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Abstract

The transportation sector, a major source of urban air pollution and CO2 emissions, is the
focus of extensive research aimed at developing cleaner and more efficient technologies.
In this context, hydrogen–methane blends (HCNG) represent a promising alternative
fuel, combining the zero-carbon combustion potential of hydrogen with the availability
and cleaner profile of methane. This solution can be implemented in existing internal
combustion engines, enabling a technically and economically feasible transition toward
more sustainable mobility. This work investigates the use of an HCNG blend in a bus
originally powered by natural gas, focusing on pollutant emissions under real driving
conditions representative of typical urban operation. Measurements were performed using
a Portable Emission Measurement System installed on-board. Two test campaigns were
carried out: the first using methane, and the second using an HCNG blend (15% H2,
85% CH4 by volume), over identical urban and extra-urban routes with varying drivers
and traffic conditions. Results show a reduction in CO2 emissions with HCNG, along
with a more significant decrease in CO, HC, and PN emissions, while NOx exhibited a
slight increase due to unchanged engine calibration. The analysis also includes the RPA
index, which is related to fuel energy release characteristics, indicating improved vehicle
responsiveness and torque delivery with HCNG.

Keywords: HCNG; hydrogen; CNG; internal combustion engine; emissions reduction;
emissions; RPA index; HCNG fuel

1. Introduction
The European Green Deal, announced by the European Commission in 2019, repre-

sents a transformative policy aimed at making the European Union the first climate-neutral
region by 2050 [1]. A central element of this ambitious objective is decarbonization. The
ecological transition represents one of the major challenges of contemporary society and
requires a substantial change in energy consumption patterns to mitigate the global climate
emergency. Greenhouse gas emissions, which are strongly correlated with energy use [2],
involve all economic sectors, including transportation, which ranks as the second most
energy-intensive sector worldwide [3], accounting for approximately 27% of global primary
energy consumption [4]. Within this sector, the road transport of passengers and goods
represents the predominant share, at approximately 75% [5]. In response, governments
have introduced CO2 reduction targets, accompanied by economic penalties in case of non-
compliance. Although the 2021 targets in the European Union (EU) were achieved, thanks
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to emission reductions related to the COVID-19 pandemic [6], the 2030 targets will require
significant technological innovations and a stronger effort, not only technological. Conse-
quently, it is necessary to improve vehicle energy efficiency—by reducing fuel consumption
and well-to-wheel emissions and use fuels with a reduced carbon content—to mitigate
their negative climate impact [7]. Vehicles powered by internal combustion engines (ICEs)
remain one of the main sources of air pollution, especially in urban and suburban areas
where people live. Since the early 1990s, increasingly stringent emission regulations, cur-
rently culminating in the forthcoming Euro 7 regulation [8], have reduced major pollutants
such as CO, HC, NOx and PM by approximately 90% compared to pre-regulation levels [9],
thanks to targeted research and the implementation of exhaust after-treatment technologies,
which enable their abatement. In this historical period, the sector is undergoing a profound
technological evolution, characterized by the integration of traditional internal combustion
engines (ICEs) with electric and hybrid propulsion systems [10,11].

Hybridization and electrification currently represent two of the main strategies for
reducing the environmental impact of road transport and have already achieved a certain
level of market penetration within the European Union [12]. Battery-powered electric
vehicles allow the elimination of tailpipe emissions, with direct benefits on urban air
quality, especially if powered by renewable sources [13]. However, CO2 emissions are
partially transferred upstream in the energy supply chain, particularly in contexts where
the electricity mix still depends on fossil fuels [14]. Although electrification is progressively
transforming the light-duty vehicle segment, the application of fully electric solutions to
heavy-duty vehicles (HDVs) remains challenging in the short term. This is due to several
factors that still limit the large-scale deployment of electric vehicles, primarily limited
driving range, long charging times, and dependence on rare and costly materials for motors
and batteries (rare earths, lithium, etc.) [15–17]. A care should also be considered in those
countries where the carbon intensity of the electricity (available on the grid gCO2/kWh) is
over a certain limit, being the mix of it generated using high carbon content fuels, which is
more frequent than one might expect. It is a common opinion between engine manufactur-
ers, researchers and market experts that electrification is a good answer to passenger and
light-duty vehicles, while in the heavy-duty sector decarbonization has also to follow other
directions, mainly those oriented to the fuel/energy vector. Moreover, in heavy-duty vehi-
cles, the high power density [18] makes proper thermal management essential to prevent
component degradation, loss of efficiency, and reduced service life [19], rediscovering again
the importance of technological advancements referred to engine/motor and/or battery
cooling [20–23], energy optimization, hybridization finalized to braking energy recovery,
propulsion power reduction, etc.

