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      Abstract 
This comprehensive study synergizes findings from the 2 advanced simulation platforms, ANSYS Forte and Ricardo WAVE, to propose innovative engine specifications aimed at reducing combustion temperatures, emissions as well as enhancing thermal efficiency and engine performance for 2035 and beyond. The research is composed of the 2 approaches. The first utilizing ANSYS Forte to simulate effects of hydrogen-enriched fuel mixtures on emission levels within a modified Diesel engine model, and the second employing Ricardo WAVE to assess the performance of these mixtures in a three-cylinder engine model
ANSYS Forte was utilized in this research to simulate the impact of how different blends of hydrogen added into iso-propane fuel within an internal combustion engine would affect emissions. The aim is to study the effects of hydrogen integration into ICE on emission levels, with a view to developing engine specifications that align with the extrapolated emission standards projected for 2035 and beyond. The study’s hypothesis centered on the potential for hydrogen to reduce combustion temperatures and emissions. 3 simulations were executed with different ratios of hydrogen in the fuel mixture. The results were then analyzed using CFDPost, focusing on the mass fractions of CO, CO2 as well as temperature readings. The findings revealed a significant reduction in CO2 mass fractions upon the introduction and increase in of hydrogen content. A similar trend was observed for CO mass fractions, which also decreased notably as the hydrogen content increased from 50% to 80%. However, these reductions in emissions were accompanied by a notable increase in cylinder temperature from 1143.73K to 2182.97K when the hydrogen mix was adjusted from 50% to 80%. 

Ricardo WAVE was then used to simulate a three-cylinder engine model under two different fuel scenarios: a Hydrogen + Natural Gas blend and a Hydrogen + Gasoline blend. The results shown from WAVEPost demonstrated superior performance of the Hydrogen + Natural Gas blend, with higher brake power, torque and thermal efficiency compared to the Hydrogen + Gasoline Blend. The superior performance of the Hydrogen + Natural Gas blend underscores its potential as a viable alternative to traditional fuel mixtures, offering enhanced efficiency and reduced emissions for future engine designs, aligning with results from other literature reviews.
1. INTRODUCTION

This comprehensive study synergizes findings from the 2 advanced simulation platforms, ANSYS Forte and Ricardo WAVE, to propose innovative engine specifications aimed at reducing combustion temperatures, emissions as well as enhancing thermal efficiency and engine performance for 2035 and beyond. The research is composed of the 2 approaches. The first utilizing ANSYS Forte to simulate effects of hydrogen-enriched fuel mixtures on emission levels within a modified Diesel engine model, and the second employing Ricardo WAVE to assess the performance of these mixtures in a three-cylinder engine model
ANSYS Forte was utilized in this research to simulate the impact of how different blends of hydrogen added into iso-propane fuel within an internal combustion engine would affect emissions. The aim is to study the effects of hydrogen integration into ICE on emission levels, with a view to developing engine specifications that align with the extrapolated emission standards projected for 2035 and beyond. The study’s hypothesis centered on the potential for hydrogen to reduce combustion temperatures and emissions. 3 simulations were executed with different ratios of hydrogen in the fuel mixture. The results were then analyzed using CFDPost, focusing on the mass fractions of CO, CO2 as well as temperature readings. The findings revealed a significant reduction in CO2 mass fractions upon the introduction and increase in of hydrogen content. A similar trend was observed for CO mass fractions, which also decreased notably as the hydrogen content increased from 50% to 80%. However, these reductions in emissions were accompanied by a notable increase in cylinder temperature from 1143.73K to 2182.97K when the hydrogen mix was adjusted from 50% to 80%. 

Ricardo WAVE was then used to simulate a three-cylinder engine model under two different fuel scenarios: a Hydrogen + Natural Gas blend and a Hydrogen + Gasoline blend. The results shown from WAVEPost demonstrated superior performance of the Hydrogen + Natural Gas blend, with higher brake power, torque and thermal efficiency compared to the Hydrogen + Gasoline Blend. The superior performance of the Hydrogen + Natural Gas blend underscores its potential as a viable alternative to traditional fuel mixtures, offering enhanced efficiency and reduced emissions for future engine designs, aligning with results from other literature reviews.

An investigative report into the feasibility of synthetic combustible fuels for ICE beyond 2035.

