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Abstract 

The global pursuit of carbon-neutral transportation has accelerated the development of powertrain technologies that combine high 

efficiency with near-zero emissions. While battery–electric vehicles (BEVs) provide significant environmental benefits, their limitations long 

charging time, battery degradation, reduced range in extreme climates, and dependency on critical minerals necessitate parallel exploration of 

alternative technologies. Hydrogen–electric hybrid vehicles (HEHVs) offer a promising pathway by integrating hydrogen combustion with 

electric propulsion, thereby retaining fast refuelling, high energy density, and improved power availability. However, hydrogen’s unique 

combustion characteristics wide flammability range, high flame speed, low ignition energy, pre-ignition tendency, and propensity for NOx 

formation demand substantial modifications to conventional internal combustion engine (ICE) architectures. This study focuses on the design, 

development, and optimization of a modified engine architecture explicitly tailored for hydrogen–electric hybrid applications. The 

proposed system integrates a redesigned combustion chamber, a high-pressure direct hydrogen injection (HPDI) system, variable compression 

ratio (VCR) technology, and an intelligent hybrid power management controller. The aim is to enhance thermodynamic efficiency, ensure safe 

and stable combustion, and reduce emissions while achieving seamless interaction between the hydrogen engine and the electric drivetrain. 

The modified engine achieved 12–15% higher brake thermal efficiency (BTE) compared to a baseline gasoline engine. Brake Specific 

Hydrogen Consumption (BSHC) was reduced through optimized combustion phasing and improved thermal management. Emission analysis 

indicated 35–40% reduction in NOx, minimal CO and HC emissions, and improved greenhouse gas performance compared to conventional 

fuels. In conclusion, the proposed modified hydrogen–electric hybrid engine architecture shows substantial potential as a transitional 

technology between conventional ICE vehicles and fully electric platforms. The research highlights key advancements in hydrogen combustion 

control, thermal efficiency improvement, emissions reduction, and hybrid system integration.  

Keywords: Hydrogen–electric hybrid vehicles; Modified engine architecture; Hydrogen combustion; Direct hydrogen injection; Lean-burn 

strategy; Hybrid power management; Brake thermal efficiency; NOx reduction. 
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1. Introduction 

The transportation sector is undergoing a profound transformation driven by global commitments to reduce greenhouse gas emissions, enhance 

energy security, and transition toward sustainable mobility systems. Conventional internal combustion engines (ICEs), which currently power 

the majority of vehicles worldwide, contribute significantly to carbon dioxide (CO₂) emissions and urban air pollution. Although battery electric 

vehicles (BEVs) have emerged as a strong alternative, their widespread adoption faces several challenges, including long charging times, range 

anxiety, dependence on critical minerals, reduced performance in extreme climates, and limitations in heavy-duty or long-distance applications. 

These constraints have heightened the need for complementary technologies that can bridge the transition between conventional fossil-fuel 

vehicles and fully electric powertrains [1]. Hydrogen has gained substantial attention as a clean, versatile, and high-energy-density fuel capable 

of supporting future mobility demands. Hydrogen-fueled systems offer several advantages, such as rapid refueling, high gravimetric energy 

density, and zero carbon emissions at the point of use. Hydrogen can be employed in two primary vehicular applications: hydrogen internal 

combustion engines (H₂-ICEs) and hydrogen fuel-cell electric vehicles (FCEVs). While fuel cells deliver high efficiency and produce only 

water vapor, their high manufacturing cost, complex thermal management, and sensitivity to fuel impurities limit rapid large-scale deployment. 

In contrast, hydrogen-fueled ICEs leverage existing engine technologies, manufacturing capabilities, and service infrastructures, offering a 

more immediate and cost-effective pathway for reducing emissions [2]. However, hydrogen’s unique combustion characteristics wide 

flammability limits, low ignition energy, high flame propagation speed, and inclination toward backfire, knock, and pre-ignition necessitate 

substantial modifications to conventional engine architectures. These challenges become more complex when integrating hydrogen engines 

within hybrid electric powertrains, which require seamless coordination among the engine, electric motor, battery pack, and vehicle control 

systems. The combination of hydrogen combustion and electric hybridization presents a promising opportunity to achieve high overall 

efficiency, reduced emissions, and enhanced drivability across a wide range of operating conditions [3]. Hydrogen–electric hybrid vehicles 

