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Abstract
Hydrogen has gained increasing attention as a supplementary fuel for internal combustion engines
due to its high energy content and carbon-free combustion characteristics. This study experimen-
tally investigates the performance and emission behavior of a hydrogen–diesel dual-fuel compres-
sion ignition engine under varying hydrogen injection pressures. A single-cylinder, four-stroke,
direct-injection Yanmar L48N diesel engine was modified to operate in hydrogen–diesel bi-fuel
mode using a port fuel injection system for hydrogen delivery. Experiments were conducted in
hydrogen–diesel dual-fuel mode at hydrogen injection pressures of 0.5, 1.0, and 1.5 bar over an
engine speed range of 1800–3600 rpm under approximately 50% constant load conditions The
results indicate that hydrogen enrichment improves engine performance parameters, including
brake power, torque, brake mean effective pressure, and brake specific fuel consumption, particu-
larly at higher hydrogen pressures. The highest brake thermal efficiency of approximately 13% was
achieved at a hydrogen pressure of 1.5 bar. In terms of emissions, hydrogen addition significantly
reduced carbon dioxide (CO2) emissions due to its carbon-free nature. However, increases in
nitrogen oxide (NOx) emissions were observed, especially at higher hydrogen pressures, attributed
to elevated in-cylinder combustion temperatures. Unburned hydrocarbon and carbon monoxide
(CO) emissions increased under certain operating conditions, primarily due to non-optimized
hydrogen injection timing. Overall, the findings demonstrate that hydrogen–diesel dual-fuel oper-
ation can enhance engine performance and reduce carbon-related emissions. However, precise
control of hydrogen injection parameters is essential to mitigate NOx formation and incomplete
combustion effects.

1. Introduction

The transportation and power generation sectors remain heavily dependent on fossil fuels, particularly
diesel, contributing significantly to greenhouse gas emissions and air pollution. Despite growing interest
in electrification, internal combustion engines (ICEs) are expected to continue playing a critical role in
global energy systems due to limitations associated with battery cost, resource availability, and infrastruc-
ture readiness (Moriarty and Honnery 2019, Jayakumar et al 2022). Consequently, improving the envi-
ronmental performance of conventional engines through alternative and low-carbon fuels has become a
key research priority.

Hydrogen has emerged as a promising energy carrier for sustainable transportation owing to its high
lower heating value, rapid flame propagation, and zero carbon content during combustion (Acar and
Dincer 2020, Akal et al 2020). When applied in ICEs, hydrogen offers the potential to reduce carbon-
based emissions while maintaining acceptable engine performance. However, hydrogen cannot be directly
utilized in conventional compression ignition (CI) engines because of its high auto-ignition temperature
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and low cetane number. As a result, hydrogen is commonly introduced in dual-fuel mode, where diesel
is used as a pilot fuel to initiate combustion (Ikegami et al 1982, Hosseini et al 2023).

Extensive experimental and numerical studies have investigated hydrogen–diesel dual-fuel combustion
under various operating conditions. Reported results indicate that hydrogen enrichment can improve
brake thermal efficiency (BTE) and reduce brake specific fuel consumption (BSFC) due to enhanced
combustion characteristics and reduced ignition delay (Castro et al 2019, Seelam et al 2022; Gültekin &
Ciniviz, 2023a). Additionally, hydrogen addition consistently reduces carbon dioxide (CO2) emissions,
reflecting its carbon-free nature (Acar and Dincer 2020, Bakar et al 2024).

These advantages position hydrogen–diesel dual-fuel operation as a viable transitional solution
toward low-carbon engine technologies.

Hydrogen delivery strategies in CI engines are generally classified into direct injection (DI) and port
fuel injection (PFI). DI hydrogen systems have demonstrated superior control over mixture formation,
reduced backfire tendency, and improved volumetric efficiency (Furuhama and Fukuma 1986, Yip et al
2019, Babayev et al 2022). However, the requirement for high-pressure injection systems capable of over-
coming in-cylinder pressure significantly increases system complexity and cost (Bayramoğlu and Yılmaz
2021, Park et al 2022). In contrast, PFI hydrogen systems are simpler, cost-effective, and more suitable
for retrofitting existing diesel engines, making them the preferred configuration in many experimental
studies (Castro et al 2019, Khalid et al 2024).

Despite extensive research, emission behavior in hydrogen–diesel dual-fuel engines remains highly
inconsistent. While reductions in CO2 emissions are consistently reported, conflicting trends are
observed for carbon monoxide (CO), unburned hydrocarbons (UHC), and nitrogen oxides (NOx).
Several studies report increased NOx emissions with hydrogen enrichment due to elevated in-cylinder
temperatures associated with hydrogen’s high flame speed and adiabatic flame temperature (Lamas and
Rodriguez 2019, Kumar et al 2022, Bakar et al 2024). Conversely, stable or reduced NOx levels have been
observed under lean operating conditions or with appropriate combustion control strategies (Dhyani
and Subramanian 2019, Hosseini et al 2023). Similarly, contradictory trends in CO and UHC emissions
have been reported, often attributed to incomplete combustion, inadequate pilot fuel quantity, and non-
optimized hydrogen injection parameters (Khatri and Khatri 2020, Gültekin and Ciniviz, 2023b).

