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ABSTRACT.  

Hydrogen internal combustion engines (H2ICEs) offer a viable low-emission alternative for decarbonizing 

transport, especially where full electrification is not practical. Among fueling strategies, port fuel injection (PFI) 

is particularly attractive due to its compatibility with existing engine platforms and simplicity compared to direct 

injection (DI). Performance and emissions in hydrogen PFI engines are strongly influenced by valve timing and 

intake boosting strategies. This study presents a computational framework to investigate the coupled effects of 

valve timing and intake pressure on the performance, thermal efficiency, and NOx emissions of a hydrogen PFI 

engine under fuel-lean conditions (ϕ = 0.59). A modified Sandia optical engine geometry was simulated using 

CONVERGE CFD v4.1, employing detailed chemistry and adaptive mesh refinement. Latin Hypercube Sampling 

(LHS) was employed to generate 373 design cases that span a wide parametric space. Results show that intake 

boosting significantly improves performance, achieving a 220% increase in indicated power (up to 43.55 kW) and 

an 11% improvement in thermal efficiency (up to 48.7%) over the baseline configuration. However, these gains 

are accompanied by elevated NOx emissions, particularly at higher valve overlaps. Conversely, the configuration 

that achieved the lowest NOx emissions reduced them by 76% compared to the baseline, albeit at the expense of 

lower power and efficiency. The three configurations representing the most favorable outcomes for power, 

efficiency, and emissions within the studied parameter space highlight the inherent trade-offs among these 

objectives. These results provide practical guidance for calibrating hydrogen PFI engines and establish a solid 

foundation for future studies incorporating formal optimization methods. 

INTRODUCTION 

The continued rise in global greenhouse gas (GHG) emissions poses a critical challenge for policymakers, 

industry stakeholders, and researchers worldwide. The Intergovernmental Panel on Climate Change (IPCC) has 

stressed in its Sixth Assessment Synthesis Report that achieving the 1.5°C target requires rapid and sustained 

reductions in CO2 and other GHGs [1]. In 2024 alone, energy-related CO2 emissions reached 37.4 GT, marking a 

410 MT increase from the previous year [2]. The transportation sector remains a significant contributor, 

accounting for over a quarter of these emissions, primarily from light-duty internal combustion engine (ICE) 

vehicles [3]. Battery electric vehicles (BEVs) have emerged as the leading strategy for decarbonizing transport. 

However, their overall environmental impact is closely tied to the carbon intensity of electricity generation. With 

over 60% of global electricity still derived from fossil fuels in 2024, the actual emissions reduction from BEVs 

remains limited in many regions [2]. BEVs also face infrastructural, economic, and operational challenges, 

particularly in high-load or long-distance applications [4]. 

Hydrogen has gained attention as a complementary energy carrier capable of overcoming some of these 

limitations. It offers zero tailpipe emissions and high gravimetric energy density, making it suitable for sectors 

where electrification remains impractical. Hydrogen can be utilized in both fuel cell electric vehicles (FCEVs) 

and hydrogen-fuelled internal combustion engines (H2ICEs). While FCEVs offer high efficiency and quick 

refueling [5], they are hindered by high system costs, durability concerns, and limited fueling infrastructure [6]. 

In contrast, H2ICEs offer a cost-effective and technically mature pathway, especially for retrofitting existing 

vehicle fleets. Hydrogen’s favorable combustion properties—including high flame speed, wide flammability 

range, and low ignition energy—enable lean operation and reliable cold starts. Moreover, H2ICEs are compatible 

with existing ICE manufacturing and servicing ecosystems, allowing rapid deployment with minimal 
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infrastructure changes [7]. Among fueling strategies, port fuel injection (PFI) and direct injection (DI) are 

commonly employed in hydrogen engines. While DI offers improved mixture control, it involves a higher cost 

and system complexity. PFI is simpler and more suitable for retrofitting gasoline engines. Recent studies indicate 

that hydrogen PFI engines can achieve high thermal efficiency and low emissions under ultra-lean conditions [8]. 