In the road to decarbonization, powering vehicles with electricity might sound like a miracle cure solution. However, is it really a viable option if we don’t have the spare power to make them, and in terms of Life Cycle Analysis (LCA), does it really reduce the carbon footprint? Although the world is trending towards electric vehicles into replacing vehicles with internal combustion engines. The end result in 2035 might very well end differently, with proves provided in this investigation report.

Synthetic fuels have gained popularity in the recent years with motorsport sworn to using it beginning from 2026 in the hopes of it to replace traditional fuels. A future without fossil fuels is not necessarily a future without synthetic fuel.

Extrapolated emission regulations to 2035 and beyond
As the year 2035 approaches, the automotive industry is at a critical junction at being challenged on whether going fully electric or remain with Internal combustion engines but with considerably stricter emission regulations. If internal combustion engines (ICE) still remain in existent beyond 2035, it is reasonable to assume that the regulations will require significant reductions in total vehicle emissions and in addition, looking at also considering the full lifecycle emissions of vehicles, including manufacturing and especially fuel production, to ensure comprehensive environmental impact assessments.

Looking towards 2035, the outlook for hydrogen fuel in ICEs is one of cautious optimism. With continued research and development, supportive policies, and industry collaboration, hydrogen has the potential to become a mainstream fuel choice for L class vehicles. This would offer a sustainable path that complements the electrification of the transport sector, providing consumers with a cleaner and more environmentally friendly option for mobility.

Currently, the impending implementation of Euro 7 standards is anticipated to mark the basis of extrapolated emission regulations if ICE engines continue beyond 2035. The proposed Euro 7 standards does not impose further limits on CO2 emissions but instead introduces a new Nitrogen Oxide (NOx) emission limit for all ICE of 60 mg/km regardless of any fuel type (European Commission, 2022).
The looming prospect of zero-emission requirements suggest that in order for internal combustion engines to survive, adaptations have to be made, most possibly through the integration of synthetic fuels, or e-fuels as a newer term being called. These fuels balances between the traditional reliance on fossil fuels and the prospect of being carbon-neutral. 

Proposal of Using Hydrogen Fuel

Today’s emission standards are mainly based on the release of Hydrocarbons (HC), carbon dioxide (CO2), carbon monoxide (CO) and nitrogen oxides (NOx). There are many advantages in using Hydrogen as a renewable fuel to power Internal Combustion Engines. Firstly, Hydrogen is a high mass density fuel that does not release harmful emissions as mentioned above such as carbon monoxide (CO), carbon dioxide (CO2) and Sulphur Oxides (Sox), wandering it into the scope. The HC and CO content in an engine running on hydrogen fuel are very low because of the lack of hydrocarbons in hydrogen fuel. The only byproducts from the combustion of Hydrogen fuel are H2O (water) and NOx (Nitrogen Oxide). Nitrogen Oxide pollutants are formed at high temperatures when there is presence of nitrogen in the air (Shelyapina et al., 2021). Due to the high temperatures of hydrogen combustion, NOx also becomes the sole pollutant byproduct in the equation.

Environmental Impact of Hydrogen Fuel

The environmental implications of hydrogen fuel are a critical aspect of its feasibility as a synthetic fuel for internal combustion engines. When produced via green methods, such as electrolysis powered by renewable energy, hydrogen fuel has the potential to significantly reduce the carbon footprint of the transportation sector. The combustion of hydrogen in ICEs produces water vapor as the only byproduct, eliminating carbon dioxide emissions that are characteristic of fossil fuels. This positions hydrogen as a compelling candidate for achieving stringent environmental targets set forth by governments worldwide.

However, the production of nitrogen oxides (NOx) remains a challenge due to the high combustion temperatures associated with hydrogen. These emissions contribute to air pollution and require advanced exhaust after-treatment systems to mitigate their impact. Research into low-temperature combustion techniques and the development of selective catalytic reduction (SCR) systems are among the solutions being explored to address NOx emissions from hydrogen-fueled ICEs.

Although hydrogen gas being one of the simplest elements, it does not occur in the natural form. Therefore, it must be extracted from compounds, typically from hydrocarbons or water. The most common and cost-effective way to extract hydrogen is through hydrocarbon reforming. However, this process results in the emission of CO2. In contrast, water electrolysis is a greener alternative, however does consume significant amounts of electrical energy (Halmari, 2005). Thus, the life cycle analysis of hydrogen fuel is also paramount in evaluating its environmental impact. 
3. Methodology & Results
Use of ANSYS Forte for modelling 
To propose an engine specification with the aim of reducing emissions for 2035 and beyond, the use of ANSYS Forte for simulation is needed. The model used in the simulation is modified based on the sample Diesel model provided with custom fuel, EGR chemistry. 

