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Abstract: The pursuit of sustainable and environmentally friendly transportation has led to the
exploration of alternative fuel sources, among which hydrogen stands out prominently. This work
delves into the potential of hydrogen fuel for internal combustion engines (ICEs), emphasizing its
capacity to ensure the required performance levels while concurrently enhancing overall efficiency.
The integration of a mild hybrid powertrain in a small size passenger car was considered for ob-
taining a twofold advantage: mitigating power loss due to low volumetric efficiency and increasing
fuel economy. A comprehensive approach combining 0D/1D modeling simulations and experi-
mental validations was employed on a gasoline-powered small size ICE, considering its conversion
to hydrogen, and mild hybridization. Vehicle simulations were performed in AVL Cruise M and
validated against experimental data. Various electric motors were scrutinized for a small size bat-
tery pack typical of mild hybrid vehicles. Furthermore, the paper assesses the potential range
achievable with the hydrogen-powered hybrid vehicle and compares it with the range reported by
the manufacturer for the original gasoline and pure electric version. In terms of global results, these
modifications were found to successfully improve efficiency compared to baseline gasoline and
hydrogen fueling. Additionally, performance gains were achieved, surpassing the capabilities of
the original gasoline vehicle despite its intrinsic volumetric efficiency limitations when using hy-
drogen. Along with the conversion to hydrogen and thus zero-carbon tail-pipe emissions, incor-
porating a Start/Stop system, and the integration of mild hybrid technology with energy recupera-
tion during braking, overall efficiency was enhanced by up to 30% during urban use. Furthermore,
the hybridization implemented in the H: version allows an autonomy comparable to that of the
electric vehicle but with evident shorter refilling times. Specific aspects of the 48 V battery man-
agement are also scrutinized.

Keywords: hybrid electric vehicle; retrofitting; hydrogen; 0D/1D engine simulation

1. Introduction

With current restrictions and global objectives in climate change mitigation and
GHG emissions reduction, it is increasingly imperative to explore alternatives to tradi-
tional fuels for vehicle propulsion. A clear example of these restrictions is the European
Union (EU), which aims to achieve zero GHG emissions by 2050 through the Green Deal
program with an emphasis on transportation [1,2]. Among the alternatives, synthetic
liquid fuels and electric vehicles are recognized [3], and more recently, Hz propulsion has
stood out [4], either through fuel cells for electric power generation or through direct
hydrogen combustion. For this reason, it is crucial to conduct studies comparing differ-
ent propulsion systems for various types of vehicles and their respective uses. This will
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enable the development of future generations of vehicles that are more efficient and ca-
pable of delivering the best possible performance according to their type and function.
Studies such as [5], where electric, diesel, and green fuel blend propulsion systems ap-
plied in trucks are evaluated, are essential for analyzing aspects such as emissions,
economy, performance, and other relevant parameters in their assessment. In this con-
text, the proposal emerges to carry out retrofitting of a vehicle for H2 use, allowing carbon
dioxide (COz) propulsion. This would be achieved without the need for a complete vehi-
cle reconstruction, thus avoiding pollution associated with such a process, as well as
cost-effective zero carbon mobility Despite hydrogen being a well-known fuel, the de-
velopment of a Hz propulsion powerplant is in progress despite the lack of literature
compared to traditional fuels mainly in internal combustion engines.

In the field of sustainable transportation, the utilization of hydrogen as a fuel source
has emerged as a beacon of promise, offering a viable solution to curb environmental
degradation and reduce dependence on traditional fossil fuels [6]. Hydrogen, when
harnessed to power both fuel cells (FCs) and internal combustion engines (ICEs), pre-
sents a versatile and eco-friendly alternative. It also shows advantages that avoid com-
plications seen in electric vehicle (EV) batteries [7]. Despite their potential, FCEVs en-
counter various challenges that currently impede their widespread adoption, with cost
being one of the main aspects compared to both ICEs and EVs [8] along with their sensi-
tivity to the quality of hydrogen [9]. Additionally, even small amounts of water, while
only slightly reducing efficiency, can lead to damage if they carry potassium or sodium
ions [10]. The composition of gases dissolved in hydrogen is directly influenced by the
production method, varying between electrolysis and steam reforming (SMR) with nat-
ural gas, among others. Another critical concern with FCs is their wear during driving
cycles, directly impacting efficiency and voltage drop, subsequently affecting vehicle
consumption and performance [11]; their anticipated lifespan is approximately 5000 h
[12]. It is also crucial to underscore that the environmental cost associated with the pro-
duction of these cells is considerably large in comparison with the ICE [13], presenting a
substantial impediment to the feasibility of this approach. The intricate balance between
the need for intermittent replacements for optimal FC operation and the environmental
implications inherent in cell production poses a challenge that demands careful consid-
eration and strategic solutions for sustainable fuel cell technology integration [14].