(HEHVs) merge the benefits of hydrogen combustion with the efficiency and flexibility of electric propulsion. Hybridization allows the 

hydrogen engine to operate predominantly in high-efficiency regions, while the electric motor supports transient load demands, low-speed 
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driving, and regenerative braking. This synergy reduces fuel consumption, enhances engine life, and minimizes emissions even under dynamic 

driving conditions. To fully exploit these advantages, it is essential to develop an optimized engine architecture specifically tailored for 

hydrogen combustion and compatible with advanced hybrid control strategies [4]. The growing demand for zero-emission mobility has driven 

extensive research into hydrogen-based propulsion systems, particularly hydrogen internal combustion engines (H₂-ICEs) and hybrid 

hydrogen–electric configurations. Early studies established hydrogen’s potential as a clean automotive fuel due to its wide flammability limits, rapid flame 

propagation, and zero carbon emissions at the point of use. [5] highlighted the feasibility of hydrogen combustion in spark-ignition engines while noting critical 
challenges such as backfire, pre-ignition, and abnormal combustion. These foundational works emphasized the need for optimized ignition control, mixture 

formation strategies, and improved thermal management to fully exploit hydrogen’s favorable properties. Subsequent research focused on lean-burn hydrogen 

combustion, with studies showing significant improvements in brake thermal efficiency (BTE) and NOx reduction when operating at high air–fuel ratios. 
Investigations by [6] demonstrated that hydrogen’s low ignition energy requires careful control to avoid flashback, leading to a strong interest in direct injection 

systems. High-pressure direct hydrogen injection (HDI), examined in detail by Musculus, Zigan, and multiple CFD-based studies, proved effective in 

mitigating backfire, improving volumetric efficiency, and enabling stratified combustion modes. These advancements established HDI as a 

critical technology for next-generation hydrogen engines. 

Parallel research explored dual-fuel hydrogen–diesel configurations, where hydrogen served as the primary fuel and diesel acted as a pilot 

for ignition. Studies conducted on CI engines by [7]  reported enhanced thermal efficiency and reduced carbon emissions but noted persistent 

NOx issues at high hydrogen substitution ratios. These findings demonstrated the limits of dual-fuel strategies and encouraged a shift toward 

pure hydrogen SI engines with advanced injection and combustion control. In addition to combustion modeling, extensive work has been 

conducted on engine materials and durability, particularly focusing on hydrogen embrittlement and valve wear. Investigations showed that 

exposure to high-pressure hydrogen can alter material microstructures, necessitating coated valves, hardened injector tips, and improved sealing materials. 

These insights guided recent engine designs toward ceramic-coated pistons, advanced alloys, and hydrogen-compatible fuel delivery components. While engine-

level research progressed, parallel advancements occurred in fuel-cell technology, offering high conversion efficiency and zero emissions. However, high system 
cost, complex water and thermal management, and sensitivity to hydrogen purity limited large-scale adoption. Consequently, recent work has shifted toward 

hybrid hydrogen–electric powertrains as a practical bridging technology. Studies by [8] demonstrated that hybridization allows the hydrogen engine to operate 

within optimal efficiency regions, while the electric motor supports transient loads, idle-stop functions, and regenerative braking. These hybrid architectures 
significantly enhance fuel economy, reduce NOx emissions, and improve driveability. Computational research has also played a major role in the evolution of 

hydrogen engine technology. CFD models have been widely used to simulate ignition delay, flame propagation, injector spray dynamics, and knock 

characteristics. GT-Power and MATLAB-based hybrid simulations have helped optimize power distribution strategies, battery state-of-charge 

control, and energy recuperation under various driving cycles. These tools have enabled the systematic design of engine geometries, injector 

configurations, and hybrid control logic [9]. 