In this transition scenario, technologies capable of improving energy efficiency and
reducing emissions while maintaining the conventional architecture of internal combustion
engines play a strategic role. In this context, waste heat recovery (WHR) represents one
of the most promising solutions, both in conventional and hybrid systems [24], where the
recovered energy can be stored and used to power electrical appliances [25,26]. Many
research programs have confirmed the key role of WHR in achieving high-efficiency
goals [27,28]. In general, waste heat recovery can be achieved through Direct Heat Recovery
(DHR) [29], Indirect Heat Recovery (IHR) [30], or mixed [31] heat recovery approaches.
Turbo-compounding represents one of the most mature DHR technologies, allowing the re-
covery of exhaust gas energy, although careful design [32] is required to mitigate drawbacks
such as increased exhaust backpressure [33]. Among IHR systems, organic Rankine cycle
(ORC) technologies are widely studied for their flexibility and operational stability [34],
although their diffusion is limited by the highly transient thermal conditions typical of
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road vehicles and the quantity of required components, related to weight and required
space allocation [35,36].

At the same time, engine thermal management technologies are becoming increasingly
important, aimed at both increasing efficiency and reducing emissions [37]. The evolution
of traditional cooling systems towards more integrated and controllable solutions [38], the
optimization of intake air cooling [39] and the active regulation of the coolant flow rate
through specifically redesigned electric pumps [40] allow for a more precise control of
operating conditions, improving overall performance. Strategies to accelerate the heating of
the lubricating oil are also essential to reduce friction, consumption and emissions during
cold start phases [41].

In the urban transport means panorama, diesel engines are by far the most used ones,
but with climate impact and air pollution in cities issues [42]. Alternatives to diesel engines
are more than welcome [43], but the replacement with battery vehicles, as stated, is very
difficult and the use of low-carbon fuels [44] can preserve the present technology, favoring
a more gradual transition. Alternative fuels [45,46], biofuels [47,48], methanol [49], or
e-fuels [50] are playing an increasingly important role [51], although careful consideration
of the entire driving cycle remains necessary [52]. Alternative gaseous fuels such as CNG
and hydrogen tend to reduce combustion-related noise compared to diesel engines, mainly
due to more homogeneous charge formation; however, the magnitude of this effect depends
on operating conditions and engine configuration [53].

Among these options, hydrogen emerges as a particularly promising energy carrier,
since its carbon-free chemical composition allows the elimination of CO2 tailpipe emissions,
both in fuel cell applications and in internal combustion engines specifically designed for
hydrogen use [54]. Hydrogen is the most abundant element, accounting for approximately
75% of matter; however, its abundance on Earth is much lower, around 0.2% by mass, with
most of it bound to oxygen in water [55]. Compared to hydrocarbon fuels, hydrogen has
the advantage of a lower heating value of about 120 MJ/kg [56], which is 2.5 times that
of methane and nearly three times that of gasoline and diesel fuel [57]; consequently, its
high energy yield makes H2 a highly important energy carrier. Currently, approximately
70–80 tons of H2 are produced annually for industrial uses alone [58], and its use as a
fuel remains relatively marginal, although H2 can be used to power fuel cells (FCs) to
drive electric traction motors [59–61], representing a direct alternative to battery electric
vehicles (BEVs). From the study of hydrogen in bus traction engines, from a theoretical
point of view, together with DHR strategies, significant fuel saving advantages amounting
to almost 7% are found [62]. Despite the market availability of some models, including
buses [63,64], deployment remains limited due to the complexity of distribution and
refueling infrastructures [65], as well as challenges related to on-board storage [66,67].
Moreover, hydrogen’s high flammability and flame temperature pose challenges for direct
combustion, leading to increased NOx emissions and often requiring combustion chamber
modifications [68,69]. Very lean mixture during combustion is required to mitigate the high
energy content which entrains a very fast flame propagation (having an explosive nature)
as well as to depress the NOx formation.

Hydrogen can be blended with natural gas up to a maximum of 15% by mass, con-
tributing to a reduction in fuel CO2 intensity [70]. Natural gas remains a valid alternative
to conventional fuels due to its lower carbon-to-hydrogen ratio compared to petroleum-
derived fuels [71]. Vehicles powered by compressed natural gas (CNG) allow reductions in
emissions, particularly particulate matter; however, intrinsic CNG limitations, such as low
flame speed and narrow flammability range, can compromise combustion efficiency under
lean operating conditions [72–74]. Compressed natural gas (CNG) vehicles are regulated
within the same general framework as conventional spark ignition vehicles, particularly in
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regions such as the European Union, where emission standards define limits for key pollu-
tants including CO, NOx, hydrocarbons (HCs), and particulate matter. CO2 regulation also
applied to CNG engines [75]. However, recent regulatory discussions highlight important
limitations. While CNG performs well for regulated pollutants, it raises concerns regarding
unregulated or weakly regulated species, particularly methane (CH4), ammonia (NH3),
and nitrous oxide (N2O). These emissions are increasingly relevant because methane is a
potent greenhouse gas [76] when it is emitted directly as unburned species. Incidentally,
the use of natural gas as fuel for buses operating in urban areas today represents the most
used answer to air quality improvements and decarbonization, being considered the most
appropriate technological evolution of the previous diesel fuel propulsion. It is not of
secondary importance that this choice allows us to favor, in a sector particularly critical
as alternatives, a transition toward a zero-carbon emission which cannot be disruptive for
social and other related aspects concerning a more complete sustainability concept.