The main advantage of hydrogen-fueled internal combustion engines (H2-ICEs) is
the possibility of retrofitting current ICEs that use other fuels such as gasoline [15,16].
This environmental advantage is significant as it involves simply replacing some parts
rather than creating an entire new powertrain for a vehicle [17]. The main disadvantage
of Hz-ICE is the emission of Nitrogen Oxide (NOx). However, with proper design, these
NOx emissions can be brought very close to zero without a significant loss of power and
efficiency [18, 19]. This can be achieved through various strategies to control combustion,
such as the Start of Injection (SOI), ignition timing, cylinder geometry and arrangement,
turbocharging, Exhaust Gas Recirculation (EGR), and injection type. All these factors are
crucial and impact both NOx emissions and Brake Thermal Efficiency (BTE) and Brake
Mean Effective Pressure (BMEP). Another crucial factor is the lean combustion, aiming to
control combustion temperatures and reduce emitted NOx [18,20]. Depending on the en-
gine design, whether it is created from scratch or retrofitted, the type of fuel injection that
can be used includes Port Fuel Injected (PFI) and Direct Injection (DI). It is a reality that
the DI system allows more options for combustion control, enabling the generation of a
homogeneous air—fuel mixture or stratification. Additionally, it improves volumetric ef-
ficiency and decreases the engine’s pumping work. This DI system presents several ad-
vantages in the engine compared to PFI technology [21]. However, ongoing research is
still being conducted to improve its effects on engines, allowing the enhancement of pa-
rameters such as efficiency, performance, power, and emissions. Therefore, a potential
future research direction could involve conducting tests with various injections seeking
different air-fuel mixtures, similar to the study in [22] but evaluating with hydrogen.
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Fueling through PFI is the simplest and cheapest option for retrofitting [23,24]. However,
this injection system has certain associated problems in volumetric efficiency and ab-
normal combustion [20], which tends to limit the power and efficiency of engines com-
pared to DI, especially at low engine speeds. Additionally, combustion control is more
complex and limited, especially at low engine speeds [24,25]. Anomalies in combustion,
such as knock, autoignition, and Cycle-to-Cycle Variability (CCV), are among the chal-
lenges due to the low activation energy required to initiate combustion and the wide
flammability limits, complicating both hydrogen manipulation and combustion control.
For these reasons, engine control strategies are crucial to achieve clean, efficient, and ef-
fective operation. It is important to clarify that the wide flammability limits are positive
as well as negative. While it makes hydrogen a hazardous fuel to work with, it allows
playing with stratification in DI, providing an advantage. There are also other green fuels
(e-fuels) that are cleaner and easier to produce than hydrogen, such as Syngas. However,
these fuels have several challenges for achieving good combustion and lower efficiencies
compared to Ha-ICE efficiencies [26]. In the case of Syngas, efficiencies are around 20%,
while H»-ICE efficiencies range from 40% to even 45%. Although this efficiency within
ICE is high, it is lower than FCs. However, it is more constant in ICE, as they do not un-
dergo as many changes. It is also possible to mix hydrogen with other fuels to reduce
GHG emissions [27]. While the retrofitting of internal combustion engines (ICEs) with
hydrogen fuel offers significant environmental advantages, it is important to
acknowledge the practical challenges associated with hydrogen storage systems. The
adoption of hydrogen-fueled ICEs involves considerations beyond the engine conversion
itself, particularly concerning the integration of hydrogen storage technologies into ex-
isting vehicle architectures. Hydrogen storage systems, notably type IV tanks operating
at high pressures, introduce constraints on vehicle design due to their volumetric and
weight limitations. The low density of hydrogen needs larger storage volumes to achieve
comparable energy densities to conventional fuels, impacting factors such as available
cargo space and vehicle weight distribution. Additionally, the reinforced construction
required to withstand high pressures contributes to the overall weight of the storage
system, posing challenges for vehicle manufacturers striving to optimize performance
and efficiency. Despite these challenges, ongoing research and development efforts are
focused on improving the efficiency and practicality of hydrogen storage technologies
with advancements in tank materials, design optimization, and alternative storage
methods aimed at addressing volumetric and weight constraints. By addressing these
technical challenges, the feasibility and adoption of hydrogen-fueled ICEs can be further
enhanced, contributing to the transition toward sustainable transportation solutions.

This particular aspect of hydrogen has prompted numerous studies related to the
implementation of other COz-neutral or low-carbon emission fuels derived from hydro-
gen. These fuels also emerge as a viable option for decarbonizing transportation by ena-
bling simpler fuel storage systems with reduced volume and weight requirements. A
study conducted by [28] thoroughly examines some of these fuels in internal combustion
engines, providing strong support for their adoption in vehicles. This study concludes
that the best low-carbon fuel that could be produced from green hydrogen is HCNG
(hydrogen-enriched compressed natural gas), after evaluating various aspects to reach
this conclusion.