In summary, the literature indicates substantial progress in hydrogen combustion technologies, direct injection systems, hybrid drivetrain 

integration, and material compatibility. However, significant gaps remain in achieving stable ultra-lean combustion under dynamic load 

conditions, reducing NOx emissions without compromising efficiency, and integrating hydrogen engines seamlessly with advanced electric 

hybrid architectures. The existing body of research highlights the need for a purpose-built modified engine architecture optimized for hydrogen fuel 

characteristics and capable of delivering high efficiency, low emissions, and robust performance in hybrid vehicle platforms. This study addresses these gaps by 

proposing and evaluating an advanced hydrogen–electric hybrid engine architecture supported by simulation and prototype analysis. This study proposes a novel 
modified engine architecture designed to address the combustion, thermal, and operational challenges of hydrogen fuel while achieving optimal integration with 

a hybrid electric drivetrain. The focus is on advancements such as high-pressure direct hydrogen injection, an optimized combustion chamber, variable 

compression ratio (VCR) capability, and intelligent power management algorithms. Through computational modeling, prototype development, and experimental 
validation, this research evaluates the impact of these modifications on engine performance, efficiency, and emissions. The work aims to contribute to the 

growing body of knowledge on hydrogen-based hybrid powertrains by providing a comprehensive understanding of how engine modifications and 

hybridization strategies influence overall vehicle performance [16-31]. The findings presented in this paper highlight the potential of hydrogen–

electric hybrid architectures as a practical, scalable, and environmentally sustainable solution for next-generation mobility, offering a viable 

transitional pathway toward complete decarbonization of the transport sector. 

2. Proposed Modified Engine Architecture 

2.1 Modified Combustion Chamber: The modified combustion chamber is specifically engineered to address the unique ignition and flame 

propagation characteristics of hydrogen. A redesigned pent-roof cylinder head provides adequate space for multi-hole hydrogen direct injectors, 

allowing precise control over mixture stratification. Enhanced squish and tumble flow features are incorporated to promote rapid hydrogen–air premixing, 

which is critical for achieving stable combustion under lean conditions. To improve durability and mitigate hydrogen-induced material degradation, the valves, 

valve seats, and other high-temperature components are coated with hydrogen-resistant materials. These modifications collectively enable efficient charge 
preparation, reduced backfire tendencies, and improved thermal efficiency compared to conventional engine chambers. 

2.2 Hydrogen Injection System: The hydrogen injection system utilizes a high-pressure direct injection (HPDI) arrangement capable of 

operating within a pressure range of 20–30 MPa to ensure rapid and controlled fuel delivery. Direct injection minimizes pre-mixing in the 

intake manifold, thus eliminating backfire and increasing volumetric efficiency. Cryogenic cooling is proposed for the injectors to reduce fuel 

temperature, enhance density, and suppress premature ignition, especially under high-load conditions. Injector timing, spray angle, and pulse 

width are optimized through detailed CFD simulations to achieve uniform mixture formation and desired combustion phasing. This advanced 

injection strategy provides superior flexibility for ultra-lean, stoichiometric, and stratified combustion modes [10]. 

2.3 Variable Compression Ratio (VCR) System: The variable compression ratio (VCR) mechanism is incorporated to manage hydrogen’s high 

flame speed and sensitivity to knock. By allowing the compression ratio to vary between 9:1 and 14:1, the system optimizes the engine’s 

efficiency across diverse operating conditions. At low loads, a higher compression ratio enables ultra-lean combustion and increases brake thermal 

efficiency. Conversely, at high loads, the compression ratio is reduced to prevent knocking and abnormal combustion arising from hydrogen’s low ignition 

energy. This adaptability enhances performance, reduces stress on engine components, and enables the engine to maintain optimal combustion behavior 
throughout the driving cycle: 2.4 Hybrid Powertrain Integration: The proposed architecture integrates the hydrogen engine with a high-efficiency permanent 

magnet synchronous motor (PMSM), forming a parallel hybrid powertrain. A compact 1.5–2.0 kWh lithium-ion or solid-state battery pack provides the necessary 

energy storage for electric propulsion, regenerative braking, and transient power support. The electric motor assists during low-speed operation, idling, and 
acceleration, while the hydrogen engine is reserved for medium to high-speed cruising where it operates most efficiently. Regenerative braking technology 

recovers kinetic energy during deceleration, converting it into electrical energy stored in the battery. This hybridization reduces fuel consumption, improves 

response characteristics, and enhances overall driveability. 
2.5 Intelligent Power Management Algorithm: An intelligent supervisory control algorithm coordinates the power distribution between the hydrogen engine 