A key limitation identified in the existing literature is the limited systematic investigation of hydrogen
injection pressure, particularly under PFI configurations. Most studies emphasize hydrogen substitution
ratio, injection timing, or pilot fuel strategies (Tripathi et al 2019, Kumar et al 2022, Park et al 2022),
while hydrogen injection pressure an important parameter influencing mixture formation, combustion
stability, and emission formation has received comparatively less experimental attention (Menaa et al
2019). Furthermore, many investigations are conducted at fixed engine speeds or variable load condi-
tions, restricting the ability to isolate the influence of injection pressure across a wide operating range.

In response to these gaps, the present study experimentally investigates the effect of hydrogen injec-
tion pressure in a PFI hydrogen–diesel dual-fuel CI engine operating under constant load over a wide
range of engine speeds. The study aims to evaluate engine performance parameters and exhaust emis-
sions at different hydrogen injection pressures, providing insight into the trade-offs between efficiency
improvement and emission formation. The findings contribute to a clearer understanding of hydro-
gen injection pressure effects and support the optimization of hydrogen-assisted diesel combustion for
improved efficiency and environmental performance.

2. Literature review

2.1. Hydrogen as a sustainable fuel for ICEs
Hydrogen has attracted significant attention as an alternative energy carrier for ICEs due to its high
lower heating value, rapid flame propagation, and zero carbon emissions at the point of use. From a sus-
tainability perspective, hydrogen offers strong potential for mitigating greenhouse gas emissions in the
transportation sector, particularly when produced from low-carbon pathways (Moriarty and Honnery
2019, Acar and Dincer 2020). Several studies have highlighted hydrogen’s role as a transitional fuel that
can complement existing engine technologies while supporting decarbonization goals (Jayakumar et al
2022, Hosseini et al 2023).

Despite these advantages, hydrogen presents combustion-related challenges, including high auto-
ignition temperature, low density, and increased propensity for abnormal combustion under improper
operating conditions. These characteristics restrict the direct application of hydrogen in CI engines,
necessitating its use in dual-fuel configurations where a high-cetane fuel such as diesel initiates com-
bustion (Ikegami et al 1982, Akal et al 2020).
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Figure 1. The injection rate, heat release rate, pressure traces, and several combustion cycle metrics for DICI H2 cases.
Reproduced from Babayev et al (2022). CC BY 4.0.

2.2. Hydrogen–diesel dual-fuel combustion concepts
Hydrogen–diesel dual-fuel operation has been extensively investigated as a strategy to combine the high
efficiency of CI engines with the low-carbon benefits of hydrogen. In this configuration, diesel is injected
as a pilot fuel to initiate ignition, while hydrogen contributes to the main energy release. Experimental
and numerical studies consistently report improvements in combustion efficiency and reductions in
carbon-related emissions compared to diesel-only operation (Castro et al 2019, Seelam et al 2022; and
ltekin & Ciniviz 2023a).

However, reported outcomes vary widely depending on hydrogen delivery method, engine operating
conditions, and injection parameters. Boretti (2019) emphasized that dual-fuel engines exhibit complex
combustion behavior, where performance and emissions are highly sensitive to fuel interaction and com-
bustion phasing. This sensitivity partly explains the contradictory trends observed across the literature,
particularly with respect to nitrogen oxides (NOx), carbon monoxide (CO), and unburned hydrocar-
bons (UHC). Figure 1 illustrates the general classification of hydrogen injection strategies for CI engines,
highlighting key advantages and limitations of DI and PFI configurations.

2.3. Hydrogen injection strategies: DI versus PFI
Hydrogen delivery strategies in CI engines are broadly classified into DI and PFI. DI hydrogen systems
provide superior control over mixture formation and minimize backfire risks by avoiding hydrogen–air
premixing in the intake manifold (Furuhama and Fukuma 1986, Yip et al 2019). Advanced DI configu-
rations, including hydrogen DI CI (H2DDI), have demonstrated promising performance and emission
characteristics in both experimental and computational studies (Liu et al 2021, Babayev et al 2022).

Nevertheless, DI hydrogen systems require high-pressure injection equipment capable of overcom-
ing in-cylinder pressure, which significantly increases system complexity, cost, and safety requirements
(Bayramoğlu and Yılmaz 2021, Park et al 2022). As a result, PFI hydrogen systems remain the most
widely adopted configuration in experimental investigations, particularly for retrofit applications (Castro
et al 2019, Khalid et al 2024).