Given these limitations, a simple conversion would result in inferior performance.
To address this situation, various types of potential hybridizations were analyzed for a
small size passenger car. Considering the dimensions of the vehicle, clearances, and the
propulsion system it utilizes, the decision was made to implement a mild hybrid electric
vehicle PO (MHEV) hybridization. It was estimated that this would be the optimal hy-
bridization for this vehicle. Nevertheless, there are several different hybridization con-
figurations that lead to varying effects on vehicles. Therefore, a potential avenue for fu-
ture work could involve evaluating various hybridizations (even if any configuration
would have a positive impact) to determine the optimal one for this vehicle, as discussed
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[29]. The hybridization is implemented with electric motors of various sizes. This ap-
proach aims to assess improvements in consumption and performance with the goal of
achieving a conversion that maintains or surpasses the performance of the gasoline ve-
hicle while reducing energy consumption, especially in urban conditions, for which this
smaller-sized vehicle is primarily designed. The significance of this study lies in its
demonstration of the potential of mild hybridization to enhance both the range and per-
formance of small urban passenger vehicles equipped with hydrogen-powered internal
combustion engines (ICEs). Notably, this research addresses a critical limitation in hy-
drogen propulsion systems by effectively overcoming power deficiencies attributed to
volumetric efficiency constraints. Innovatively, it is converted a gasoline engine to hy-
drogen power, showcasing the adaptability of mild hybrid technology to mitigate the
inherent challenges associated with hydrogen ICEs. By seamlessly integrating 48V mild
hybridization into the vehicle’s powertrain, this work intended to show the capabilities
of the proposed technology in terms of performance and range suitable for urban com-
muting. The utilization of mild hybrid technology in conjunction with hydrogen power
represents a promising avenue for achieving enhanced efficiency and reduced environ-
mental impact in small passenger vehicles.

2. Materials and Methods
2.1. Hydrogen Engine Simulation

The selected power unit for the fuel change corresponds to a small size passenger
car that in its standard version features a turbocharged gasoline engine. Table 1 provides
additional relevant technical specifications of the unit. Numerical simulations were im-
plemented for evaluating the specifics of switching from one fuel to another. Engine
modeling was conducted through 0D/1D simulation, considering measurements ob-
tained from a disassembled unit and original equipment manufacturer (OEM) data such
as the default turbocharger control settings.

Table 1. Engine specifications.

Item Value
Displacement 599 cm3
Number of cylinders 3
Bore x stroke 63.5 x 63 mm
Compression ratio 9.5:1
Number of valves 2 per cylinder
Rated power 40 kW @5250 RPM
Air filling turbocharger
Fuel system port fuel injection at 3.5 bar for gasoline and
5 bar for hydrogen
Ignition system inductive discharge, 2 spark plugs per cylinder

For the hydrogen conversion, a previous version of the 0D/1D engine model was
adapted as illustrated in Figure 1. Key modifications included the addition of a second
PFI system for Hz injection and adjusting ignition timing to account for the difference in
laminar flame speed between the two fuels [25]. The search for the optimal ignition point
was carried out using a PID controller to maximize efficiency; an if-then—else condition
was used for setting a limit on the spark advance if knocking was predicted. Addition-
ally, a PID controller was implemented for the waste-gate controlled turbocharger to
regulate the compressor pressure ratio and optimize ICE performance. These compo-
nents are highlighted in Figure 1 along with the throttle controller that was used during
part load operation.
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Figure 1. Overview of the 0D/1D simulation model in its gasoline/H2 PFI configuration with se-
lected components highlighted.

The main structure and effectiveness of the engine model was detailed in recent
works of the authors (see [25,27,30] for more information) aimed to evaluate and opti-
mize key parameters such as nominal power, range, fuel system requirements, and the
effect of cycle-to-cycle variability (CCV) on performance, among others. The focus of
previous activities was on improving hydrogen ICE performance without neglecting the
cost reduction in both operation and engine construction, which are critical factors in
small passenger vehicles. Throttle angle and fuel injection were also managed through
another PID controller, using shaft power as a feedback parameter. This independent
controller has a 90-degree limit for the throttle during boosted operation, avoiding con-
tradictory situations and achieving stable operations. All previous results represented the
starting point for the vehicle hybrid design that is the aim of the present work.

For the operation of the injection controller, a target value for the exhaust lambda
sensor was set, assuming a rich feed under full load conditions with gasoline and stoi-
chiometry for the rest of the operating points, thus rendering it fully compatible with the
standard three-way catalytic converter. To appropriately incorporate fuel chemistry ef-
fects, a predictive combustion model (SI Turbulent Flame Combustion Model) was used.
An interesting comparison between different combustion models can be seen in [31]. SI
Turb offers users a comprehensive two-zone model that includes entrainment and
burn-up aspects. Key features of this system include the prediction of combustion rates
based on in-cylinder conditions, flexibility in adjusting spark timing and locations, con-
sideration of fuel properties and mixture composition, incorporation of turbulence effects
such as tumble and swirl, and ensuring both high accuracy and fast run times for simu-
lations. Additionally, SI Turb provides detailed analysis capabilities covering knock, cy-
cle-to-cycle variability (CCV), and emissions, along with access to fast-running models
for quicker assessments. Overall, SI Turb provides a sophisticated combustion modeling
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solution with a focus on accuracy, efficiency, and detailed analysis across various engine
parameters. The flow-based heat transfer sub-model was used for better reflecting the
related effects of “faster” H2 combustion evolution [31].