Within this context, two key engine parameters—valve timing and intake pressure—play crucial roles in 

controlling combustion behavior and emissions. Prior research has shown that both valve timing and intake 

boosting significantly influence hydrogen engine performance and emissions [9], [10], [11]. However, most 

existing studies are experimental and limited in parametric scope. High-fidelity CFD studies that investigate the 

coupled effects of valve timing and intake boosting under realistic operating conditions remain scarce. To address 

this gap, the present study develops a CFD-based computational framework to systematically explore the 

combined influence of valve timing and intake charge boosting in a hydrogen-fueled PFI engine. By capturing 

detailed in-cylinder phenomena, this work aims to identify configurations that improve performance, thermal 

efficiency, and emissions without relying on complex auxiliary systems such as water injection and EGR. 

LITERATURE REVIEW 

The Valve timing is a key determinant of combustion dynamics, engine performance, and emissions in 

hydrogen-fueled spark ignition engines. Park et al. [10] experimentally investigated intake and exhaust valve 

timing in a hydrogen PFI engine under high-load conditions. Their findings showed that moderately advanced 

intake valve opening (IVO) enhanced airflow and torque, while excessive advancement caused residual gas 

interference, diminishing performance. Retarded exhaust valve closing further reduced volumetric efficiency. 

This study underscored the need for optimal valve timing to enhance power output and thermal efficiency. Lee et 

al. [9] extended this understanding by demonstrating that retarding IVO to top dead center (TDC) enabled stable 

ultra-lean operation at ϕ = 0.2 and achieved near-zero NOx emissions. Although volumetric efficiency declined, 

performance was recovered using supercharging, achieving gasoline-equivalent power and thermal efficiency 

above 39%. This illustrated the synergistic potential of combining valve timing strategies with intake boosting. 

Huynh et al. [12] examined valve overlap time (VOT) variations from 00 to 500 CA and found that changes in 

overlap influenced mixture formation and combustion efficiency. While maximum torque was achieved around 

VOT = 300 CA, shorter overlaps still yielded satisfactory performance when energy input was adjusted. These 

findings collectively highlight the role of coordinated valve timing in optimizing engine output and reducing 

emissions under lean-burn conditions. 

In parallel, intake boosting methods such as turbocharging and supercharging have proven effective in 

addressing the volumetric efficiency limitations inherent in hydrogen PFI engines. Jilakara et al. [13] 

experimentally evaluated a turbocharged, intercooled hydrogen engine designed for ultra-lean operation (ϕ = 0.5–

0.6) in a mini-bus application. Their setup delivered 66.7 kW at 3200 rpm while maintaining low combustion 

variability. However, turbo lag at low engine speeds remained a challenge. Verhelst et al. [14] explored 

supercharging options in a single-cylinder PFI engine and compared lean-burn and stoichiometric strategies. Lean 

supercharging (λ ≥ 2) emerged as the more favorable approach, offering higher thermal efficiency and NOx levels 

below 100 ppm across a broad speed range. The study also cautioned against increased NOx formation at elevated 

pressures, which could be mitigated through EGR or leaner mixtures. Lee et al. [15] conducted a simulation-based 

analysis of turbocharged hydrogen engines and observed that moderate boost pressures improved power and 

airflow but also raised combustion temperatures, potentially increasing NOx emissions under stoichiometric 

conditions. Nguyen et al. [16] corroborated these findings through experiments on a small-scale H2ICE, 

confirming power enhancement from supercharging, while stressing the importance of spark timing optimization 

to maintain combustion efficiency. 

Despite these contributions, existing studies typically focus on either valve timing or intake pressure in 

isolation, often within limited experimental setups. Few have examined their combined influence using high-

resolution CFD approaches. As hydrogen PFI engines operate under complex, coupled thermochemical 

conditions, a comprehensive simulation-based exploration of valve timing and intake boosting interactions is 

essential. This study addresses that gap by providing a detailed CFD framework to inform future H2ICE 

development. 