PFI systems allow hydrogen to mix with intake air prior to combustion, simplifying system design
but introducing challenges related to volumetric efficiency, backfire, and mixture inhomogeneity. Khalid
et al (2024) highlighted that improper hydrogen injection control under PFI configurations can exacer-
bate abnormal combustion and emission formation, reinforcing the importance of injection parameter
optimization.
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2.4. Performance characteristics of hydrogen–diesel dual-fuel engines
Numerous studies report that hydrogen enrichment improves BTE and reduces BSFC, particularly at
moderate hydrogen energy fractions (Seelam et al 2022, Gültekin and Ciniviz, 2023b). These improve-
ments are primarily attributed to hydrogen’s high flame speed and enhanced combustion efficiency,
which reduce ignition delay and improve heat release characteristics.

However, contradictory findings have also been reported. Khatri and Khatri (2020) observed
marginal performance improvements under certain operating conditions, while Pham et al (2022) noted
that excessive hydrogen supply can degrade performance due to combustion instability and reduced vol-
umetric efficiency. These inconsistencies indicate that hydrogen addition alone does not guarantee per-
formance enhancement without proper control of injection parameters.

2.5. Emission characteristics and contradictions in the literature
2.5.1. Carbon-based emissions
Reductions in carbon dioxide (CO2) emissions are consistently reported in hydrogen–diesel dual-fuel
studies due to hydrogen’s carbon-free nature (Acar and Dincer 2020, Hosseini et al 2023). However,
trends for CO and UHC emissions are inconsistent. Several investigations report reduced CO and UHC
emissions due to improved oxidation and enhanced combustion (Castro et al 2019, Seelam et al 2022),
while others report increases, particularly at low engine speeds or under non-optimized injection condi-
tions (Khatri and Khatri 2020, Gültekin and Ciniviz, 2023b).

These increases are commonly attributed to incomplete combustion, insufficient pilot fuel quan-
tity, and inadequate hydrogen–air mixing, highlighting the sensitivity of emission outcomes to hydrogen
delivery parameters.

2.5.2. Nitrogen oxides emissions
NOx emissions represent the most debated outcome in hydrogen–diesel dual-fuel combustion. Many
studies report increased NOx formation due to elevated in-cylinder temperatures associated with hydro-
gen’s high adiabatic flame temperature (Lamas and Rodriguez 2019, Kumar et al 2022, Bakar et al 2024).
Conversely, reductions or stable NOx levels have been observed under lean operating conditions or when
mitigation strategies such as exhaust gas recirculation, water injection, or optimized injection timing are
employed (Dhyani and Subramanian 2019, Hosseini et al 2023).

These contradictory findings suggest that NOx formation is governed primarily by combustion con-
trol strategies rather than hydrogen addition alone.

2.6. Research gaps andmotivation of the present study
Although extensive research has been conducted on hydrogen–diesel dual-fuel engines, systematic investi-
gation of hydrogen injection pressure, particularly under PFI configurations, remains limited. Most stud-
ies focus on hydrogen substitution ratio, injection timing, or pilot fuel strategies (Tripathi et al 2019,
Kumar et al 2022, Park et al 2022), while injection pressure which directly influences mixture formation,
combustion stability, and emission formation has received comparatively little experimental attention
(Menaa et al 2019).

Furthermore, many studies are conducted at fixed engine speeds or variable load conditions, restrict-
ing the ability to isolate the effects of injection pressure across a wide operating range. The inconsisten-
cies reported in emission trends across the literature further underscore the need for controlled experi-
mental investigations that isolate individual hydrogen supply parameters.

Accordingly, the present study addresses these gaps by experimentally evaluating the influence of
hydrogen injection pressure under a PFI configuration on the performance and emission characteris-
tics of a hydrogen–diesel dual-fuel CI engine operating under constant load conditions over a wide speed
range.

3. Methodology

3.1. Engine test setup
The experimental investigation was conducted using a single-cylinder, four-stroke, air-cooled, direct-
injection CI diesel engine (Yanmar L48N). The engine was modified to operate in hydrogen–diesel dual-
fuel mode, where diesel served as the pilot fuel and hydrogen was supplied as the supplementary fuel.
This configuration is widely adopted in hydrogen–diesel research due to its simplicity, safety, and feasi-
bility for retrofitting conventional diesel engines (Castro et al 2019, Khalid et al 2024).
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Figure 2. Schematic diagram of the experimental setup for the hydrogen–diesel dual-fuel compression ignition engine.

Table 1.Measurement instrument specifications.

Parameter Instrument Measurement range Accuracy Resolution

Engine speed Digital tachometer 0–6000 rpm ±10 rpm 1 rpm

Torque Eddy current

dynamometer

0–20 Nm ±0.1 Nm 0.01 Nm

Brake power Calculated (from torque

& speed)

0–5 kW ±2% 0.01 kW

Fuel consumption Burette & stopwatch — ±0.5% —

CO Gas analyzer 0%–10% vol ±1% 0.01%

CO2 Gas analyzer 0%–20% vol ±1% 0.01%

NOx Gas analyzer 0–5000 ppm ±2% 1 ppm

UHC Gas analyzer 0–10 000 ppm ±2% 1 ppm

Hydrogen was supplied through a PFI system installed at the intake manifold, upstream of the intake
valve. The selection of a PFI configuration was motivated by its lower system complexity and cost com-
pared to direct hydrogen injection systems, which require high-pressure injectors capable of overcoming
in-cylinder pressure (Yip et al 2019, Bayramoğlu and Yılmaz 2021). A schematic diagram of the experi-
mental setup is shown in figure 2, illustrating the hydrogen supply system, engine configuration, instru-
mentation, and exhaust gas measurement layout.