In this context, hydrogen-enriched compressed natural gas (HCNG) emerges as a
promising transitional fuel toward a hydrogen economy. HCNG blends combine the
advantages of CNG with hydrogen’s superior combustion properties, including high
laminar flame speed, wide flammability limits, and cleaner combustion products [77–80].
An additional advantage of HCNG lies in its potential use in existing CNG engine platforms
with relatively limited modifications, enabling a gradual and cost-effective transition [81].
Experimental studies and recent technological developments indicate that HCNG fueling
improves engine thermal efficiency, reduces exhaust emissions, and enhances combustion
stability under lean conditions, making it a sustainable solution in both the short and
medium-to-long term [82–84]. However, the optimization of the hydrogen fraction in
the blend is crucial. Moderate enrichment levels (18–25% by volume) provide significant
benefits [85], whereas higher fractions (above 30%) may cause combustion instabilities such
as preignition, backfire, and increased thermal loads [71,86].

In this study, pollutant emissions from a bus used for urban public transportation
were compared. The bus chosen is a Solaris Urbino Keolis 12 m natively powered by CNG.
The emission comparison is based on on-road tests. Emissions were evaluated when the
vehicle was fueled with both methane and a HCNG blend. Comparisons were carried out
on both urban and extra-urban routes. To enable this, the bus was partially modified along
the exhaust line to allow easier interception of exhaust gas flow compared to the original
configuration. Following this modification, the vehicle was instrumented. An AVL PEMS
gas analyzer was installed on-board. The analyzer consists of multiple modules, each
suitable for measuring and quantifying a specific pollutant species. It was installed together
with all the instrumentation required for operation and data acquisition. Two different
routes, one urban and the other extra-urban, were selected, considering all aspects necessary
for successful test execution. The novelty is related to the real driving tests effectuated,
that aimed at demonstrating the real emission reduction on the road of the HCNG blend.
Moreover, these tests were made without any change in system powertrain, injection,
or control strategies, assessing the potentiality of 15% hydrogen drop-in enrichment in
conventional CNG at zero cost. The choice to make reference to real driving instead of
considering a homologation RDE test was due to verifying the environmental effectiveness
on the road, which often presents engine operating conditions as being more critical
than those considered in the approval tests (in terms of weight increase, instantaneous
accelerations, irregular stops and starts, air quality aspirated by the engine, driving style,
etc.). All these aspects led the authors to believe that any improvements measured on the
road would have been more significant (or equally significant) than those evaluated in a
homologation RDE test.
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Experimental campaigns were first conducted using methane without modifying the
fuel storage system, followed by campaigns using HCNG, which required modifications
to the storage system. During the tests, vehicle speed and distance travel were recorded.
Pollutant emissions including CO2, CO, HC, NOx, and PN were measured. Measurements
were not continuous; the sampling frequency was 1 Hz, corresponding to one measurement
per second. For each test, cumulative emissions were calculated and used for comparison,
expressed both per kilometer and per kilowatt-hour of energy. Results show that CO2, CO,
HC, and PN emissions decrease when HCNG is used, while NOx emissions increase, in
agreement with the literature data. Subsequently, the RPA index was calculated for all
tests, showing improved engine performance when fueled with HCNG, consistent with
driver feedback. In both cases when pure methane and HCNG were used as fuel, the
injection parameters were kept unchanged with respect to the pure methane use to favor
the criterium of a simple methane replacement.

2. Materials and Methods
A road test was conducted with a bus used for public transport in the Abruzzo

Region owned by TUA S.P.A, located in Pescara, Italy. Real-world driving tests (RDE)
were conducted with both the methane-powered bus and the HCNG-powered bus. No
substantial changes were made to the engine mapping to safely transition from CNG to a
15% HCNG blend. The chosen bus is a 12 m Solaris Urbino Keolis natively powered by
CNG, as shown in Figure 1.

 
Figure 1. Solaris Urbino 12 CNG Keolis bus used for road tests.

The bus considered is powered by natural gas ICE (CNG—compressed natural gas)
with a gas composition typical of the national network; it is 12 m long and falls into the M3
Class I category, having more than 8 seats (excluding the driver’s seat). It has a maximum
mass exceeding 8 t and is equipped with both seats and standing room. In Table 1, the most
important technical data on the bus is reported.

https://doi.org/10.3390/en19092208

https://doi.org/10.3390/en19092208


Energies 2026, 19, 2208 6 of 23

Table 1. Technical data of the engine and the bus used for the tests.

Parameter Value

Model Name Solaris Urbino 12 CNG
Category M3

Class I
Kerb Weight [kg] 11,970

Gross Vehicle Weight (GVW) [kg] 19,000
Length [m] 12
Width [m] 2.55
Height [m] 3.433

Number of Axles 2
Seating Capacity 30

Standing Capacity 64

Engine Iveco Cursor 8
Inline 6-Cylinder, spark ignition

Valvetrain 24 valves, overhead camshaft
Rated power 290 HP

2.1. Instrumentation Used for Data Acquisition

The system used for pollutant detection consists of several modules:

• Gas PEMS iS+: This instrument measures the concentration of CO, CO2, NO2, NO,
and O2 in exhaust gases.