and the electric motor to achieve optimal performance and efficiency. The controller monitors vehicle speed, load demand, battery state of charge, 

and engine operating conditions to determine the most effective propulsion mode. Key fuel-saving strategies include engine-off operation 

during low-speed maneuvers, pure-electric driving in stop-and-go traffic, and hydrogen engine operation during steady-state cruising. During high-demand 

scenarios such as hill climbing or rapid acceleration, both power sources operate simultaneously to ensure adequate torque delivery. This integrated energy 

management system enhances fuel economy, reduces emissions, and ensures smooth transitions between operating modes (Figure 1). 
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Figure 1 Hydrogen- Electric Hybrid Engine Architecture 

3. Methodology 

The methodology adopted for this study combines numerical simulations, prototype engine modification, and experimental validation to 

evaluate the performance of the proposed hydrogen–electric hybrid architecture. The overall approach ensures that computational insights, 

design modifications, and real-world engine behavior align to provide a comprehensive assessment of combustion efficiency, emissions, and 

hybrid performance. 

3.1 Simulation Framework: The initial phase of the research involved extensive computational analysis to predict hydrogen combustion 

behavior and hybrid powertrain performance. Computational Fluid Dynamics (CFD) simulations were conducted using ANSYS Fluent to 

model hydrogen direct injection, in-cylinder mixing, turbulence characteristics, and flame propagation patterns. These simulations provided 

critical insights into optimizing injector placement, spray angle, and combustion chamber geometry. GT-Power simulations were performed 

to analyze engine thermodynamic behavior across various loads and speeds, enabling prediction of brake thermal efficiency, peak pressure, 

and heat release characteristics. Additionally, MATLAB/Simulink was used to model and optimize the hybrid energy management strategy. 

The simulation environment enabled evaluation of power-split modes, state-of-charge trajectories, regenerative braking performance, and 

optimal switching between electric and hydrogen combustion modes (Figure 2). 

 
Figure 2 Simulation Framework 

3.2 Prototype Development: Following simulation-based optimization, a 1.2-L four-cylinder spark-ignition engine was modified to operate 

using gaseous hydrogen as the primary fuel. The prototype development included the installation of high-pressure direct hydrogen injector 

ports to support precise mixture formation and avoid backfire. To enhance durability and resist high-temperature hydrogen combustion, the 

piston crowns were coated with ceramic materials that reduce thermal losses and alleviate localized hot spots. The cylinder head structure was 

reinforced to withstand increased in-cylinder pressures associated with lean hydrogen operation and rapid flame speeds. These mechanical 

modifications ensured safe and stable hydrogen combustion while preserving structural integrity under repeated thermal cycles. 

4 Experimental Testing:  

The modified engine prototype was tested on an engine dynamometer under controlled laboratory conditions to evaluate real-world 

performance. Experimental trials were conducted across full-load and part-load operating conditions with engine speeds ranging from 1500 to 

4500 rpm to assess combustion stability, efficiency, and emission profiles at various driving scenarios. The engine was also assessed in hybrid 

power-split configurations to analyze the interaction between the hydrogen engine and electric motor during different load and speed demands. 

Key performance parameters measured included brake thermal efficiency (BTE), brake specific hydrogen consumption (BSHC), and emissions 

such as NOx, CO, and unburned hydrocarbons (HC). Additionally, battery state-of-charge (SOC) variation was recorded to evaluate the 

performance of regenerative braking and hybrid power management algorithms. The experimental data validated the simulation results and 

demonstrated the feasibility of the proposed hydrogen–electric hybrid engine architecture. 

 
Figure 3 Experimental setup  
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5. Results and Discussion 

5.1 Combustion Characteristics: The combustion analysis revealed that the adoption of direct hydrogen injection significantly reduced pre-

ignition and backfire events, two common challenges associated with premixed hydrogen systems. By injecting hydrogen directly into the 

combustion chamber after the intake valve closure, undesirable flashback tendencies were effectively mitigated. Furthermore, the engine 

demonstrated highly stable lean-burn combustion at equivalence ratios ranging from λ = 2.0 to 2.5. The wide flammability range and rapid 

flame propagation characteristics of hydrogen contributed to a faster and more complete combustion process, enabling improved thermal 

efficiency while maintaining stable cycle-to-cycle operation [11]. 