The engine was coupled to an eddy current dynamometer to apply load and measure brake power
and torque. Engine speed was controlled and monitored using a digital tachometer. Baseline diesel-only
operation was first established to ensure stable engine performance and repeatability prior to hydrogen
enrichment, following procedures reported in previous hydrogen dual-fuel studies (Seelam et al 2022,
Gültekin and Ciniviz 2023a).

The specifications of the main instruments, including measurement range, accuracy, and resolution,
are summarized in table 1. These values are based on manufacturer specifications and standard calibra-
tion data. The selected instruments provide sufficient precision for evaluating performance and emission
characteristics under the tested operating conditions.

3.2. Hydrogen supply system and injection parameters
Hydrogen gas was stored in a high-pressure cylinder and supplied to the engine intake through a pres-
sure regulator, flame arrestor, and solenoid valve to ensure safe operation. In the present study, hydro-
gen supply was controlled using a pressure-regulated PFI system, where injection pressure was set at 0.5,
1.0, and 1.5 bar. It should be noted that hydrogen mass flow rate was not independently controlled or
directly measured; instead, it varied as a function of the regulated injection pressure.

The hydrogen injection pressure was monitored using an analog pressure gauge installed upstream
of the injector. The hydrogen flow was introduced continuously during engine operation, while diesel
injection parameters were kept unchanged to isolate the influence of hydrogen injection pressure. The
hydrogen engine test bed and safety components are illustrated in figure 3. Meanwhile, the hydrogen
port fuel injection sistem were closely showed on the figure 4.
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Figure 3. The hydrogen engine test bed and safety components.

Figure 4. Hydrogen port fuel injection system showing pressure regulation, and injector location.

The error bar graph was presented as shown in figure 5 represent the measurement uncertainty asso-
ciated with each BSFC value. These error bars indicate the possible range within which the actual value
may vary due to experimental or instrument-related uncertainties. This bar graph error are presented
to validate the data on this experiment good measurement reliability. Since the error bars are relatively
small compared to the overall trend, the results can be considered consistent and reliable. The focus on
injection pressure rather than substitution ratio was intended to address a key gap in existing literature,
as most prior studies emphasize hydrogen flow rate or energy fraction rather than injection pressure

6
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Figure 5. Error bar graph.

effects under PFI configurations (Tripathi et al 2019, Kumar et al 2022). As the hydrogen injection pres-
sure increased, the volumetric flow rate of hydrogen supplied to the intake manifold also increased due
to the higher-pressure differential across the injector.

Consequently, increasing hydrogen injection pressure also increased the hydrogen volumetric flow
rate and corresponding hydrogen energy input into the engine. Therefore, the investigated parameter
should be interpreted as a coupled pressure–energy input effect rather than an isolated injection pressure
effect.

Therefore, the effect of hydrogen injection pressure observed in this study inherently includes
the combined influence of both injection pressure and hydrogen mass flow rate (energy input). This
approach reflects a practical PFI implementation, where pressure regulation is commonly used as a sim-
ple method to vary hydrogen supply. Based on typical flow behavior of low-pressure gaseous injection
systems and comparable studies reported in the literature, the hydrogen energy substitution ratio in
the present work is estimated to increase progressively with injection pressure, likely within a moderate
range (approximately 5%–20% of total fuel energy input).

Although precise mass flow rate and equivalence ratio were not measured, the trends observed in
engine performance and emissions are consistent with increased hydrogen energy contribution at higher
injection pressures. Future work will focus on direct measurement and control of hydrogen mass flow
rate to further isolate the effects of injection pressure from fuel quantity.

3.3. Experimental procedure
All experiments were conducted at constant load conditions, while engine speed was varied from 1800
to 3600 rpm and controlled by adjusting the engine throttle/fuel supply, while the dynamometer contin-
uously regulated the applied load to maintain constant loading conditions. The load was monitored via
dynamometer readings to ensure minimal fluctuation throughout each test. For each operating condi-
tion, measurements were first recorded under diesel-only operation, followed by hydrogen–diesel dual-
fuel operation at each hydrogen injection pressure level. The engine was coupled to an eddy current
dynamometer in an engine test bench configuration, which was used to apply and regulate the load dur-
ing experimentation. All tests were conducted at a constant load of approximately 50% of the engine’s
rated load (≈ 2.0 kW brake power). This load level was selected to ensure stable engine operation while
allowing clear observation of the effects of hydrogen enrichment across the speed range.