NUMERICAL MODEL 

The Due to the unavailability of a dedicated experimental research facility and the absence of a publicly 

available PFI engine geometry with sufficient experimental validation data, the single cylinder optically accessible 
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DI hydrogen engine developed by Sandia National Laboratories [12] was selected as the baseline geometry for 

this study. The engine specifications and operating conditions are summarized in Table 1. 

Table 1: Engine specifications and operating conditions   

Description Value 

Bore 92 [mm] 

Stroke 85 [mm] 

Displacement 565 [cc] 

Compression ratio 10.91 

Engine speed 1500 [rpm] 

Intake valve timing (IVO/IVC) 346/ -140 [CAD] aTDC 

Exhaust valve timing (EVO/EVC) 130/ 346 [CAD] aTDC 

Intake temperature 309 K 

 

This engine geometry has been employed in numerous prior studies. Scarcelli et al. [13] developed a 3D CFD 

model to analyze hydrogen jet dynamics, showing that high mesh resolution near the injector is crucial for 

capturing jet penetration and stratification, with strong agreement to PLIF measurements. Barbato and Cantore 

[14] conducted full-cycle simulations and validated their adaptive mesh refinement strategy using experimental 

data, emphasizing the need for accurate time resolution during the injection phase. Wu et al. [15] employed 

CONVERGE to investigate hydrogen–air mixing under different in-cylinder flow conditions. The original engine 

geometry is available in CONVERGE [16] and is illustrated in Fig. 1. It consists of distinct intake and exhaust 

ports (Fig. 1a), a tumble plate integrated into the intake path to enhance in-cylinder motion (Fig. 1b), and a 

centrally located direct injector with a side-mounted spark plug on the cylinder head (Fig. 1c). 

To facilitate the investigation of hydrogen PFI operation, the original DI geometry was modified. The key 

modifications included removing the direct injector, eliminating the tumble plate, and repositioning the spark plug 

to the center of the cylinder head. These changes are shown in Fig 2. The intake ports were retained to simulate 

the entry of a premixed hydrogen–air charge through conventional intake valves. Although these modifications 

substantially alter the original DI configuration, they are justified within the context of this numerical 

investigation, which focuses on analyzing relative trends in performance and emissions rather than predicting 

absolute values. 

 

   

          (a)         (b)         (c) 

Figure 1: (a) Original Sandia DI engine geometry, (b) Cross-sectional view showing tumble plate, (c) 

Cylinder head showing DI injector and spark plug placement 
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       (a)         (b)         (c) 

Figure 2: (a) Modified engine geometry for PFI operation, (b) Cross-sectional view without tumble plate, (c) 

Top view showing removed injector and repositioned spark plug 

 

A fully premixed, homogeneous hydrogen–air mixture was assumed to enter the computational domain 

through the intake ports, consistent with a dry PFI system. To investigate the effects of valve timing on combustion 

dynamics, valve lift profiles were adapted to allow variation in VOT.   Simulations were conducted using 

CONVERGE CFD v4.1, a state-of-the-art general-purpose CFD software. Each case was simulated over a full 

engine cycle, beginning at exhaust valve closing (EVC) and continuing through 7200 crank angle rotations. To 

accurately capture flow and combustion phenomena, the computational mesh employed adaptive mesh refinement 

(AMR), which locally increased resolution in regions with steep velocity or temperature gradients, such as flame 

fronts and flow structures. Fixed embedding was also applied in key regions of interest, including the intake and 

exhaust valves and the spark plug, where ignition and mixing processes are critical. A grid independence study 

was performed using a base mesh size of 4 mm, with progressively increased AMR levels based on velocity and 

temperature criteria. Refinement level 2 was selected as it provided a good balance between accuracy and 

computational cost. Under these settings, the minimum cell size in the combustion zone was refined to 0.0625 

mm during the ignition phase and 1 mm during flame propagation, with the overall cell count reaching a maximum 

of approximately 0.5 million during peak refinement. 