According to the research from Li et al., 2019, the addition of hydrogen is widely used to enhance the combustion performance of a single-component fuel, such as iso-octane (iC8h18). It was found that the addition of hydrogen significantly reduces ignition delay and emissions due to the fact the preferential mass diffusion of hydrogen over iso-octane significantly increases the local hydrogen blending level at the ignition kernel.
The ideology behind this simulation is trying to validate by mixing different ratios of hydrogen into the gas mixture, to try and achieve lower temperatures and emissions. 

3 different simulations with custom gas mixture were run in ANSYS Forte, the end results were then put into CFDPost for post analysis and closer inspection in terms of CO Mass Fractions, CO2 Mass Fractions and temperature.

Base Run
The purpose of this run is to show the emission levels in a traditional fuel mixture with full ic8h18 (iso-octane). 
	Species
	Mass Fraction

	O2
	0.1967

	H2o
	0.0089

	Co2
	0.0192

	N2
	0.7189

	ic8h18
	0.0562


(Figure 1. Mass fraction of Base Run)

Test Run 1 with 50% Hydrogen, 50% ic8h18 mix
	Species
	Mass Fraction

	O2
	0.1967

	H2o
	0.0089

	Co2
	0.0192

	N2
	0.7189

	ic8h18
	0.0281

	H2
	0.0281


(Figure 2. Mass fraction of test run 1)
Test Run 2 with 80% Hydrogen mix
	Species
	Mass Fraction

	O2
	0.1967

	H2o
	0.0089

	Co2
	0.0192

	N2
	0.7189

	ic8h18
	0.01124

	H2
	0.04496


(Figure 3. Mass fraction of test run 2)

Upon running the simulation and exporting the chemistry results to CFD Post, we are able to observe the results of emissions, illustrated below:
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(Figure 4. Contour illustration of Base run with only ic8h18 CFD results showing CO2 Mass Fractions)

In figure 4, it shows the max CO2 mass fraction to be 0.201107, which will be compared with results from test run 1 (50% hydrogen mix) and test run 2 (80% hydrogen mix).
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(Figure 5. Contour illustration of Test run 1 with 50% hydrogen mix CFD results showing CO2 Mass Fractions)

When comparing results from figure 4 and figure 5, with the peak value of 0.201107 and 0.0360315 respectively. It can be observed that there is a significant decrease in CO2 mass fractions. This is due to the increase from 0% to 50% in H2 gas mixtures.
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(Figure 6. Contour illustration of Test Run 2 with 80% hydrogen mix CFD results showing CO2 Mass Fractions)

When comparing results from figure 5 (50% hydrogen mix) and figure 6 (80% hydrogen mix), with the peak value of 0.0360315 and 0.0192019 respectively. It can be observed there is a further drop in CO2 mass fractions. This is due to the further increase in H2 gas mixtures. As we inspect further, it can be seen that the mass fractions of Carbon monoxide (CO) particles also decrease when increasing the mixture of hydrogen from 50% to 80%.
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(Figure 7 & 8: CO results of 50% hydrogen on the top; CO results of 80% hydrogen on the bottom)

The peak value of CO Mass fractions decreases from 0.0475362 to 0.0282835. Although the reduce in of CO2 and CO mass fractions do show promising results, a significant problem does arise in cylinder temperature. Below shows the temperature contour illustration of results from test run 1 and test run 2.
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(Figure 9. Contour temperature results [in K. Kelvin] from test run 1, 50% hydrogen mix)
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(Figure 10. Contour temperature results [in K. Kelvin] from test run 2, 80% hydrogen mix)

From the results of above figures, it can be observed that by altering the Hydrogen gas mixture from 50% to 80%, the maximum temperature has risen from 1143.73[K] to 2182.97[K]. These experimental results can be validated against data from results from Bayramoğlu & Yılmaz, 2020 and Ekin et al., 2022. 