Before recording data, the engine was allowed to reach steady-state operating conditions to mini-
mize measurement uncertainty. Each test point was repeated to ensure repeatability and consistency of
results, in accordance with standard experimental practices reported in hydrogen dual-fuel engine studies
(Castro et al 2019, Bakar et al 2024).
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Table 2.Measurement uncertainty.

Parameter Instrument Uncertainty

Engine speed Tachometer ±10 rpm

Torque Dynamometer ±0.1 Nm

Fuel consumption Burette & stopwatch ±0.5%

CO, CO2 Gas analyzer ±1%

NOx Gas analyzer ±2%

UHC Gas analyzer ±2%

Fuel consumption for diesel was measured using a burette and stopwatch method, while hydrogen
consumption was monitored through the regulated supply system. Brake power, torque, and brake mean
effective pressure (BMEP) were obtained directly from the dynamometer readings.

3.4. Emissionmeasurement and performance analysis
Exhaust emissions, including carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and
unburned hydrocarbons (UHC), were measured using a calibrated exhaust gas analyzer. Emission sam-
pling was conducted after ensuring stable exhaust temperature and steady engine operation. The selec-
tion of emission parameters followed common practices reported in hydrogen–diesel dual-fuel engine
investigations (Lamas and Rodriguez 2019, Hosseini et al 2023).

BSFC, BTE, and BMEP were calculated using standard thermodynamic relations based on measured
fuel consumption, brake power, and engine operating parameters. All calculated parameters were eval-
uated consistently across baseline diesel and hydrogen-enriched operating conditions to enable direct
comparison.

3.5. Data reliability and safety considerations
To ensure data reliability, all sensors and measurement instruments were calibrated prior to testing.
Hydrogen safety measures, including flame arrestors and leak checks, were implemented in accordance
with established hydrogen engine testing protocols (Dhyani and Subramanian 2019, Khalid et al 2024).
No abnormal combustion events, such as backfire or knocking, were observed during the experimental
campaign.

3.6. Data reliability and safety
To ensure data reliability and repeatability, each experimental measurement was conducted three times at
every operating condition, and the reported values represent the average of these repeated measurements.
The variation between repeated readings was observed to be within an acceptable range, indicating good
experimental consistency. All instruments were calibrated prior to testing to ensure measurement accu-
racy within the specified limits.

Besides, an uncertainty analysis was performed to evaluate the accuracy of the measured and calcu-
lated parameters. The uncertainties associated with key instruments were based on manufacturer spec-
ifications and standard experimental practices. The estimated uncertainties of the primary measured
parameters are as follows: engine speed (±10 rpm), torque (±0.1 Nm), fuel consumption (±0.5%), and
exhaust gas emissions (±1%–2% depending on the gas species). The measurement uncertainty parame-
ter have been summarize in table 2.

The uncertainty in BSFC was calculated using standard error propagation as follows:

∆BSFC

BSFC
=

√
[(ṁf/mf)2+(∆BP/BP)2

where:
ṁf = fuel mass flow rate
BP = brake power
∆ = corresponding uncertainty in measurement

The overall uncertainty in calculated parameters such as BSFC and BTE was estimated using standard
error propagation methods. The maximum uncertainty was found to be within ±2.1% for BSFC and
±2.0% for BTE, which is within acceptable limits for ICE experimental studies.
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Figure 6. Variation of brake power with engine speed for diesel and hydrogen–diesel dual-fuel operation at different hydrogen
injection pressures. Solid lines represent second-order polynomial regression fit (R2 > 0.95).

4. Results and discussion

To enhance the quantitative interpretation of the experimental results, regression analysis was performed
on key engine performance and emission parameters as a function of engine speed and hydrogen injec-
tion pressure.

A second-order polynomial regression model was selected due to the nonlinear behavior observed in
ICE performance characteristics. The general form of the regression model is:

y= ax2+ bx+ c

where y represents the dependent variable (e.g. torque, brake power, BSFC, emissions), and x represents
engine speed.

The regression analysis showed strong agreement with the experimental data across all parameters,
with coefficients of determination (R2) typically in the range of 0.94–0.99, indicating that the selected
model adequately captures the nonlinear trends observed in the engine behavior.

Furthermore, the combined influence of engine speed and hydrogen injection pressure can be
expressed using a two-variable regression model:

y= a+ bx1+ cx2 + dx1x2

where x1 represents engine speed and x2 represents hydrogen injection pressure. This model highlights
the coupled effects of operating parameters and confirms that engine performance and emissions are
governed by their interaction rather than independent variation.

Error plots representing measurement uncertainty were evaluated for key parameters; however, due
to the relatively small variation (within ±2%–3%), they are not prominently visible in the plots in the
results plotting.