The simulations solved the three-dimensional, transient, compressible Reynolds-Averaged Navier–Stokes 

(RANS) equations for conservation of mass, momentum, energy, and species transport within a finite volume 

framework. Turbulence was modeled using the Renormalization Group (RNG) 𝑘-𝜀 turbulence model [17], which 

is well-suited for swirling and recirculating in-cylinder flows. The momentum, energy, and species transport 

equations were discretized using a second-order central difference scheme within a finite volume framework. 

Time integration was performed using a first-order implicit Euler scheme with a variable time-stepping algorithm 

to ensure numerical stability and efficiency across the engine cycle. Pressure–velocity coupling was handled via 

the PISO algorithm [18], while the gas density was computed based on the energy equation using the Redlich–

Kwong real gas equation of state [19]. Wall heat transfer was modeled using the O’Rourke–Amsden model [20], 

applied to all solid regions. This model estimates instantaneous convective heat transfer coefficients based on in‐

cylinder conditions and wall geometry. 

Turbulent scalar transport was modeled using a turbulent Schmidt number of 0.78 and a turbulent Prandtl 

number of 0.9. Combustion was simulated using the SAGE detailed chemistry solver [16], coupled with a 

hydrogen mechanism extracted from the C3MechV3.3 kinetic model [21]. This mechanism includes 12 species 

and 37 reactions and has been validated for ignition delays (600–2500 K, 0.65–40 atm, φ = 0.06–6) and laminar 

flame speeds (295–600 K, 1–10 atm, φ = 0.4–2.2). The SAGE solver uses the CVODE integrator from the 

SUNDIALS package [22] to solve the stiff system of ordinary differential equations governing the chemical 

kinetics. These equations are solved with internal time steps smaller than the main CFD time step, and the 

computed reaction source terms are passed to the species transport equations. Molecular diffusivities for each 

species were calculated using data from a dedicated transport file (transport.dat) [23]. Spark ignition was modeled 

via multiple staged energy deposition events to replicate spark kernel formation and early flame growth under 

realistic engine conditions [24]. All simulations were performed under globally lean conditions, with an 

equivalence ratio of φ = 0.59 (λ ≈ 1.7). Spark timing was fixed across all cases to isolate the effects of VOT and 

intake pressure on combustion characteristics and emissions. Thermal NOx formation was modeled using the 

extended Zeldovich mechanism [25] under the assumption of local thermodynamic equilibrium. 

At the intake ports, total pressure was specified according to the target intake pressure condition for each case 
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(ranging from atmospheric to 2.61325 bar), along with a total temperature of 309 K. At the exhaust ports, a fixed 

static pressure corresponding to atmospheric pressure was applied. All combustion chamber walls, piston crown, 

and cylinder liner were modeled as no‐slip boundaries with convective heat transfer calculated using the 

O’Rourke–Amsden model. The global equivalence ratio was fixed at φ = 0.59 for all cases, and spark timing was 

held constant to isolate the effects of VOT and intake pressure. 

METHODOLOGY 

Design of experiments. Latin hypercube sampling (LHS) [26] was employed to generate a statistically robust 

and space-filling design of experiments for this study. The sampling strategy focused on two key input parameters: 

VOT, which varied from 00 to 500 CA, and intake pressure, which ranged from 1.01325 to 2.61325 bar. Using 

this method, a total of 373 simulation cases were created, ensuring a comprehensive exploration of the design 

space. The distribution of the sample cases is illustrated in Fig. 3. Each case was simulated using the CFD setup 

described earlier. To isolate the effects of VOT and intake pressure, all other parameters including the global 

equivalence ratio (ϕ = 0.59, λ ≈ 1.7) and spark timing were held constant across the simulations. The simulations 

were executed on the CONVERGE Horizon cloud computing platform [27], with each case requiring 

approximately 5 hours on a 36-core machine. By running 10 machines in parallel, 10 simulations could be 

completed within 5 hours, enabling efficient execution of the full 373-case design space. This approach ensured 

the timely completion of the high-throughput CFD campaign while maintaining numerical consistency across all 

cases. 

 
  

Figure 3: Latin Hypercube Sampling (LHS) distribution of 373 design points in the input parameter space 

 

Performance and emission metrics. Each simulation output was post-processed to extract indicated power 

(kW), thermal efficiency (%), and NOx Emissions (mg/cycle). These metrics were chosen to evaluate both engine 

performance and engine-out emissions.  