To highlight the results of ANSYS Forte, the impact of hydrogen integration into iso-propane fuel within an internal combustion engine was investigated. The simulations focused on emission levels, aiming to align with projected emission standards for 2035. Key findings include:

1. Emission Reduction: Hydrogen significantly reduced CO2 and CO mass fractions when blended with iso-propane. The introduction of hydrogen led to a notable decrease in emissions.

2. Temperature Trade-Off: However, this reduction in emissions was accompanied by increased cylinder temperatures. Adjusting the hydrogen mix from 50% to 80% resulted in a substantial rise in temperature.
Use of Ricardo WAVE for modelling

According to the research from Ekin et al., 2022, it experimented with mixing hydrogen fuel with natural gas, running it in a simulated engine environment. The research started by stating the facts that hydrogen fuel, being a high mass density fuel, does not emit harmful byproducts such as carbon dioxide and carbon monoxide, etc. However, the cons being the increase of local temperatures in the cylinder and the emission of Nitrogen Oxides (NOx). In fact, it was stated the cause of NOx is directly due to the high burning rate nature of Hydrogen fuel, the level of NOx is also found to be directly related to the rise in temperature. 

The researcher then suggested that natural gas is a good candidate to put into fuel mixture with hydrogen fuel. Natural gas is slow burning gas, and by mixing it into the fuel mixture, it was able to achieve a decrease in local temperature inside the cylinder. The results showed that NOx emissions declined as the decrease in local temperature.

To further investigate the possibility of mixing hydrogen fuel into different blends of other fuel. A three-cylinder model has been built in Ricardo WAVE in order to simulate the use of different fuel mixtures. Below shows the engine specifications for both runs.

	Number of Cylinders
	3

	Bore
	78.1 mm

	Stroke
	82 mm

	Conrod length
	150 mm

	Compression Ratio
	10:1

	Number of valves
	1 Intake & 1 exhaust

	Injection
	Direct Injection
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(Figure 11. Ricardo WAVE model of the 3-cylinder engine sample)

The proposed methodology is to run the simulation with the engine under two different fuels, which are Hydrogen + Natural gas blend and Hydrogen + Gasoline blend. Both engine simulations were run and the results were then showed in WavePost.

Prior to running the simulation, as we are running the custom blend of fuel, a custom fuel file has to be specified. Both fuel blends have to be mixed using the “Fuel and Air Properties Panel”, shown below.
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(Figure 12. Hydrogen + natural gas fuel blend mix)
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(Figure 13. Hydrogen + Gasoline fuel blend mix)

As the simulations are conducted using gaseous fuel type, the injectors in the engine also needed to be altered from running liquid fuel to vaporized fuel under the injectors panel. The combustion model of each cylinder also has to be changed from the default SI Wiebe Combustion model to Multi-Wiebe Combustion model to run multiple fuels, otherwise the simulation would fail to run. 
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(Figure 14. Injector type)
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 (Figure 15. Multi-Wiebe combustion model)

Difficulties
During modifying the hydrogen + gasoline model, difficulties were faced as hydrogen is a gaseous type fuel, but gasoline is a liquid-based fuel. As a result, another set of liquid-type injectors for gasoline fuel composition has to be added to the model. The 2 sets of injectors also have to be specified for running 2 different fuel types under the fuel type panel. In addition, the injection rate has also been modified. Figure 16 shows the model of which additional set of injectors being added for gasoline injection.

[image: image13.png]S




(Figure 16. Additional set of liquid-based injectors being added to the model)

Upon running both simulations, the results from WAVEPost are being shown below.

Hydrogen + Natural Gas

Brake Power
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(Figure 17. Brake Power plotted against engine speed, max power 65.6 kW @6000rpm)

Brake Torque
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(Figure 18. Brake Torque plotted against engine speed, max torque 136Nm @3000rpm)

Thermal Efficiency
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(Figure 19. Thermal efficiency plotted against engine speed, peak 16.3% @3000rpm)

Exhaust Gas Temperature
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(Figure 20. Exhaust gas temp plotted against engine speed, circa 1084 K @6000rpm)

Hydrogen + Gasoline

Brake Power
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(Figure 21. Brake Power plotted against engine speed, max power 54.9 kW @6000rpm)
Brake Torque
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(Figure 22. Brake Torque plotted against engine speed, max torque 119Nm @3000rpm)

Thermal Efficiency
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(Figure 23. Thermal efficiency plotted against engine speed, peak 10.6% @2000rpm)

Exhaust Gas Temperature
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(Figure 24. Exhaust gas temp plotted against engine speed, circa 875.24 K @6000rpm)
The final results are then put into a table for easier comparison:
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To highlight the simulation from Ricardo WAVE, the simulation based on the 3-cylinder engine running on two different fuel scenarios provided the following key results:
1. Hydrogen + Natural Gas Blend:

Brake Power: Achieved a maximum of 65.6 kW at 6000 rpm.