One of the main challenges associated with fuel conversion is the impact of hydro-
gen’s low volumetric energy density. This results in a decrease in specific power and,
consequently, lower efficiency at various engine operating points than gasoline. It also
modifies the energy conversion efficiency map, as evidenced in Figure 2. In this figure,
several differences can be observed between maps (a) and (b), including the full load
curve, where hydrogen experiences a lack of power, the brake thermal efficiency at dif-
ferent points, and the shape of the efficiency iso-curves. Reduced volumetric efficiency
results in lack of power and therefore requires higher boost levels for obtaining the same
power output. The difference in conversion efficiency observable when comparing Fig-
ure 2a and Figure 2b is mostly due to the fact that extremely high laminar flame speed
results in quick flame propagation and increased heat loss [31].

Gasoline Map BTE [%)] H2 Map BTE [%]

18

BMEP [bar]

38 38
. .

16 { .

36 — e . 36

34 T — 3

32

30

BMEP [bar]

2
3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Engine Speed [RPM] Engine Speed [RPM]

(a) (b)

Figure 2. Brake thermal efficiency results for gasoline (a) and H: (b) against different engine speeds
and load obtained from 1D engine simulations.

2.2. Mild Hybrid Vehicle Model

The initial phase involved creating and validating the non-hybrid gasoline model to
formulate the hydrogen hybrid version of the vehicle. Subsequently, versions were de-
veloped for the non-hybrid gasoline vehicle, including hydrogen, hydrogen hybrid con-
figuration, and pure electric models. The hybrid was meticulously designed to ensure
that the improvements in fuel economy for the PO-type mild hybrid electric vehicle
(MHEV) aligned precisely with the anticipated outcomes for this specific hybrid config-
uration. After successfully validating the commercial gasoline vehicle, the necessary ad-
justments were implemented in the model to facilitate its transformation into a hydro-
gen-powered vehicle.

The vehicle simulations were performed in AVL Cruise M from AVL GmbH. When
constructing the 0D/1D simulation model for the standard gasoline version, the starting
point involved modeling all significant components of the original vehicle. This encom-
passed utilizing manufacturer-provided data, incorporating measurements, and making
estimates, such as determining the position of the center of mass. It is crucial to note that
in simulations of this nature, the center of mass position has a limited impact on the
overall vehicle behavior. The engine was characterized as an entity with defined param-
eters, including maximum power, fuel consumption map, and intrinsic features like the
number of cylinders, displacement, and inertias; some of these detailed in Table 2.

The battery capacities for both the electric vehicle (EV) and mild hybrid electric ve-
hicle (MHEV) were chosen based on established industry standards and common prac-
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Fueld Consumption [I/100km]

tices. For the EV, the battery capacity corresponds to the standard battery utilized by the
manufacturer of the Smart Fortwo Electric [32], ensuring consistency with industry
benchmarks and facilitating direct comparability with commercially available electric
vehicles. Similarly, the battery capacity for the MHEV aligns with industry standards for
small hybrid electric vehicles, enabling meaningful comparisons and ensuring relevance
to real-world automotive applications.

Model validity was confirmed through comparison of fuel consumption against
data published by the manufacturer [32] and in earlier studies such as [29]; the compar-
ison is shown in Figure 3. It illustrates the validity of the numerical results confirmed by
the difference below 1% compared to the OEM data as well as the coherence between

various versions of the model.

Table 2. Vehicle specifications in the three versions.

Vehicle Type [-] Non-Hybrid MHEV EV
Vehicle small size passenger car 2-seater
Vehicle Drag Coefficient [-] 0.37
Frontal Area [m?] 1.99
Tires Size [mm/%/inch] 175/55 R15
Rolling resistance factor [%] 1.1
Top speed [km/h] 135 130
Base vehicle Mass [kg] 720 765 1095
Passenger and Cargo Mass [kg] 75
Differential ratio [-] 4.21:1 9.9221:1
Primary Energy Source [-] Gasoline Hydrogen Lithium-Ion Battery
Second Energy Source [-] None Lithium-Ion Battery None
Fuel tank [1] 22 30 None
Lithium-Ion Battery Size [kWh] None 0.98 17.6
Lithium-Ion Battery mass [kg] None 5.4 180
Lithium-Ion Battery Volume [L] None 4.0 100
Electric machine Power [kW] None TBD 60