RESULTS AND DISCUSSION 

Effect of valve timing. As shown in Fig. 4, increasing intake pressure results in a clear upward shift in 

indicated power across the entire VOT range. For each pressure level, power generally increases with VOT, 

although the rate of increase diminishes at higher overlaps. At an intake pressure of 2.6 bar, the engine reaches 

peak power levels exceeding 43 kW at VOT > 350 CA, while the power remains below 15 kW at atmospheric 

pressure, highlighting the dominant effect of intake boosting on volumetric efficiency and combustion energy 

release. Fig. 5 complements these findings by revealing corresponding trends in thermal efficiency. Efficiency 

increases with both intake pressure and VOT, particularly at mid-range overlaps (15–350 CA), where optimized 

intake-exhaust interaction and mixture quality contribute to better combustion. The highest thermal efficiency 

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

0 5 10 15 20 25 30 35 40 45 50

In
ta

k
e 

P
re

ss
u
re

 (
b
ar

)

Valve Overlap Time (CA)



SLIIT International Conference on Engineering and Technology 

 

 

211 

 

observed is approximately 48.7% at 2.6 bar, significantly outperforming lower intake pressure cases. Notably, 

while efficiency trends generally mirror power trends, the gains tend to plateau or even slightly decline beyond a 

certain VOT, suggesting diminishing benefits due to increased overlap-induced pumping losses or reduced 

volumetric efficiency at extreme settings. 

 
  

Figure 4: Effect of VOT  on indicated power at various intake pressures 

 

 
  

Figure 5: Effect of VOT on thermal efficiency at various intake pressures 

 

Fig. 6 illustrates the variation of NOx emissions, expressed as total NOx mass per cycle, with VOT across five 

intake pressure levels ranging from approximately 1 bar to 2.6 bar. The results demonstrate that NOx formation   

increases with both VOT and intake pressure, driven primarily by the elevated in-cylinder temperatures and 

oxygen availability associated with greater charge density and enhanced combustion intensity under boosted 

conditions. At low intake pressure (1–1.4 bar), NOx emissions remain relatively modest and stable across the VOT 

range, suggesting limited peak temperature rise under lean conditions. However, as intake pressure increases to 

2.2 and 2.6 bar, NOx mass exhibits a pronounced upward trend with VOT, particularly beyond 200 – 250 CA. This 

is attributed to longer valve overlaps promoting higher residual gas temperatures and more complete combustion, 

which intensify thermal NOx generation. The highest NOx values exceed 10 mg per cycle at 2.6 bar and high VOT, 

marking a significant emissions penalty associated with aggressive intake boosting and extended valve overlap. 
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Figure 6: Effect of VOT on NOx emissions at various intake pressures 

 

Effect of intake pressure. Fig. 7 and 8 show the effect of intake pressure on indicated power and thermal 

efficiency. As intake pressure increases from 1.0 to 2.6 bar, both power output and thermal efficiency improve 

significantly due to higher charge density, enhanced volumetric efficiency, and more complete combustion. Intake 

boosting allows a greater mass of the hydrogen–air mixture to enter the cylinder, resulting in increased combustion 

energy and improved energy conversion. While power output shows a nearly linear increase with intake pressure, 

thermal efficiency gains tend to plateau at higher boost levels as secondary losses such as heat transfer and 

pumping work begin to offset further improvements.  

 
  

Figure 7: Effect of intake pressure  on indicated power at various VOTs 
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Figure 8: Effect of intake pressure  on thermal efficiency at various VOTs 

 

Fig. 9 illustrates the impact of intake pressure on NOx emissions across various VOTs. As intake pressure 

increases from 1.0 to 2.6 bar, NOx formation generally rises, with a more pronounced increase at higher VOT 

settings. This trend is attributed to elevated in-cylinder temperatures and oxygen availability under boosted 

conditions, which enhance thermal NOx production. While low intake pressures result in minimal NOx emissions 

regardless of VOT, higher pressures, especially above 2.0 bar, lead to a sharp rise in NOx, particularly when 

combined with long valve overlaps. 