4.1. Engine performance characteristics
Figure 6 presents the variation of brake power with engine speed for diesel-only and hydrogen–
diesel dual-fuel operation at different hydrogen injection pressures. Hydrogen enrichment resulted in
a marginal increase in brake power across most engine speeds, with the highest values consistently
observed at 1.5 bar hydrogen injection pressure. A maximum brake power of approximately 3.17 kW at
3400 rpm was recorded at this condition. Torque output followed a similar trend, as shown in figure 7,
with slight improvements at higher hydrogen pressures.

The observed enhancement in brake power and torque is associated with the combined effect of
increased hydrogen injection pressure and increased hydrogen energy contribution, which together pro-
moted faster combustion and improved heat release characteristics. The outcomes are consistent with
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Figure 7. Torque variation with engine speed under diesel-only and hydrogen–diesel dual-fuel conditions. Solid lines represent
second-order polynomial regression fit (R2 > 0.95).

Figure 8. Brake specific fuel consumption variation with engine speed at different hydrogen injection pressures. Solid lines repre-
sent second-order polynomial regression fit (R2 > 0.95).

the statements in their published research (Seelam et al 2022, Gültekin and Ciniviz, 2023a). Similar per-
formance improvements under hydrogen–diesel dual-fuel operation have been reported by Castro et al
(2019) and Bakar et al (2024). However, the relatively modest increase observed in the present study sug-
gests that hydrogen injection pressure alone is insufficient to achieve substantial power gains without
further optimization of injection timing and mixture formation, as also noted by Kumar et al (2022). For
instance, regression analysis of torque and brake power at 1.5 bar hydrogen injection pressure showed
a strong nonlinear relationship with engine speed, with R2 values exceeding 0.97. The results indicate
that engine performance increases with speed up to an optimal range (approximately 3000–3400 rpm),
beyond which a decline is observed due to reduced volumetric efficiency and increased frictional losses.

The variation of BSFC with engine speed is shown in figure 8. Similarly, BSFC exhibited a decreas-
ing trend with increasing engine speed, followed by stabilization at higher speeds. The regression model
confirms that improved combustion efficiency at higher speeds contributes to reduced fuel consumption.
Hydrogen enrichment led to a consistent reduction in BSFC compared to diesel-only operation, partic-
ularly at higher engine speeds. The minimum BSFC value of 320.12 g kWh-1 was achieved at 1.5 bar
hydrogen injection pressure at 3600 rpm.

10
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Figure 9. Brake thermal efficiency variation with engine speed for hydrogen–diesel dual-fuel operation. Solid lines represent
second-order polynomial regression fit (R2 > 0.95).

Correspondingly, BTE increased with hydrogen injection pressure, as illustrated in figure 9. The high-
est BTE of approximately 13.23% was obtained at 1.5 bar, indicating more efficient conversion of fuel
energy into useful work.

These improvements are consistent with findings reported in previous studies, where hydrogen addi-
tion enhanced combustion efficiency due to reduced ignition delay and improved flame propagation
(Seelam et al 2022, Gültekin and Ciniviz, 2023b). The superior performance at higher injection pressure
suggests improved hydrogen–air mixing, which enhances combustion quality. Similar trends have been
observed by Bayramoğlu and Yılmaz (2021), who highlighted the influence of hydrogen delivery parame-
ters on engine efficiency. Although a peak BTE of 13.23% was achieved, the estimated improvement over
baseline diesel operation is relatively modest (∼1–1.5 percentage points). Given the reported uncertainty
(±2%), this improvement should be interpreted as moderate, highlighting the need for further optimiza-
tion. As the maximum BTE obtained in the present study (∼13.23%) is lower than values commonly
reported for larger or fully optimized diesel engines, this result should be interpreted within the context
of the experimental operating conditions. The experiments were conducted using a small single-cylinder,
naturally aspirated engine operating at approximately 50% load, where higher relative heat losses and
lower combustion efficiency are typically observed. In addition, hydrogen was supplied through a PFI
system, which may reduce volumetric efficiency due to intake air displacement by hydrogen within the
intake manifold. This effect can limit oxygen availability and partially offset the combustion advantages
associated with hydrogen enrichment. Furthermore, hydrogen injection timing and mixture preparation
were not fully optimized in the present work, which may also contribute to the relatively modest BTE
improvement observed.

4.2. Emission characteristics
Figure 10 illustrates the variation of carbon dioxide (CO2) emissions with engine speed under diesel-
only and hydrogen–diesel dual-fuel operation. CO2 emissions decreased consistently with increasing
hydrogen injection pressure across the entire speed range, with the lowest emissions recorded at 1.5 bar
hydrogen pressure.

The reduction in CO2 emissions is primarily attributed to hydrogen’s carbon-free nature, which
directly displaces a portion of carbon-based diesel fuel (Acar and Dincer 2020, Hosseini et al 2023).
Similar reductions in CO2 emissions under hydrogen–diesel operation have been widely reported in
the literature (Castro et al 2019, Bakar et al 2024), confirming the decarbonization potential of hydro-
gen enrichment.

