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Abstract - This technical paper provides a comprehensive and in-depth review of the latest advances and developments in the field of engine performance and emissions, with a focus on their technical potential and their impact on environmental, commercial, social, and economic aspects of powertrain technology. The paper analyzes how these advancements will shape the future of vehicle powertrain technology over the next 10 years, considering changing environmental and socioeconomic requirements.
1. INTRODUCTION

Due to current pressures from governing bodies of the world, Automotive manufacturers are being targeted to reduce their global impact and emissions. In 2020 the transport industry was responsible for 25% of all global C02 emissions [1]. The standard gasoline and diesel combustion engines are being phased out due to current government guidelines, with the sale of new petrol and diesel engines being banned in the UK from 2035. This creates a challenge for the automotive industry to come up with a solution and design new technology to be phased in to meet these new restrictions. 

1.1 Current Manufacturer trends 
This subsection breaks down where automotive manufacturers  are investing their resources for the future to meet new emission targets.
Manufacturers like BMW and Volkswagen are preparing full electric vehicle lineups from 2030 [2]. EVs consist of a Lithium-Ion battery pack supplying electrical charge to 4 electric motors powering each of the wheels. Although emissions at the Tail pipe are zero for EVs a Research Paper from Volvo on a life cycle analysis of the C40 and XC40 Recharge is poor due to a lack of charging infrastructure and electric power grid generation [3]. 
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      Figure 1 - Life Cycle Analysis of Volvo ICE and Volvo EV
The table above has been taken from Volvos Analysis of their ICE and Lithium-Ion Batterie EV production vehicles. It can be seen in the data that the large CO2 production is generated from the user phase of the Ice and production form electric. Only with a green power source with wind power generation for example do electric cars offer a good solution [3,4]. 

Other manufactures like Toyota and Honda as well as producing an EV Line up of cars are investing heavily into hydrogen. Hydrogen as a primary fuel source can work in two different ways. The first way is as a Hydrogen fuel cell using electrolysis to generate electrical current to power electric motors. For Hydrogen fuel cells to work the use of precious earth metals such as platinum and ruthenium are required as well as lithium in the batteries [5]. The second way is using the standard combustion process. Although Combustion on hydrogen is almost zero emissions, there are still a large amount of greenhouse gasses produced in the generation of hydrogen. Hydrogen is given a colour to describe how it is produced. Green hydrogen is produced using renewable energy sources and is zero carbon emissions [6]. 
In the UK, JCB leads in decarbonizing construction machinery, while Cummins in the US has been developing heavy-duty hydrogen internal combustion engines since 2021. Both companies produce small electric machines but see hydrogen as the solution for larger non-road mobile machinery and long-haul trucks. Their approach involves creating new engines specifically for 100% hydrogen use, leveraging existing knowledge and production facilities of diesel eninges. While they explore hydrogen fuel cells for large vehicles, they found that they struggle with high constant power demand and from less transient operations. The recent focus is on H2-ICEs for heavy-duty applications, considered a cost-effective method for engine decarbonization. [7,8]
2. COMBUSTION OF HYDROGEN 

This segment delves into the utilization of hydrogen in combustion. It explores the advantages of using hydrogen as a fuel for combustion, examines optimization possibilities, and considers potential drawbacks or market limitations. [9]
the current limiting factor in the combustion of hydrogen is uncontrolled combustion events such as pre-ignition, knocking and backfiring. These events can occur due to the natural fluctuation of the burn delay. Early combustion cycles promote auto-ignition in the unburnt zone, resulting in pressure oscillations that can potentially damage the engine. [10]
[image: image2.png]Knocking

......... 444th cycle
—— 445th cycle
------ 446th cycle

In-cylinder pressure (bar)

-240 -200 -160 -120 -80 -40 0 40 80
Crank angle (degree)




          Figure 2 - Uncontrolled Combustion of Hydrogen.
Figure 2 above shows the effect of uncontrolled combustion events have on in cylinder pressure. These events occur due to hydrogen having a very low ignition energy. This means that low energy provisions like glowing particles or hot surfaces within the cylinder can lead to these types of pre ignition events occurring as seen in figure 3. The mean ignition energy can be increased by either burning leaner or increasing he humidity within the cylinder by injecting water. However by leaning out the mixture there are significant power losses. [10]
The paper from Lukas.V [11] investigates how to optimize cylinder temperature for hydrogen combustion. The first way temperatures are reduced in the cylinder is by using Cold plugs with high heat dispersal. As second hot spot identified was the exhaust valve. This was hollowed out and integrated with sodium cooling allowing for a significant reduction of temperature at the valve head. [12]
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         Figure 3 - Ignition energy of Hydrogen Vs Iso Octane
2.1 Hydrogen Wankel Rotary 