Consumption Comparison
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Figure 3. Vehicle model validation based on fuel consumption data.
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For the hybrid configurations a Start/Stop system was added for reducing fuel
consumption. It was extended to the conventional model, incorporating a modification
that introduced a small battery (refer to Table 2), which is a characteristic common in
PO-type MHEVs. Additionally, an electric motor (EM) was integrated and connected to
the ICE crankshaft via a belt. A control strategy was implemented, emphasizing energy
recuperation during braking and power delivery by the EM under conditions of
low-speed operation or when seeking full load acceleration (FLA). These modifications
collectively resulted in improvements in both vehicle performance and consumption
with the latter remaining consistent with expectations for this category of vehicle. The
final stage involved constructing the hydrogen hybrid model based on the latest hybrid
configuration. Adjustments were made to the engine sub-model to accurately replicate
the response of the hydrogen power unit. Given the differing characteristics between
gasoline and hydrogen, alterations to the control strategy parameters were introduced.
Multiple EMs from the range of 1 to 4 kW were evaluated to gauge their impact on en-
ergy consumption and overall vehicle performance. The selection criteria for these EMs
included considerations such as a discharge rate (C-rate) below 10 and a charging rate
below 1. The resulting model for this hydrogen hybrid vehicle is visually represented in
Figure 4.
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Figure 4. MHEV concept layout in the simulation graphic user interface of AVL Cruise M.

The vehicle is tested under different real driving cycles as well as under maximum
acceleration test. The tested driving cycles encompass the NEDC, NEDC City, NEDC
Highway, WLTC, which is a specific cycle measured in Montevideo and Rome. Figure 5
shows the driving cycles profiles and Table 3 the main statistics parameters. These cycles
are designed to emulate typical driving conditions across diverse settings, including ur-
ban/downtown, urban/out of town, and highway environments. Their purpose is to
simulate the vehicle’s behavior in varied scenarios, offering valuable insights for design
improvements and evaluations. While four of these cycles adhere to standardized pro-
tocols, facilitating the comparison of simulation results with those of other vehicles
evaluated under similar conditions, non-standardized cycles provide a more nuanced
analysis of the vehicle’s performance in diverse scenarios. This extends to both gasoline
and hydrogen-powered vehicles as well as hydrogen hybrid vehicles.
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The Maximum Acceleration Test, or Full Load Acceleration, entails the driver de-
livering a signal of maximum load to the engine with gear shifts occurring at specified
RPMs to rapidly achieve the highest possible speed. Executed in a straight line, this test
aims to ascertain the vehicle’s maximum acceleration. Within this cycle, the evaluation
centers on observing how the vehicle’s speed changes over time and the time required to
reach specific speeds, such as 100 km/h, among others. It is crucial to clarify that most of
the test’s demands are placed on the engine and the entire power transmission system,
collectively defining the test outcome. This meticulous examination ensures a compre-
hensive understanding of the vehicle’s performance under high-stress conditions, con-
tributing valuable insights to its overall assessment.
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Figure 5. Driving cycles used for the simulations.
Table 3. Average statistical parameters for the different driving routes.
Country/City Route Type Total Distance [km] Time [min] Vapos95 [m?/s?]
NEDC Mixed 11.03 19.67 7.4
Uruguay/Montevideo Urban— Avenue 47.4 94 18.3
Italy/Rome Urban—City 13.5 52.4 23.2

3. Results and Discussion

The findings from the computational models are scrutinized with a focus on ana-
lyzing three pivotal factors that hold utmost significance in the realm of vehicles. A
comprehensive assessment of performance is conducted through an acceleration test,
which is followed by an analysis of energy consumption. Furthermore, due regard is
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given to the consideration of the vehicle’s autonomy, acknowledging its critical role in
the overall evaluation. This tripartite analysis aims to provide a holistic understanding of
the computational model’s outcomes and their implications on the broader context of
vehicle dynamics.

A previously mentioned factor critical in design and analysis is the “lack of power”
due to lower volumetric efficiency specific for hydrogen. To demonstrate this effect and
how different hybridizations compensate for it, Figure 6 shows the power and torque
curves of the various configurations, which are all on the engine’s output axis. The addi-
tion of 3 and 4 kW EM allows the hydrogen engine to achieve the power of the gasoline
engine already at 1500 RPM while improving the power at high engine speeds. To have a
better analysis of the electric motor impact, the next section analyzes the performance
under full acceleration with all engine versions.

ICE Maximum Load
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35
30 g
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Figure 6. Torque and power curves at different engine output shaft speeds [RPM].