• PN PEMS iS+: This instrument measures the concentration of particulate matter
in exhaust gases; this module was designed to detect the number of particles in
exhaust gases.

• MOVE EFM: It measures exhaust gas flow with the software AVL Concerto 6.3. The
acquisition system used is the flow integration module.

• Flowmeter: This hardware component enables measurement.
• E-BOX iS+ (also called Power Distribution): Distributes the necessary power to all

components.
• System control: It communicates with all modules and records data.
• Battery: Provides power to all components during the test.
• Charge Master: Recharges the battery and provides power to all modules during the

pre-test and post-test.
• FID iS+: This instrument measures the HC concentration in exhaust gases through the

FID data acquisition module.
• Ecal: Calibration module.

System control constitutes the core of the system: all the exhaust gas analysis instru-
ments send data to this unit, which is visible through the data acquisition software named
AVL Concerto (property of the manufacturer) on a connected PC. It is also responsible for
storing all data from the measuring instruments, the GPS system, and the vehicle’s ECU.
The system control unit is connected to the e-Box for distributing the necessary power to
all components, which is connected to the two batteries and the pollutant measurement
devices, respectively. The instrumentation used for the measurement of polluting species
has the characteristics reported in Table 2. The polluting species analyzed, the measurement
range, the accuracy, the precision and the linearity in the measurement are reported.
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Table 2. Instrumentation measurements characteristics.

Instrumentation Measurements Characteristics

Gas Analyzed Measuring Range Accuracy Precision Linearity

CO 0–50,000 ppm
0–1499 ppm: ±30 ppm

1% F.S.
0.99% ≤ Slope ≤ 1.01

Intercept = 0.5%
SEE: ≤1% of range and R2 ≥ 0.999

1500–50,000 ppm: ±2% rel.

CO2 0–20% vol ±0.3% F.S. o ±2% rel. 1% F.S.

NO 0–5000 ppm ±0.2% F.S. o ±2% rel. 0.5% F.S.

NO2 0–2500 ppm ±0.2% F.S. o ±2% rel. 0.5% F.S.

O2 0–25% vol ±1% vol F.S. for temperature and pressure constant

THC 0–30,000 ppm C1
±5 ppm C1 or 0.3% F.S.

- 0.99% ≤ Slope ≤ 1.01
Intercept = 0.5%

SEE: ≤1% of range and R2 ≥ 0.999CH4 0–10,000 ppm C1 -

2.2. On-Board Installation

For the tests, no modifications were made to the vehicle, except for the exhaust
line, which was intercepted after the catalytic converter and modified by removing the
original pipe and inserting a new one with a different route so it could be connected to
the instrumentation used. The new pipe also included a location for the lambda probe to
ensure the closed-loop control function. The installation of the PEMS modules and the new
exhaust line are shown in Figure 2.

Figure 2. Real photos taken on the bus that show the system used for data acquisition with the
components necessary for its operation and the modified exhaust line.

2.3. Storage and Filling of HCNG Tank and HCNG Management

Firstly, the experimental operation used conventional CNG fuel, followed by a pre-
prepared hydrogen–methane (HCNG) blend containing 15% hydrogen by volume. The
fuel was stored in tanks for a total of 1600 L of fuel. The initial pressure at which the
two-cylinder packs were filled was 200 bars, at an ambient temperature of 20 ◦C.
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The bus used for the tests was equipped with six 214 L tanks, for a total capacity of
1284 L, with a maximum operating pressure of 200 bar and a minimum operating pressure
of 40 bar. However, only three of the six were loaded with HCNG. A reserve of CNG was
kept in the other three to power the bus in the event of a misfunction or the HCNG mixture.
It should be noted, however, that the three tanks loaded with methane were closed and did
not contribute to the vehicle’s fueling during the tests.

The HCNG refilling operations were carried out by pressure differential through a
hydrogen-compatible hose.

The architecture of the powertrain was not changed; in fact, the powertrain architec-
ture was not modified for HCNG operation. The engine operates under stoichiometric
conditions with port fuel injection. The HCNG blend (15% vol. hydrogen, 85% natural gas)
was prepared externally and used as a direct replacement for conventional CNG, without
requiring any changes to the engine hardware or ECU control strategy.

2.4. Test Mode

Tests are performed as illustrated in Figure 3. The preparation phase consists of
assembling the equipment, checking that all modules are connected correctly, and entering
the vehicle parameters (category, engine size, name of the experiment).

Figure 3. Logical diagram of the test’s operations.

The check phase makes it possible to verify that communication between the vari-
ous modules is occurring correctly. All components are controlled remotely via the PC
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connected to the system control, and proper connection can be verified by examining the
pollutant values detected by the instruments. The same operation must be repeated to
verify the OBD connection. The test must then be created and activated (activation phase).