The variation of nitrogen oxides (NOx) emissions with engine speed is presented in figure 11. NOx

emissions increased under conditions of higher hydrogen injection pressure, which also corresponded to
higher hydrogen energy input. Therefore, the observed NOx increase likely reflects the combined influ-
ence of enhanced hydrogen combustion intensity and elevated in-cylinder temperature rather than injec-
tion pressure alone, with peak values observed between 2600 and 3000 rpm.
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Figure 10. Carbon dioxide emission variation with engine speed under diesel and hydrogen–diesel dual-fuel operation. Solid
lines represent second-order polynomial regression fit (R2 > 0.95).

Figure 11. Nitrogen oxides emission variation with engine speed at different hydrogen injection pressures. Solid lines represent
second-order polynomial regression fit (R2 > 0.95).

This increase is consistent with numerous studies attributing elevated NOx formation to higher in-
cylinder temperatures associated with hydrogen’s high flame speed and adiabatic flame temperature
(Lamas and Rodriguez 2019, Kumar et al 2022, Bakar et al 2024). However, the non-monotonic trend
observed at certain speeds suggests combustion instability and variations in local equivalence ratio, as
also reported by Hosseini et al (2023). These findings reinforce that NOx formation in hydrogen–diesel
dual-fuel engines is highly sensitive to injection parameters rather than hydrogen addition alone.

Regression analysis of emission parameters revealed distinct nonlinear trends. CO2 emissions
decreased with increasing hydrogen injection pressure, while NOx emissions showed a strong posi-
tive correlation with both engine speed and hydrogen enrichment. The regression models confirm
that NOx formation is highly sensitive to temperature variations, which increase with hydrogen addi-
tion. Meanwhile, CO and UHC emissions exhibited irregular trends, reflecting the complex interaction
between mixture formation and combustion stability under PFI operation.

Carbon monoxide (CO) and unburned hydrocarbon (UHC) emissions were higher under hydrogen–
diesel operation compared to baseline diesel, particularly at lower engine speeds. This trend contrasts

12



Eng. Res. Express 8 (2026) 125530 H Muhamad Tobib et al

Figure 12. Carbon monoxide emission variation with engine speed at different hydrogen injection pressures. Solid lines represent
second-order polynomial regression fit (R2 > 0.95).

Figure 13. Unburned hydrocarbons emission variation with engine speed at different hydrogen injection pressures. Solid lines
represent second-order polynomial regression fit (R2 > 0.95).

with some studies reporting reduced CO and UHC emissions due to improved combustion efficiency
(Castro et al 2019, Seelam et al 2022).

The increased CO and UHC emissions observed in the present study are likely attributed to non-
optimized hydrogen injection timing and incomplete oxidation, especially at lower speeds where
hydrogen–air mixing may be less effective as shown in figures 12 and 13. Similar increases in incomplete
combustion products have been reported by Khatri and Khatri (2020) and Gültekin and Ciniviz (2023b),
who emphasized the importance of coordinated pilot fuel and hydrogen injection strategies.

The results demonstrate that hydrogen injection pressure plays a critical role in determining the
performance and emission behavior of hydrogen–diesel dual-fuel CI engines under PFI configuration.
Higher injection pressure improved performance metrics such as BTE and BSFC, indicating enhanced
combustion efficiency. However, increased NOx emissions and incomplete combustion products highlight
the trade-off between efficiency gains and emission penalties.

These findings help explain inconsistencies reported in previous studies, where variations in hydro-
gen delivery parameters led to contradictory emission trends (Pham et al 2022, Hosseini et al 2023). The
present results confirm that injection pressure must be optimized in conjunction with injection timing
and air–fuel management to fully exploit hydrogen’s benefits while minimizing adverse emission effects.
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The fluctuations observed in figures 6–13 across certain engine speed ranges can be attributed to sev-
eral interacting physical and experimental factors associated with hydrogen–diesel dual-fuel combustion
under PFI operation.

Firstly, variations in hydrogen–air mixture homogeneity play a significant role. At different engine
speeds, the intake air velocity and turbulence intensity vary, affecting the mixing quality of hydrogen
with air in the intake manifold. At lower speeds, insufficient turbulence may lead to non-uniform mix-
ture distribution, while at higher speeds, reduced residence time may limit complete mixing, both con-
tributing to cycle-to-cycle combustion variability.

Secondly, combustion instability is more pronounced in dual-fuel operation due to the wide flamma-
bility range and low ignition energy of hydrogen. Small variations in mixture composition can lead to
fluctuations in ignition delay and combustion phasing, which directly influence BTE, BSFC, and emis-
sion characteristics.

In addition, nonlinear interactions between hydrogen injection pressure and volumetric efficiency
may also contribute to the observed trends. Increasing hydrogen injection pressure can alter the intake
charge dynamics, potentially displacing intake air and reducing volumetric efficiency at certain operat-
ing points. This effect is not strictly linear and can lead to irregular variations in engine performance
parameters.