Brake Torque: Reached 136 Nm at 3000 rpm.

Thermal Efficiency: Peaked at 16.3% at 3000 rpm.

Exhaust Gas Temperature: Approximately 1084 K.

Superior Performance: This blend outperformed the hydrogen + gasoline mix.

Environmental Implications: While exhaust gas temperature was higher, overall efficiency was better.

Feasibility: Hydrogen + natural gas offers promise for future engine designs.

2. Hydrogen + Gasoline Blend:

Brake Power: Maxed out at 54.9 kW at 6000 rpm.

Brake Torque: Achieved 119 Nm at 3000 rpm.

Thermal Efficiency: Peaked at 10.6% at 2000 rpm.

Exhaust Gas Temperature: Around 875.24 K.

Challenges: Liquid-based gasoline injection and complexity of dual fuel systems.

Weight and Complexity: Hydrogen + gasoline mix requires additional storage and delivery systems.
Upon comparing the WAVEPost simulation results, it reveals that the performance output from hydrogen + Natural gas fuel blend is superior than the hydrogen + gasoline fuel blend. 

Specifically, the Hydrogen + Natural Gas blend achieved a maximum brake power of 65.6 kW at 6000 rpm, torque of 136 Nm at 3000 rpm, thermal efficiency of 16.3% at 3000 rpm, and an exhaust gas temperature of 1084 K. In contrast, the Hydrogen + Gasoline blend showed a maximum brake power of 54.9 kW at 6000 rpm, torque of 119 Nm at 3000 rpm, thermal efficiency of 10.6% at 2000 rpm, and an exhaust gas temperature of 875.24 K.
The result suggested that hydrogen + natural gas is a better option for a fuel mixture as it achieves superior performance. Natural gas and hydrogen have different thermodynamic effects on engine performance and exhaust gases. The fact that natural gas is a slow burning gas also helps bring down the temperatures in the total temperatures. Although the results from WAVEPost showed a higher exhaust gas temperature than the hydrogen + gasoline mix, the total thermal efficiency is higher on the hydrogen + natural gas blend as the total power and torque is higher. Moreover, in a real-world comparison, a hydrogen + gasoline blend fuel scenario would require an additional liquid fuel storage and delivery system, the vehicle would end up needing a traditional gas tank and a high-pressure tank for onboard storage of hydrogen gas, as well as two different fuel injection systems as mentioned in figure 16, the actual operation would proof to be too complicated and heavy in weight. 

4. Conclusion

This study presents a forward-looking approach to engine design, leveraging the capabilities of ANSYS Forte and Ricardo WAVE simulation platforms to explore the potential of hydrogen-enriched fuel mixtures. The research reveals that by integrating hydrogen into fuel mixtures, can significantly reduce emissions, aligning with the stringent emission standards anticipated for 2035. The ANSYS Forte simulations reveal that hydrogen-enriched fuels can decrease CO2 and CO emissions, presenting a promising avenue for cleaner combustion processes, however, the reduction in emissions does come with a significant trade-off, at the cost of increased combustion temperatures. This rise in temperature, observed when the hydrogen content is increased from 50% to 80%, poses a challenge for engine materials and longevity, necessitating further research into thermal management solutions.
The comparative analysis using Ricardo WAVE demonstrates that a Hydrogen + Natural Gas blend outperforms a Hydrogen + Gasoline blend in terms of brake power, torque, and thermal efficiency. This superior performance, coupled with the environmental benefits of reduced emissions, underscores the viability of Hydrogen + Natural Gas as a fuel mixture for future internal combustion engines.

In conclusion, the integration of hydrogen into internal combustion engines emerges as a viable strategy to meet future emission standards while enhancing engine performance. However, the associated increase in combustion temperatures requires careful consideration in engine design to ensure reliability and durability. The promising results from the Hydrogen + Natural Gas blend suggest a potential shift in fuel strategies for the automotive industry, steering towards more sustainable and efficient engine technologies for 2035 and beyond.
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