3.1. Performance

A comprehensive test was conducted primarily focusing on FLA of the engine to
evaluate the vehicle’s performance. In this assessment, the driver controller was pro-
grammed to accelerate until reaching maximum power. As mentioned previously, the
hydrogen engine exhibits a notable lack of power between 1000 and 3000 RPM. Conse-
quently, a meticulous design approach was applied to both the EM, the belt, and the
control strategy to effectively address this power limitation. Furthermore, to underscore
the magnitude of this limitation in the results, two FLA tests were executed, with shift
points set at 2500 RPM and 5500 RPM, which were both initiated with a launch speed of
1400 RPM. The outcomes of these tests are presented in Figure 7. A notable difference
between purely gasoline and purely hydrogen versions can be observed as well as the
difference between shift points. These contrasts are important as they clearly show the
variation in performance between models with and without hybridization under differ-
ent conditions. For the shift point set at 2500 RPM, the effect of each model is clearly ob-
served. The hybrid versions of 1 and 2 kW fail to reach the top speed of the gasoline
model even after an extensive amount of time. On the other hand, it is evident that in the
hybrid versions, the 3 kW and 4 kW EMs effectively counteract this power deficiency. It
is worth noting that even after 60 s of the FLA test, both hybrid models manage to sur-
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pass the gasoline model in speed. With the shift point at 5500 RPM, the impact of power
lack is notably diminished. This is attributed to the shifts being executed away from the
power deficiency zone, as vividly depicted in the image. It is noteworthy that the 3 and 4
kW models manage to equal or surpass the gasoline model almost all of the time, while at
the beginning, the 1 and 2 kW models still remain slightly below the gasoline model.

Thanks to the analysis of the FLA cycle, the 1 and 2 kW models are ruled out, as they
fail to meet the main objective of mitigating power loss. It is worth mentioning that
models with power greater than 4 kW were not used because at maximum power usage,
the demanded C-rate on the battery would be very high and would lead to significant
degradation. The hydrogen vehicle, after passing this maximum acceleration test, will be
able to maintain a speed of 135 km/h, which is the same as the gasoline version.

Full load acceleration cycles

Hydrogen
Hydrogen Hybrid 4 kW
Hydrogen Hybrid 3 kW
Hydrogen Hybrid 2 kW
Hydrogen Hybrid 1 kW
Gasoline

Shift points set at 5500 RPM

=

Shift points set at 2500 RPM -

1 | 1 1 |

10 20 30 40 50 60
Times [s]

Figure 7. Full load acceleration cycles with launch speed at 1400 RPM and shift points set at 2500
RPM and 5500 RPM.

Figure 8 shows the state of charge for the hybrid configuration equipped with the 3
kW EM. It highlights an essential aspect of battery management, i.e., a “worst case” sce-
nario. More to the point, this situation covers the maximum power that the driver would
require within the shortest time. It entails acceleration from standstill to top speed and is
the regime that is the hardest on the battery. A crucial result is the depth of discharge at
the end of such an event. For the 5500 RPM shift point, there is no issue given that once
the engine reaches such high rotational velocity, the additional power from the EM is no
longer necessary, i.e., the boosting level achieved by the turbocharger unit ensures the
required power output. For the 2500 RPM shift point on the other hand, it is quite evident
that there is significant battery discharge, which is of around 15% start-to-end of the ac-
celeration episode. This figure is nonetheless fully compatible with extensive battery life
and can be clearly handled without the need for SoC values below 20% or above 80%,
which are well known for significantly affecting useful life [33]. The proposed configu-
ration would also be able to handle the acceleration event with a different strategy for
controlling the SoC. More to the point, if the strategy would be aimed at keeping the SoC
around 50% (e.g., in this way recovering energy during coasting would be improved
while still being able to provide enough energy for vigorous acceleration), the figure of
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approximately 15% discharge would be enough for accelerating from standstill to top
speed. If a second acceleration event would be required, this would still comply with the
aforementioned requirement of avoiding SoC values below 20%.
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Figure 8. Full load acceleration cycles for the 3 kW hybrid version with launch speed at 1400 RPM
and shift points in 2500 RPM (top) and 5500 RPM (bottom).

3.2. Real Driving Cycles Evaluation

To comprehensively assess the performance of the models within the context of real
driving cycles and to facilitate a comparative analysis of the achieved consumptions and
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ranges, simulations were conducted for a spectrum of driving scenarios. This diversified
set of driving cycles serves to offer a robust evaluation framework, enabling a nuanced
examination of the models’ capabilities across varied and realistic driving conditions.

To conduct a thorough fuel economy equivalent comparison within diverse driving
cycles, the energy consumption (kWh/100 km) of distinct models in each cycle was me-
ticulously evaluated. This approach facilitated a comprehensive performance assessment
and allowed for the comparison between different models, elucidating discernible im-
provements. These models underwent simulation across various driving cycles, and for
the calculations, the energy corresponding to the battery was considered.

The results of this comparative analysis for the four configurations models are
graphically presented in Figure 9. It is important to note that for these calculations, a
LHYV of 43.5 M]/kg for gasoline and 120.0 MJ/kg for hydrogen was employed. This me-
ticulous consideration of energy values enhances the accuracy of the comparative analy-
sis, providing valuable insights into the performance differentials across the specified
driving cycles.