The pre-test phase continues, which consists of verifying the internal functionality and
calibrating the measurement range of the individual modules. The checks performed include:

• Purges, which are purging the modules’ internal ducts to minimize contamination of
the samples collected and avoid damaging the machinery;

• Leak checks, which are a check of the tightness of the internal pneumatic circuits; if
this check fails, it means that one or more circuits have not been connected correctly
and there is the possibility of aspirating ambient air, which would contaminate the
exhaust gas samples;

• Zero adjusts, which consist of setting the zero of the measurement range for each
module by sending calibration gases to the instrumentation that do not contain the
pollutant for which the instrumentation was designed;

• Span adjustments consist of setting, for each module, a point within the measure-
ment range. They are performed by sending calibration gases with well-defined
concentrations to the instruments.

The main test phase then proceeds, which involves continuously measuring pollutants
while the vehicle is in motion. All signals from the individual modules and the vehicle
itself can be monitored via OBD on the on-board PC.

This is followed by the post-test, in which the purges (discussed in the pre-test), zero
checks, and span checks are performed again using the previously described methods.
These checks are used to determine whether the instrumentation lost the calibration during
the main test and, if necessary, correct it during data analysis.

The data can be checked (data evaluation) to ensure no steps have been missed, and
the test can be concluded (finish test order). Each check of the various phases is recorded in
the test report, and it is possible to verify that they have been successfully passed.

2.5. Route Selection

Two main factors had to be considered when choosing the route:

• The limited battery life of the PEMS batteries, which lasts approximately 2 h; after this
time, they must be reconnected to the charger and then to a power outlet.

• The blend used (15% hydrogen and 85% methane by volume) has slightly higher
energy content and therefore a higher calorific value than methane alone. Since it
was decided not to change anything to the engine (for example, adjusting the ignition
timing), to always perform the tests with a high degree of safety, as a precaution, the
route will not have excessive gradients to limit engine strain.

Given the above considerations, two routes were chosen:

• An urban one 13 km long, and a journey time of approximately 45 min.
• An extra-urban one 18 km long, and a journey time of just over 20 min.

Tests were repeated under different traffic conditions during the days, with different
drivers and weather conditions. Then they are grouped and averaged values calculated,
to reduce the influence of the variability of external factors on the on-the-road results and
giving higher reliability to the measures.

3. Results and Discussion
The road tests were divided into two groups, both by the type of route taken and the

fuel used to power the vehicle. The chosen urban route shown in Figure 4a covers 13 km,
while the extra-urban route shown in Figure 4b covers 18 km. Each route was repeated
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several times, both with the methane-fueled vehicle and the HCNG-fueled vehicle. In both
cases, the altitude of the route remains almost unchanged.

 
(a) Urban test (b) Extra-urban test 

Figure 4. Altitude profile of the urban (a) and extra-urban (b) route.

3.1. Speed Profile

Figure 5a–d show the vehicle’s speed profile during each road test. The vehicle’s speed
was detected by the GPS positioned on the vehicle.
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Figure 5. Vehicle’s speed profiles. (a) Extra-urban test, CNG case; (b) Urban test, CNG case; (c) Extra-
urban test, HCNG case; (d) Urban test, HCNG case.

It is noted that the speed profiles of the various tests within the subcategory tend
to overlap. In fact, regarding the extra-urban route, it is noted that, in the initial and
final stages of the journey, lower vehicle speeds are recorded because the vehicle depot is
located at a certain distance from the more specifically extra-urban section. Furthermore,
an average speed of 75 to 85 km/h is noted, which persists for most of the tests, except for
the initial and final sections and the section between 8 and 10 km of the route.

The urban route, however, features many speed variations, with sudden accelerations
and decelerations, related to the stops of the vehicle. In fact, the vehicle stalls for boarding
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and alighting passengers, or due to the traffic light layout and urban traffic conditions.
Speed remained under 40 km/h for most of the operating tests. Peaks exceeding 60 km/h
were recorded, but only in a couple of tests. The lower vehicle’s speed is evident during an
urban test with respect to the extra-urban run. Speed profiles are also quite similar in terms
of frequency content, reflecting the differences in the random variations due to driving.

3.2. Specific Emissions

Thanks to the on-board gas analyzer, exhaust emissions were measured and quantified
during vehicle operation. The analyzer records data at 1 Hz; all samples were integrated
for the entire test to obtain cumulative emissions.

All the cumulative emissions measured during the various tests carried out have been
stored and subsequently elaborated, averaging them to avoid instantaneous differences
also due to random situations. The results presented in this section concern the comparison
of emissions for km of road travel and for kWh at the crankshaft output of energy in both
extra-urban and urban environments. In addition to the average emission values, the range
containing all the values with which this average was calculated is also reported.

To better interpret the results, emissions were expressed using two complementary
normalization criteria. The distance-based metric (g/km) reflects real-world vehicle opera-
tion and is consistent with standard practice for passenger transport applications, enabling
direct comparison among repeated tests performed under different traffic and environ-
mental conditions. In parallel, an energy-based normalization (g/kWh) was introduced
to relate emissions to the actual propulsive effort of the vehicle. This approach allows a
more intrinsic evaluation of the engine performance, reducing the influence of variations in
driving patterns, such as speed profiles and acceleration events.