Hydrogen rotary engines represent a promising frontier in the pursuit of clean and efficient propulsion systems. Utilizing hydrogen as a fuel source, these engines employ a rotary design that offers advantages such as smooth power delivery and compact size. In a hydrogen rotary engine, the combustion of hydrogen within the engine's chambers results in the rotation of a triangular rotor, converting the chemical energy into mechanical power [13].  
This design not only enhances efficiency but also contributes to lower emissions, as the combustion of hydrogen produces only water vapor. As the automotive industry explores sustainable alternatives, hydrogen rotary engines emerge as a compelling option with the potential to revolutionize transportation by providing a cleaner and more sustainable mode of power generation.
In figure 4, when this system is paired with Laser Ignition greater benefits can be seen with hydrogen fuel (case 2) over natural gas-powered system (case 1). The natural gas-powered rotary engine experiences a maximum pressure that is 28.5% lower than the hydrogen-fueled engine equipped with a dual ignition system. Higher maximum pressure levels observed in the rotary engine fueled by hydrogen and utilizing the dual laser ignition system have the potential to enhance the efficiency of such engines while minimizing carbon-based emissions [14]. The low traces of carbon emissions seen with the fuel are from engine lubricant used at the apex seals.
In previous iteration the rotary has been known to be unreliable and high maintenance engine. However, the reduction in CO2 and clean emissions makes them worthwhile and is a price worth paying for the benefits if consumers are willing to invest in more maintenance.  
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           Figure 4 - Hydrogen Rotary Vs Gasoline Rotary
2.2 Liquid Hydrogen Engines 

Liquid hydrogen engines work by keeping the fuel hydrogen at in its liquid state 20k (-2530C). this allows for more that 75% hydrogen to be stored compared to its gaseous state. It is then transferred from this state to a vaporizer increasing the pressure then it is injected into the system and combusted [15,16].
A second major draw backs to this design in its current for are the fuel pumps as stated by Naoaki Ito, the project general manager at GAZOO Racing Company. This is due to thermal contraction with the metals in the fuel pump causing it to lose its pressure seal. There is also a large amount of friction on the walls of the piston as no lubrication can be used as it contaminates the fuel.
3. IGNITION SYSTEMS
Ignition Systems add the activation energy required to combust the fuel and air mixture in the cylinder. Spark plugs are most used for gasoline engines with diesel engines using glow plugs when there cold and then just using the compression in the cylinder to ignite the mixture. 
3.1 Laser Ignition Systems 

A laser beam is directed towards a focal point within the flammable mixture during laser ignition. The electrical breakdown of the combustible mixture is initiated by the focused laser beam's electrical field component acting on the gas molecules in the mixture [17].
Utilizing a laser ignition system enables the placement of ignition points deep within the combustion chamber, in stark contrast to the spark plug ignition system where ignition occurs in proximity to the housing surface. This approach promotes comprehensive flame distribution emanating from various combustion sources, ensuring that the combustion front rapidly spans the entire cross-section of the chamber [18].
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               Figure 5 - Flame Speed with Laser Ignition
The Laser Ignition system demonstrateds a 29% increase in engine brake power compared to the conventional electric spark plug ignition [19]. This improvement can be attributed to the enhanced stability of engine operation, facilitated by quicker ignition and a more resilient initiation of combustion. The higher efficiency of Laser Ignition in the breakdown stage of flame kernel formation significantly reduces the initial phase of normal combustion.
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3.2 Homogeneous Charge Compression Ignition 
Homogeneous change compression ignition (HCCI) work by using exhaust gasses from the previous combustion cycle as a pre combustion charge to combust the mixture. This is done by closing the exhaust valves early trapping the latent combustion heat. The heat within the cylinder is injected with a small quantity of fuel to create the pre charge. 
The benefits of HCCI are better fuel economy, high power rating and low NOx Emissions. Despite the benefits, HCCI engines face challenges such as insufficient control over auto-ignition properties, limitations in cold start capability, and poor load-bearing capacity [20]. 
4. CONCLUSIONS

Over the next 10 years the automotive industry is going to experience rapid change and innovation. There is limited certainty to which technologies will prevail. Conclusions from this report will make arguments as to which technology will have a greater chance of success. 
· Most manufactures believe that EVs are going to be the immediate future and that in coming years range and price will not be limitations. However, they rely on clean energy sources to be a large improvement to the ICE. Even with clean emission sources of electricity the precious earth metals used in the batteries will further limit their impact.
· Laser Ignition offers a great alternative to the current electric spark plug and improves efficiency as well as power. The technology works well with the controlling hydrogen combustion as there is more control over the ignition reducing the chance of pre ignition anomalies. Implementation of laser ignition to current ICE would greatly benefit emissions. From 2035 onwards the use of Hydrogen and laser Ignition maybe be seen more often 
· The drawbacks mentioned with the HCCI engine, and the incoming 2035 regulations make it an unsuitable solution for the future. 

· Hydrogen offers lifeline for the ICE against EVs. Hydrogen engines utilize already design ICE with components that have been tested throughout the invocation of ICEs reducing the time to implement them into current design. There limited used of precious earther metals makes hydrogen combustion the solution for the future if pair with other developing technologies like laser ignition. 
It is important to note that with any solution chosen by the automotive industry the power source from the grid needs to be that of a green energy source or there will be limited reduce in CO2 emissions if any. There also must be suitable infostructure to implement any new technologies. 
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