Energy Consumption Evaluation
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Figure 9. Energy consumptions for the different configurations.

In all vehicle configurations, range stands out as a critical determinant, influencing
the frequency of refueling stops. As widely acknowledged, this range is contingent on
several variables, encompassing factors such as vehicle load, driving cycles, and the uti-
lization of vehicle accessories, among others. Taking into account these multifaceted as-
pects, the range attained by both pure hydrogen and hybrid models was systematically
simulated across diverse driving cycles.

To replicate the fuel tank in the model, a 30 L hydrogen tank at 700 bar [25] was
employed, factoring in a density of 42 g/L. The models were programmed to regulate
their cumulative fuel consumption. Once the tank’s predefined limit was reached, the
simulation was halted, yielding the distance covered by the vehicle in each driving cycle.
Figure 10 shows the range achievable with different configurations across various driv-
ing cycles; these include hydrogen hybrids, pure hydrogen, electric and gasoline vehicles.
It should be noted that the autonomy of gasoline models is considerably greater than
hydrogen models, usually exceeding 400 km. For a better visualization of the autonomy
of the hydrogen and electric models, the bottom of Figure 10b is added, where the range
of the gasoline model is removed. However, compared to the electric version of 17.7 kWh
lithium-ion battery and 133 km under WLTC, the hydrogen version shows similar be-
havior [34]. This deliberate exclusion serves to focus the analysis on the specificities of
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hydrogen models and their respective ranges. It is important to note that the refueling
time for the 30 L hydrogen tank in a vehicle is approximately 5 min. Meanwhile, in the
electric vehicle, the maximum charging time is 1 h with a 22 kW charger at 400 V, and
with a home charger, it can take up to 9 h, all for charges from 0 to 100% [32,35].
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Figure 10. Maximum range under different driving cycles (a) and zoom-in image of the ze-
ro-carbon configurations (b).
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3.3. Battery Behavior under Different Driving Cycles

Due to engineering considerations in both vehicle design and production, it is im-
portant to consider the vehicle’s battery [36-39]. Therefore, an analysis of the current
thought the battery connections is performed: specifically, the C-rate (Current
(A)/Battery Capacity (Ah)) to which it is subjected is conducted, as it is of great im-
portance for its lifespan. The 3 kW and 4 kW hybrid hydrogen models and the electric
model are analyzed. It is important to understand that in this work, the battery in the
HEV and the EV have the same chemical composition for a fair comparison.

The strategy for electrical energy consumption plays a crucial role in both the vehi-
cle’s performance and the longevity of the battery. Therefore, the control strategies em-
ployed for the EM are of utmost importance [35].

The battery management strategy for the hybrid model consists of three modules:
regeneration, traction, and motor torque control:

e  Regeneration Module: This module calculates the torque needed for electromagnetic
(EM) braking to generate energy for the battery. It uses the brake pedal position to
determine proportional torque, which is limited by the motor’s maximum regener-
ation torque to prevent battery damage. If speed exceeds 5 km/h, regenerative
braking is utilized.

e  Traction Module: Designed to assist the Internal Combustion Engine (ICE) at low
rotational speeds, it activates the EM to support the ICE when the required torque
approaches its full load. EM’s maximum torque is restricted by battery discharge
C-rate (<10 1/h) and EM limitations.

e  Control Module: Receives signals from previous modules and dictates EM actions
based on vehicle state. It operates in four states determined by battery charge level:

1. Normal operation mode (charge >20%): EM operates in regenerative mode and
traction as per driver’s needs.

2. Battery charging mode (charge < 20%): EM exclusively regenerates.

Charging mode (charge < 60%): Maintains charging until battery reaches 60%.

4. Normal operation mode (charge > 60%): EM functions in both regenerative and
traction modes.

W

After conducting the driving cycles, the AVL Cruise M allows to obtain the current
and C-rate profiles. The result can be observed in Figure 11 for the homologation WLTC
and Figure 12 for an urban cycle (Montevideo). As expected, it is observed that the
C-rates of the hybrid models are considerably higher than those of the electric model.
Therefore, it is possible to obtain higher degradation in the batteries of the hybrid mod-
els. However, as shown in Figure 12, these high C-rates do not occur as frequently as
lower ones, so the degradation must be investigated in depth. Also, Figure 11 shows that
the battery use in the hybrid is lower in time than that of the EV. The traction periods
occur because in general, the HEV is off or not at high power, while the EV is always
under use. It should be noted that this study did not address the degradation generated
in the battery, but it could be the subject of investigation in future projects.
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Comparison of C rate in WLTC cycle
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Figure 11. The C-rate as a function of time in the battery of the hybrid vehicle models equipped
with 3 kW, 4 kW motors and the electric vehicle version. These data correspond to the driving cycle
in WLTC.