Figure 6 presents a comparison of the emissions per km, under extra-urban driving
conditions. The data has been averaged and the differences between the different tests have
been reported, showing a narrow variation. Regarding CO2 emissions, the average value is
638.6 g/km when the vehicle operates on natural gas, whereas it decreases to 575.7 g/km
when hydrogen-enriched natural gas (HCNG) is used, corresponding to a reduction of 9.8%
with respect to a pure methane use. More substantial emission reductions are observed
with HCNG for CO, HC, and PN. In particular, the percentage reductions are equal to
25.6%, 39.8%, and 42.8%, respectively, as illustrated in Figure 6b. By contrast, averaged
distance-specific NOx emissions are 15.08 g/km for natural gas operation and 15.16 g/km
for HCNG operation, resulting in a slight increase of 0.47%.

 
(a) 

Figure 6. Cont.
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(b) 

Figure 6. (a) Extra-urban-specific emissions (per km) and percentage variation with respect to pure
methane use (b).

Figure 7 shows the cumulative emissions, average per kWh of propulsion energy and
the percentage change when HCNG is used as fuel, compared to pure methane. Normaliz-
ing emissions to propulsion energy enables a direct relationship between emissions and the
primary energy required by the propulsion system. Under this energy reference, the influ-
ence of the driving style during tests is reduced, leading to intrinsic fundamental behavior.

CO2 emissions per kWh are nearly comparable for the two fuels. Specifically, when
the vehicle operates with pure natural gas, an amount of 565.5 g/kWh is obtained slightly
reduced (558.4 g/kWh) with HCNG. Also in this case, the most pronounced percentage
reductions are observed for CO, HC, and PN emissions. A reduction of 18.6% for CO,
34.2% for HC, and 36.7% for PN have been assessed. By contrast, NOx emissions exhibit an
increase of 10.10% due to the higher flame temperature when the HCNG is used.

A similar analysis was also carried out under urban driving conditions. In this case as
well, cumulative emissions were compared for vehicle operation fed by natural gas and
by hydrogen-enriched natural gas (HCNG). Figures 8 and 9 show the results per unit of
distance traveled and per unit of propulsion power delivered. The same trends are evident
as in the case of extra-urban driving.

(a) 

Figure 7. Cont.
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(b) 

Figure 7. (a) Extra-urban-specific emissions referring to propulsion energy delivered a percentage
variation with respect to pure methane use (b).

(a) 

(b) 

Figure 8. (a) Urban-specific emissions per km and percentage variation (b) compared to pure
methane use.
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(a) 

(b) 

Figure 9. (a) Urban-specific emissions per unit of propulsion energy g/kWh and percentage varia-
tion (b).

More specifically, when pure methane is used, the specific emissions are: 980.1 g/km
for CO2, 58.0 g/km for CO, 2.8 g/km for HC, and 15.8 g/km for NOx, while the averaged
PN emissions are equal to 2550.2 × 109 particles per kilometer. When the vehicle is operated
on HCNG, the corresponding data is 883.2 g/km for CO2, 47.2 g/km for CO, and 2.82 g/km
for HC, whereas NOx emissions increase to 17.6 g/km; PN emissions are reduced to 1144.9
× 109 particles per kilometers. In terms of percentage variations with respect to pure
methane, a reduction of 9.9% for CO2, 18.6% for CO, and 0.7% for HC have been obtained.
Conversely, NOx emissions exhibit a percentage increase of +11.4%, while a particularly
pronounced reduction is observed for PN emissions, amounting to 55.1%.

In terms of emissions per unit of propulsion energy, the benefits when using HCNG
are similarly evident. A reduction of 7.88% for CO2, 17.16% for CO, 4.85% for HC and
55.29% for PN have been obtained while an increase of 14.05% for NOx characterizes the
use of HCNG with respect to methane.

The comparison between CNG and HCNG operation highlights a general improve-
ment in emission performance when hydrogen is introduced into the natural gas blend.
CO2 emissions show a slight reduction under HCNG operation, which can be primarily
attributed to the higher hydrogen-to-carbon ratio of the fuel mixture, resulting in a lower
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carbon content per unit of energy released. Even in the absence of significant efficiency
variations, this fuel-related effect leads to a decrease in carbon dioxide emissions. Any
moderate increase in hydrogen in the mixture can only further reduce the CO2 emitted,
making it necessary to operate on some engine variables.

A more pronounced benefit is observed for CO and unburned hydrocarbons (HCs),
both of which are reduced under HCNG operation. This behavior can be further explained
by the enhanced combustion characteristics induced by hydrogen addition, particularly
the higher flame propagation speed and the broader flammability limits, which promote
more complete oxidation processes and reduce the formation of incomplete combustion
products. In parallel, particle number emissions are significantly lowered, reflecting the
strong influence of hydrogen in suppressing soot precursor formation and improving
overall combustion completeness, which is also relevant in engines already operating with
a gaseous fuel such as CNG. In this case also, any moderate increase in the hydrogen
content in the blend would reinforce the CO and HC reduction.