Furthermore, nitrogen oxides (NOx) formation is highly sensitive to local in-cylinder temperature
and oxygen availability. Even small variations in combustion temperature and equivalence ratio can
result in noticeable fluctuations in NOx emissions, particularly under hydrogen-enriched conditions
where higher flame temperatures are expected.

Lastly, minor fluctuations may also be influenced by the dynamic response of measurement instru-
ments during stepwise changes in engine speed. Despite careful calibration and repeated measurements,
transient variations cannot be completely eliminated and are reflected in the experimental data.

Similar fluctuations have been reported in previous dual-fuel engine studies and are generally
attributed to mixture inhomogeneity and combustion variability under varying operating conditions
(Lamas and Rodriguez 2019, Khatri and Khatri 2020, Gültekin and Ciniviz, 2023b, Kumar et al 2022,
Bakar et al 2024). Overall, the observed fluctuations are consistent with the complex and highly sensitive
nature of hydrogen–diesel dual-fuel combustion, especially under varying engine speed and hydrogen
injection pressure conditions.

5. Conclusion

This study experimentally investigated the influence of hydrogen injection pressure on the performance
and emission characteristics of a hydrogen–diesel dual-fuel CI engine operating under PFI configuration.
Hydrogen enrichment improved key performance indicators, including brake power, BTE, BMEP, and
BSFC, with the most favorable results obtained at a hydrogen injection pressure of 1.5 bar. In terms of
emissions, hydrogen addition resulted in a consistent reduction in carbon dioxide emissions, confirm-
ing the decarbonization potential of hydrogen-assisted diesel combustion. However, increases in nitrogen
oxides, carbon monoxide, and unburned hydrocarbons were observed under certain operating condi-
tions, particularly at higher injection pressures and lower engine speeds. These emission penalties high-
light the sensitivity of hydrogen–diesel dual-fuel combustion to injection parameter optimization.

• Second-order polynomial models showed strong agreement with experimental data, with coefficients
of determination (R2 > 0.95).

• Optimal engine performance was observed in the mid-to-high speed range (≈ 2800–3400)

• Hydrogen–diesel bi-fuel engines show improved combustion efficiency, resulting in enhanced power
(0.5 bar, 2.52%) and (1.5 bar, 4.73%), torque (0.5 bar, 2.58%) and (1.5 bar, 4.72%),

• BMEP (0.5 bar, 2.58%) and (1.5 bar, 4.72%), and BSFC (1.5 bar, 0.65%)

• For instance, BTE was not improved by the hydrogen mixture at all but still 1.5 bar demonstrated the
higher BTE (13.23%)

• Hydrogen–diesel bi-fuel was shown to reduce CO2 emissions (0.5 bar, 18.45%), (1 bar, 22.18%), and
(1.5 bar, 26.53%) from the baseline.

• 1.5 bar of hydrogen proved to be the best choice to be used, as it significantly improved power
(4.73%), torque (4.72%), BMEP (4.72%), BSFC (0.65%) and CO2 emission (26.53%)
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The findings demonstrate that the combined variation of hydrogen injection pressure and hydrogen
energy input significantly influences engine performance and emission behavior under the present PFI
configuration. Since hydrogen mass flow rate was not independently controlled, the individual contri-
bution of injection pressure could not be fully isolated. While higher injection pressures enhance per-
formance, effective emission mitigation requires coordinated optimization of hydrogen injection timing,
pilot fuel strategies, and air–fuel management. Although the observed BTE improvement was relatively
modest, the results demonstrate the potential of hydrogen enrichment to improve combustion charac-
teristics under partial-load dual-fuel operation. Further optimization of hydrogen flow control, injection
timing, and air–fuel management is expected to improve overall thermal efficiency. In addition, regres-
sion analysis confirmed the nonlinear relationship between engine speed and key performance and emis-
sion parameters. The second-order polynomial models showed strong agreement with experimental data,
with coefficients of determination (R2) generally exceeding 0.95. This indicates that the observed trends
are systematic and can be reliably predicted within the tested operating range. Overall, this study pro-
vides experimental evidence supporting hydrogen–diesel dual-fuel operation as a viable transitional tech-
nology toward cleaner ICEs, provided that injection parameters are carefully controlled.

The present study specifically addresses the limited experimental investigation of hydrogen injection
pressure effects under low-pressure PFI configuration in hydrogen–diesel dual-fuel CI engines. Unlike
many previous studies that primarily focused on hydrogen substitution ratio or injection timing, the
current work evaluates the combined influence of pressure-regulated hydrogen supply across a wide
engine speed range under constant-load operation. The findings therefore provide additional experimen-
tal insight into how hydrogen delivery characteristics influence combustion efficiency and emission for-
mation in practical PFI-based dual-fuel systems. Future research should focus on optimizing hydrogen
injection timing, implementing exhaust gas recirculation or water injection strategies for NOx mitigation,
and extending the investigation to transient operating conditions and multi-cylinder engines to enhance
real-world applicability.
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