Comparison of C rate in Montevideo cycle

800 [ Hybrid 3 kW |
[ Hybrid 4 kW

|:| Electric vehicle | |

700

600

a
o
o

Frequency [-]

1 2 3 4 5 6 7 8 9 10
C rate [1/h]

Figure 12. C-rate recorded in the battery of the hybrid vehicle models equipped with 3 kW, 4 kW
motors and the electric vehicle version. These data correspond to the driving cycle in Montevideo.

When comparing the WLTC cycle in Figure 11 to that in Figure 5, it can be observed
that most of the C-rate peaks occur at the beginning of the vehicle’s movement or during
acceleration periods. This result was expected, considering the electric motor control
system.
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4. Conclusions

The outcomes of the simulations underscore that the hybridization of the vehicle
converted to hydrogen not only addresses challenges inherent in the conversion process
but also brings about enhancements in specific facets of the vehicle. The key findings are
summarized as follows:

e  Performance: The hybridization of the hydrogen model demonstrates a remarkable
achievement, nearly equating or surpassing the performance when compared to the
gasoline model. The electric motor with a maximum power of 3 kW boosting the H:
ICE is the best compromise between performance and cost. The MHEV H2 concept
equips a 1 kWh battery. This allows less lithium-ion materials than the EV version
(18 kWh).

e  Energy Consumption: The implemented modifications yield a more efficient vehi-
cle, manifesting in lower energy consumption across nearly all evaluated driving
cycles. The average improvement (five cycles tested) is around 11% with respect to
the gasoline version and 19% with respect to the conventional powertrain. The latter
is the best suited option only for the highway cycles.

e  Vehicle Range: Hybridization introduces notable improvements in the range of the
configurations and particularly in urban cycles. Even if as an absolute value, range is
lower for Hz-fueled versions, it is comparable to the BEV, and when considering the
refilling time, it is an extremely attractive choice compared to the difficulties corre-
lated with extensive charging times. Consequently, hybridization stands out as a
viable solution for the decarbonization of the light vehicle fleet.

e  Battery management: One key aspect of the hybrid configurations is that despite the
small size of the 48V battery pack that results in numerous charging—discharging
cycles, the lifetime should be fully compatible with that expected for the entire ve-
hicle. The full throttle acceleration simulations can be ensured at the end of an event
starting from standstill and running up to top speed with an SoC above 35% if
starting from 50% initial charge. This can be further mitigated by changing the gear
shift strategy, further enhancing management margins. These suggests that even in
worst-case scenarios, “normal” battery management can ensure extensive lifetime,
even if cycling is much heavier compared to the BEV version.

As an overall conclusion, the study shows that retrofitting a gasoline passenger car
for H fueling and rendering it hybrid electric results in a vehicle with fully compatible
performance but with reduced carbon emissions as well as a range comparable to the
BEV version. Incorporating an efficient catalytic exhaust system into the conversion fur-
ther enables the achievement of vehicles with practically zero NOx emissions. This mul-
tifaceted approach not only enhances environmental sustainability but also underscores
the potential of hybrid hydrogen vehicles in contributing to the broader goal of fleet de-
carbonization. In addition to the data presented in the conclusion, suggestions for future
efforts will concentrate on the calibration of hydrogen engines within a controlled test
bed environment. This process will involve optimizing combustion parameters and
conducting extensive emissions measurements to enhance the performance and effi-
ciency of hydrogen-powered internal combustion engines. Moreover, further investiga-
tion will be dedicated to exploring battery improvement strategies particularly aimed at
mitigating degradation resulting from the high cycles experienced in hybrid applications.
This research will delve into understanding the underlying mechanisms of battery deg-
radation and explore innovative approaches to prolong battery life and enhance overall
performance in mild hybrid vehicles.
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Abbreviations
ICE internal combustion engine
EM electric motor
FLA full load acceleration
OEM original equipment manufacturer
MHEV mild hybrid electric vehicle
LHV lower heating value
NEDC New European Driving Cycle
WLTC Worldwide Harmonized Light Vehicles Test Procedure
RPM Revolution Per Minute
BTE brake thermal efficiency
GHG greenhouse gases
FCEV fuel cell electric vehicles
FC fuel cell
Ha hydrogen
SMR steam reforming
DOE United States Department of Energy
EV electric vehicle
cO carbon monoxide
CO2 carbon dioxide
S sulfur
NH3 ammonia
NOx nitrogen oxidizer
H2ICE hydrogen-fueled Internal Combustion Engines
EU European Union
SOI Start of Injection
EGR Exhaust Gas Recirculation
BMEP Brake Mean Effective Pressure
PFI Port Fuel Injected
DI Direct Injection
ccv cycle-to-cycle variability
e-fuels green fuels
SOC state of charge
HCNG hydrogen-enriched compressed natural gas
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