NOx emissions remain broadly comparable between the two fuels, with only limited
variation. This outcome can be interpreted as the result of competing effects, since hydrogen
addition tends to increase local peak combustion temperatures, which would favor thermal
NOx formation, while at the same time improving mixture homogeneity and reducing rich
zones, which mitigates NOx production. The balance between these mechanisms results in
an overall slight increase in NOx emissions. Any hydrogen increase in the blend would
certainly increase the NOx emission, but a new engine set-up of the injection would make
it possible to reduce it as it could be achieved by a NOx after-treatment improvement.

In conclusion, when HCNG replaces pure methane, a clear and significant reduction in
CO, CO2, HC and PN has been obtained, particularly suitable during urban and extra-urban
driving in favor of an improvement in the air quality, while, as far as NOx is concerned,
a slight increase was found. Modifying the injection characteristic of the blend, the NOx
increase can be managed as well as resetting the exhaust gas after treatment.

Overall, the results indicate that HCNG operation leads to a cleaner emission pro-
file compared to CNG, mainly driven by improvements in combustion quality and fuel
composition effects, thus confirming the role of hydrogen as a combustion enhancer.

3.3. Aspects Related to Fun-to-Drive and Vehicle Response

The RPA (Relative Positive Acceleration) index is a parameter used to characterize
driving dynamics in real-world or test cycles [87]. It represents the amount of positive
(i.e., accelerating) work per unit distance, normalized over the total trip length. In prac-
tice, it is calculated from the sum of positive accelerations multiplied by vehicle speed
and divided by the distance traveled. The RPA index is widely used in emissions and
energy consumption studies because it is strongly correlated with vehicle power demand,
especially during transient conditions such as urban stop-and-go driving. Higher RPA
values indicate more aggressive driving patterns, with frequent accelerations, leading to
increased fuel consumption and pollutant emissions. Therefore, RPA is a useful metric
to compare different driving routes, drivers, or traffic conditions in terms of their energy
intensity and environmental impact. HCNG operation is associated with enhanced vehicle
drivability, characterized by improved transient response and a more immediate engine
torque delivery, which is perceived by drivers as a more responsive driving behavior.

Referring to a speed v(t) and a positive acceleration a+(t) profile evaluated during a T
period, and to the total distance traveled X, RPA is defined as in Equation (1):

RPA =
1
X

∫ T

0

(
v(t)a+(t)

)
dt (1)
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A higher value with a pattern consisting of “valleys” and “peaks” is synonymous with
more “aggressive” driving as the answer to a usual pedal variation. We chose to verify this
index because the drivers of the bus reported an unconventional response of the propulsion
system during their usual driving when the HCNG was used as fuel, i.e., during the usual
sequences of pedals which characterized the route.

Figure 10 reports the RPA index during extra-urban driving. The index is calculated for
each test deemed valid both for vehicle operation on natural gas and on hydrogen-enriched
natural gas (HCNG). To verify the qualitative feedback provided by the drivers during
driving, a mathematical averaging was performed on the RPA parameter, as defined in
Equation (2):

RPAAV =
1
N

N

∑
i=1

RPA (2)

0

20

40

60

80

100

120

RP
A

 [m
/s2 ]

CH4 HCNG Average CH4 Average HCNG

Figure 10. Extra-urban RPA values.

The average RPA values resulted equal to 81.5 m/s2 when the bus is fueled with
HCNG, whereas it is equal to 91.4 m/s2 when the bus operates with natural gas. It should
be noted that the extra-urban route is characterized by limited and infrequent variations in
the vehicle speed, due to very low traffic density and a reduced number of intersections,
which therefore avoid the typical speed fluctuations more typical of an urban route.

The results indicate that, when the bus is operated on HCNG, the same vehicle
performance can be achieved with lower driver-demanded acceleration levels compared
to CNG operation. This suggests an improved engine and drivetrain transient response,
likely associated with the combustion characteristics of HCNG (faster flame speed and
more stable ignition), which translate into a more immediate torque delivery and a more
responsive vehicle behavior during acceleration phases.

Under urban driving conditions, the RPA index exhibits higher values compared to
extra-urban operation, as shown in Figure 11. This difference is primarily attributable to the
altered traffic conditions, as well as to the higher density of intersections and traffic lights,
which inevitably resulted in a more irregular and discontinuous speed profile during the
tests, as also evidenced by Figure 5.

Specifically, when the vehicle is operated on natural gas, the minimum and maximum
RPA values are 113.7 m/s2 and 200.7 m/s2, respectively, with a mean arithmetic value equal
to 151.8 m/s2. Conversely, when the vehicle is fueled with hydrogen-enriched natural gas
(HCNG), the RPA values fall within the range 135.8–202.2 m/s2, with a mean value equal
to 170.5 m/s2. Both the average values and the variability range are higher than those
observed under extra-urban driving conditions.
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Figure 11. Urban RPA value.