 

 
Figure 9: Effect of intake pressure on NOx emissions  at various VOTs 

Best outcomes. Within the studied design space, three best operating points were identified, each 

corresponding to a different objective. 

• Case A: Maximum power 

• Case B: Maximum efficiency 

• Case C: Minimum NOx emissions 

Table 2 presents the corresponding parameter combinations and highlights the trade-offs among power output, 

efficiency, and emissions. The baseline configuration is defined by a VOT of 300 and an intake pressure of 1.01325 

bar. This case was selected as it represents a typical naturally aspirated setup and aligns with configurations 

previously identified as high performing for hydrogen PFI engines across a wide range of operating conditions 

[28]. Case A delivered the highest indicated power output of 43.55 kW, achieved at a VOT of 430 CA and an 

intake pressure of 2.61 bar. This represents a 221% increase in power compared to the baseline case, along with 

a thermal efficiency of 48.4%. However, this configuration resulted in elevated NOₓ emissions of 8.69 mg per 

cycle. Case B yielded the maximum thermal efficiency of 48.7% at a VOT of 220 CA and an intake pressure of 
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2.59 bar. Compared to the baseline, this corresponds to an 11% improvement in efficiency and a substantial 

increase in power output to 38.66 kW, though with moderately high NOₓ emissions of 5.47 mg per cycle. Case C 

prioritized emissions reduction, achieving ultra-low NOₓ emissions of just 0.17 mg per cycle, which marks a 76% 

reduction relative to the baseline. This was accomplished with a near-zero VOT of 0.80 CA and a near-atmospheric 

intake pressure of 1.08 bar. However, this strategy compromised performance, with power output reduced to 10.96 

kW and thermal efficiency to 41.5%, illustrating the trade-off necessary to meet stringent emissions targets. 

Table 2: Best parameter combinations for maximum power, thermal efficiency, and minimum NOₓ emissions 

Case VOT (CA) Intake Pressure 

(bar) 

Power 

(kW) 

Efficiency 

(%) 

NOx (mg/cycle) 

Baseline 30.0 1.01325 13.54 43.9 0.72 

A 43.0 2.61 43.55 48.4 8.69 

B 22.0 2.59 38.66 48.7 5.47 

C 0.8 1.08 10.96 41.5 0.17 

 

CONCLUSION 

This study developed and applied a detailed CFD-based framework to evaluate the effects of valve timing and 

intake pressure on combustion performance and NOx emissions in a hydrogen port fuel injection engine operating 

under lean conditions. A total of 373 full engine cycle simulations were performed using Latin Hypercube 

Sampling to span a broad range of intake pressures and valve overlap timings. The results confirm that intake 

boosting plays a dominant role in enhancing engine performance. The configuration yielding maximum power 

achieved 43.55 kW, corresponding to a 220% increase over the baseline, while the most efficient case achieved a 

thermal efficiency of 48.7%, representing an 11% improvement. However, these benefits came with increased 

NOx emissions, particularly at high intake pressures and extended valve overlaps. The configuration that achieved 

the lowest NOx emissions reduced them by 76% compared to the baseline, although this came at the expense of 

power and efficiency. These findings highlight the inherent trade-offs between power, efficiency, and emissions 

in hydrogen port fuel injection engine design. The developed framework provides a solid basis for refining engine 

calibration and lays the groundwork for future integration of data-driven optimization and control strategies. 

 

FUTURE WORK 

Building on the CFD-based framework developed in this study, future work will focus on integrating machine 

learning (ML)-based surrogate modeling to enable faster and more adaptive engine optimization. Advanced 

regression techniques and ensemble learning methods will be trained on the existing simulation dataset to predict 

engine performance and emissions with significantly reduced computational cost. Furthermore, the framework 

will be extended to incorporate abnormal combustion phenomena, such as backfire and combustion instabilities, 

which are critical considerations for the practical deployment and calibration of hydrogen PFI engines. 
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