE is not fully exploited due to the NYCC's inherently low power demands,
the hybridization yields a tangible improvement in fuel economy, as reflected by a 17%
reduction in energy consumption compared to the baseline. For the stoichiometric Hp
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Battery State of Charge [-]

0.35 1

PO configuration (Figure 11c), the engine operates almost entirely in the lower-efficiency
range (23-28%) and at very low power levels, highlighting the difficulty of maintaining
high efficiency under such transient conditions. The limited flexibility of stoichiometric
hydrogen combustion, particularly at low loads, prevents the effective exploitation of the
engine’s optimal regions, even with hybrid assistance. Figure 11d presents the usage of the
lean H PO powertrain. Despite the inherently better thermal efficiency of lean combustion,
the NYCC’s low-speed, low-load characteristics constrain engine operation to a narrow
band around 2000 rpm and under 10 kW, where the lean BTE is still moderate (25-30%).
Although slightly better than the stoichiometric case, the lean configuration does not reach
the efficiency levels seen under the WLTC due to the cycle’s dynamics.

Overall, these maps demonstrate that urban cycle characteristics profoundly impact
engine usage, especially for hydrogen-fueled configurations. While hybridization reduces
inefficiencies by offloading low-power demands to the electric motor, the type of fuel and
combustion strategy remain critical determinants of efficiency gains. Therefore, understand-
ing and modeling the vehicle behavior across real-world driving conditions is essential for
achieving optimal energy performance.

Figure 12 shows an example of the battery SOC behavior and EM vs. ICE power usage
by the vehicle in each powertrain configuration. The gasoline PO case shows a gradual
SOC increase during the first part of the cycle, reflecting frequent regenerative braking
opportunities and limited electric assistance due to the higher baseline torque capability
of the gasoline engine. The stoichiometric H, PO configuration exhibits a relatively stable
SOC profile in the early stages, followed by a sustained drop in the latter part of the cycle,
indicating greater reliance on EM support to compensate for lower part-load efficiency. The
lean H; PO case has the steepest SOC decline after mid-cycle, as the EM is more actively
engaged to offset the reduced torque of ultra-lean combustion, especially during medium-
to high-load transients.

In terms of the propulsion power, the gasoline PO shows lower EM utilization peaks
and more consistent ICE operation across a wider load range. The stoichiometric H, PO
has moderate EM peaks, with the ICE works harder at low-to-mid loads due to narrower
high-efficiency zones. The lean H;, P0 displays the highest EM activity, both in assist and
regenerative modes, with the ICE operating within a narrower torque band but requiring
more frequent EM intervention to maintain performance targets.

SOC Profiles WLTC

| —— Gasoline PO
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Figure 12. Cont.
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Figure 12. Battery State of Charge (SOC) profiles (a) and electric motor (EM) and internal combustion
engine (ICE) power profiles for the same configurations (b) under the WLTC.

4. Conclusions

This study investigated the viability of lean hydrogen combustion combined with
a 48 V mild hybrid system as an alternative propulsion solution for urban vehicles. A
validated simulation framework was employed to evaluate the thermodynamic behavior,
vehicle-level energy consumption, and performance across multiple standardized and
real-world driving cycles. A Latin Hypercube Design of Experiments was used to explore
optimal combinations of electric motor power and battery capacity, with a particular focus
on lean hydrogen operation.

The results showed that while all configurations benefited from hybridization, the
extent of the improvement varied. Gasoline PO hybrids achieved the greatest average



Vehicles 2025, 7, 88

19 of 23

reduction in energy consumption (—22.0%), followed closely by lean H, PO (—21.5%)
and stoichiometric Hy PO (—18.9%), compared to the gasoline conventional baseline. In
specific driving cycles such as the NYCC and ARTEMIS URBAN, all hybrid architectures
delivered strong performances, with lean H, matching or outperforming gasoline hybrids
in several cases.

The lean hydrogen configuration proved especially effective when supported by an
adequately sized electric motor and battery, enabling high brake thermal efficiencies and
maintaining operation within optimal efficiency zones across low-speed, stop-and-go cycles.
This configuration demonstrated energy consumption as low as 35.1 kWh/100 km in the
NEDC and 41.2 kWh/100 km on average across all cycles—comparable to gasoline PO levels.
Moreover, it offers substantial environmental benefits: zero tailpipe CO, emissions and
negligible NOy formation due to the ultra-lean combustion strategy (A ~ 2.0), as supported
by the established literature. These results also highlight a significant improvement over
previously studied non-hybrid H, configurations, which lacked transient performance
and showed higher energy use. The mild hybrid system is thus key to unlocking the full
potential of lean hydrogen combustion in compact urban vehicles.