 
Figure 4 Pre-Ignition Events with Equivalence Ratio 

5.2 Engine Performance 

Engine performance results indicated substantial improvements over the baseline gasoline engine. Brake thermal efficiency (BTE) increased 

by 12–15%, primarily due to enhanced charge premixing, reduced heat losses, and optimized combustion phasing enabled by hydrogen’s high 

flame speed (Figure 5). Brake Specific Hydrogen Consumption (BSHC) decreased correspondingly, reflecting more efficient utilization of the 

fuel across the tested load conditions [12]. These gains validate the effectiveness of the modified combustion chamber and high-pressure 

injection system in achieving superior performance metrics for hydrogen-fueled operation (Figure 6). 

 
Figure 5 BTE with Engine Speed 

 
Figure 6 BSHC with Engine Speed 
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5.3 Emission Reductions: Emission analysis demonstrated the environmental advantages of hydrogen combustion. Due to the absence of 

carbon in the fuel, CO and HC emissions were nearly negligible across all test conditions. NOx emissions, typically elevated in hydrogen 

engines due to high combustion temperatures, were successfully reduced by 35–40% through the combined implementation of cooled Exhaust 

Gas Recirculation (EGR) and lean-burn strategies [13]. The reduction in NOx highlights the efficacy of controlling peak in-cylinder 

temperatures and optimizing air–fuel mixtures to achieve cleaner combustion while preserving engine efficiency (Figure 7). 

 
Figure 7 Emissions with Engine Speed 

 

 

5.4 Hybrid System Efficiency 

Integration of the hydrogen engine with the hybrid electric drivetrain produced notable gains in overall system efficiency. Regenerative braking 

contributed an additional 8–10% improvement in energy recovery, increasing the effective driving range and reducing hydrogen consumption 

[14]. The supervisory power management controller facilitated seamless transitions among electric-only, engine-only, and blended propulsion 

modes. This real-time optimization ensured that each power source operated within its highest efficiency zone, particularly during transient 

load conditions where conventional engines typically experience performance penalties (Figure 8). 

 
Figure 8 Efficiency with Engine Speed 

Overall system evaluation confirmed that the proposed hydrogen–electric hybrid architecture delivers significant advantages in performance, 

efficiency, and emissions. The combined system achieved enhanced fuel economy and markedly lower pollutant emissions compared to 

conventional and single-source powertrains. Driving performance improved due to the rapid torque delivery of the electric motor and the stable 

high-efficiency operation of the hydrogen engine. The hybrid configuration demonstrated strong adaptability to both urban stop-and-go traffic 

and steady highway cruising, making it well-suited for diverse real-world driving conditions. These results collectively affirm the viability of 

the proposed system as a promising pathway toward sustainable, low-emission transportati[15]. 

Conclusion 

This study presented the development and evaluation of a modified engine architecture tailored for hydrogen–electric hybrid vehicles, 

integrating advancements in combustion chamber design, high-pressure direct hydrogen injection, variable compression ratio technology, and 

intelligent hybrid power management. The combined simulation and experimental results demonstrate that direct hydrogen injection effectively 

minimizes pre-ignition and backfire while enabling stable ultra-lean combustion. The modified engine exhibited a significant improvement in 

brake thermal efficiency, achieving gains of 12–15% compared to a baseline gasoline engine, accompanied by a reduction in brake specific 

hydrogen consumption due to optimized combustion phasing. Emission analysis showed near-zero CO and HC emissions and a notable 35–

40% reduction in NOx when employing lean-burn strategies and cooled EGR. Hybrid system integration further enhanced overall efficiency, 

with regenerative braking contributing an additional 8–10% improvement and the supervisory controller ensuring smooth transitions across 

operating modes. The combined hydrogen–electric architecture delivered superior fuel economy, lower emissions, and improved driving 

performance across urban and highway conditions. Overall, the results affirm that hydrogen–electric hybrid powertrains represent a practical 

and effective pathway toward sustainable, low-emission transportation, bridging the gap between conventional combustion technologies and 

fully electrified mobility solutions. 
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