These results, even though they only qualitatively corroborate the feedback provided
by the drivers during the experimental campaign, always report a more responsive vehicle
behavior when HCNG was used compared to natural gas. This effect can be attributed to
the higher energy content introduced into the combustion chamber when operating on the
hydrogen-enriched mixture, due to its higher calorific value relative to natural gas alone.

4. Conclusions
The transportation sector is increasingly required to adopt effective strategies to

meet stringent sustainability targets. While electrification and hybridization represent key
pathways toward decarbonization, no single solution can fully address the complexity
of the transition. In this context, technologies capable of reducing fuel consumption and
CO2 emissions, together with the progressive introduction of low-carbon energy carriers,
represent valuable complementary options. The use of hydrogen in internal combustion
engines allows exploitation of the high technological maturity of ICEs while strongly
contributing to decarbonization.

In this work, the application of a hydrogen–methane blend (HCNG) to a bus originally
powered by natural gas was investigated. The intention was to sustain the efforts to improve
air quality in urban areas by means of interventions which are immediately implementable
and, additionally, to decrease CO2 emissions as a contribution to decarbonization in a
sector which is within those considered hard to abate. The vehicle was instrumented with a
Portable Emission Measurement System to measure CO2, CO, HC, NOx, and PN emissions
under real driving conditions. Two representative routes, one urban and one extra-urban,
were selected to capture typical operating conditions of the vehicle’s daily mission.

Comparative tests were conducted using pure methane and an HCNG blend (15%
H2 by volume). Emissions were evaluated both on a distance basis (g/km) and on an
energy basis (g/kWh), enabling a more comprehensive interpretation of the results. Across
both routes, HCNG operation led to a consistent reduction in CO2 emissions, typically in
the range of approximately 3–8%, reflecting the lower carbon content of the fuel. More
significant reductions were observed for incomplete combustion products, with CO and
HC decreasing by about 20–40%, and particle number (PN) showing reductions on the
order of one magnitude or up to 50% in some operating conditions. These trends are
clearly highlighted in the emission comparison, where HCNG systematically exhibits
lower levels of CO, HC, and PN compared to CNG, confirming the beneficial effect of
hydrogen on combustion completeness. Conversely, NOx emissions showed a moderate
increase, generally within the range of 5–15%, which can be attributed to higher in-cylinder
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temperatures associated with hydrogen addition, combined with the absence of dedicated
engine recalibration.

Additional insight into vehicle operation was provided by the analysis of the RPA
index, which indicates that HCNG operation is associated with a more responsive vehi-
cle behavior, requiring lower acceleration inputs to achieve the same propulsive power.
This is consistent with driver feedback and can be explained by the faster combustion
kinetics and improved flame propagation of hydrogen-enriched mixtures, leading to more
immediate torque delivery. While this effect enhances drivability, it also suggests that
optimized control strategies could further harmonize vehicle response and potentially
mitigate NOx formation.

Beyond the specific experimental results, the adoption of HCNG can be framed as
a partial drop-in solution for the transport sector, enabling the introduction of hydrogen
without requiring substantial modifications to existing infrastructure and vehicle platforms.
This represents a key advantage in the short-to-medium term, as it allows a gradual
scaling of hydrogen utilization. Increasing the share of hydrogen in conventional fuels
can stimulate market demand, contributing to cost reduction through economies of scale
and fostering the development of more robust and structured production and distribution
chains. In turn, this can lead to a progressive decrease in the carbon intensity associated
with hydrogen production, especially as renewable pathways become more widespread.

Overall, the results confirm that HCNG represents an effective transitional solution
to improve the environmental performance of existing natural gas vehicles, significantly
reducing CO2 and incomplete combustion emissions while maintaining acceptable NOx
levels. With further optimization of engine calibration and fuel management strategies,
HCNG could play a relevant role in supporting the broader deployment of hydrogen as a
sustainable energy carrier in the transportation sector.
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Nomenclature

Acronyms
B.E. Brake Energy
B.P. Brake Power
BEV Battery Electric Vehicle
CNG Compressed Natural Gas
CO Carbon Monoxide
CO2 Carbon Dioxide
DHR Direct Heat Recovery
FC Fuel Cell
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Acronyms
HCs Unburned Hydrocarbons
HCNG Enriched Compressed Natural Gas
HDV Heavy-Duty Vehicle
ICE Internal Combustion Engine
IHR Indirect Heat Recovery
NCV Net Calorific Value
NOx Nitrogen Oxide
PN Particle Number
RPA Relative Positive Acceleration
WHR Waste Heat Recovery
Symbols
C Torque
a Acceleration
Cx Vehicle’s Aerodynamic Drag Coefficient
F Force
g Gravity Acceleration
M Vehicle’s Mass
S Front Surface of the Vehicle
v Vehicle’s Velocity
η Efficiency
µ Friction Coefficient
ω Rotational Speed
Subscript
ae Aerodynamics
av Forward
AV Average
d Dynamic
in Inertial
rot Rolling
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