In conclusion, this work demonstrates that lean hydrogen combustion, when inte-
grated into a well-designed 48 V mild hybrid architecture, is a technically and environ-
mentally viable solution for urban mobility. It offers a compelling alternative to battery
electric vehicles by reducing reliance on large lithium-ion battery packs while achieving
competitive efficiency and near-zero emissions. Future research should target enhanced
control strategies for transient conditions, cold-start optimization, and advanced hybrid
layouts or forced induction to further improve drivability and broaden the applicability of
hydrogen-fueled engines.
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The following abbreviations are used in this manuscript:

BTE Brake Thermal Efficiency

CLTC-P China Light-Duty Vehicle Test Cycle—Passenger
DoE Design of Experiments

FTP75 Federal Test Procedure 75

GT-SUITE = Gamma Technologies Simulation Environment
ICE Internal Combustion Engine

LHS Latin Hypercube Sampling

NEDC New European Driving Cycle

NOy Nitrogen Oxides
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NYCC New York City Cycle

PO, P1 Mild Hybrid Powertrain Configurations (crankshaft-mounted motor architectures)
RBC Rule-Based Control

WLTC Worldwide Harmonized Light Vehicles Test Cycle

Appendix A

The mild hybrid electric vehicle (MHEV) system evaluated in this study is governed
by a rule-based control (RBC) strategy, implemented within the supervisory controller
of the vehicle (Figure A1). This module orchestrates the interaction between the internal
combustion engine, electric motor, and battery system, according to driving conditions and
system constraints. The RBC logic relies on discrete vehicle modes and logical conditions
to dynamically allocate torque between the engine and the electric motor while enabling
energy recuperation and optimal use of the battery state of charge.
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Figure A1. Control scheme of the PO MHEV. In zoom the supervisory RBC strategy of control.
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The control layers can be described as follows:
CL1: Supervisory Mode Control. The vehicle state machine (Figure A1-CL1) defines
five operating modes:

Engine Off, Vehicle Stopped;
Engine Start, Vehicle Stopped;
Engine Idle, Vehicle Stopped;
Engine Start, Vehicle Moving;
Normal Mode.

ARSIl

Transitions between these states are governed by the vehicle speed, driver torque
demand, SoC, and regen/load-shift indicators. Once in “Normal Mode,” a set of conditional
logic blocks determines the exact torque contributions and energy flows based on real-time
driving conditions.

CL2: Normal Mode Torque Allocation Logic. The control logic in Normal Mode
(Figure A1-CL2) is based on the driver’s requested torque, SoC, and other system flags
(regen state, charge mode, vehicle speed), and the RBC assigns output values for
the following:

e  Engine On-Off Status;

e  Requested Engine Torque;

e  Requested Motor Torque (Engine Equivalent);

e  Brake Mode (0 = calculated, 1 = pass driver input);

e  Friction Brake Torque (if calculated, Brake Mode == 1).

In low-load conditions, if the SoC is sufficient and the driver demands moderate
torque, the electric motor provides torque assistance (maximum EM power), reducing the
engine load. During deceleration, if regenerative braking is allowed, the system captures
energy through the electric motor; otherwise, friction brakes are used. A mixed-braking
mode can also be triggered to split the deceleration torque between regenerative and
friction braking in cases where the SoC is high or the power request for braking is higher
than the minimum EM power (negative power).

At low speeds, if a load shift is beneficial, the torque demand is shared between the
engine and motor to keep the engine within its high-efficiency region. In charge-sustaining
operation, the engine provides additional torque to recharge the battery while maintaining
drivability. If the driver demands more torque than the engine can provide alone, the
motor supplies the excess. At cruising speeds with light loads, the electric motor alone may
propel the vehicle. Finally, in standard conditions not matching any special case, the engine
supplies the fully requested torque. This hierarchy ensures efficient engine usage, energy
recuperation, and smooth transitions between electric and combustion power. When the
vehicle is not in “Normal Mode,” all actuators are inactive.

CL3: Regenerative Braking Control

The CL3 block governs the activation of regenerative braking based on a set of logical
conditions. Using an “If” structure, it evaluates whether regeneration should be allowed.
If the battery SoC exceeds 90%, regenerative braking is disabled to avoid overcharging
the battery. When braking is requested and the demand exceeds the minimum torque
that the electric motor can handle (negative torque threshold), the system either enables
full regenerative braking or blends it with friction braking. This logic ensures that energy
recuperation occurs efficiently without compromising the battery safety or braking perfor-
mance. The controller acts as a gatekeeper, enabling regeneration only when conditions
are favorable.

CL4: Hysteresis-Based Charge Mode Activation
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The CL4 block implements a hysteresis controller to manage transitions into charge-
sustaining mode via regenerative breaking from the engine (e.g., in engine load shift or
driving-and-charging modes). This avoids frequent toggling between charging and non-
charging states, which can lead to unstable or inefficient operation. The controller monitors
the SoC and switches the charge mode “on” only when the SoC drops below a defined
lower threshold, and it switches it “off” only when it exceeds a higher threshold. When
the SoC lies between the thresholds, the output state is held constant. This hysteresis logic
helps maintain battery health and smooth powertrain transitions, particularly in cases
where engine breaking is used to recharge the battery.

CL5: Battery Charge Control (PID)

The CL5 block includes a simplified proportional control loop (a reduced PID con-
troller) to regulate battery charging during engine-powered modes. The controller com-
pares the actual SoC with a target value (typically initialized at the beginning of the
simulation) and generates a proportional torque command to control battery charging
through the electric motor. Only the proportional term is used, which scales the torque
demand based on the deviation from the target SoC. This ensures that charging actions are
scaled appropriately with the battery’s needs, avoiding excessive or insufficient charging
during normal driving and charge-sustaining phases. This closed-loop approach allows
the vehicle to dynamically maintain a healthy battery charge without requiring fixed or
time-based charging schedules.
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