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Abstract 
Hydrogen internal combustion engines are a viable and sustainable alternative to fossil fuel vehicles for a carbon-neutral motorsport prospect in the 21st century [2]. This technical paper explores the main challenges and solutions for improving the performance and efficiency of hydrogen engines in racing by comparing the power output of hydrogen and gasoline engines, and discusses the factors that affect the engine output, such as the heat value, air mass flow, turbocharging system, and compression ratio. It also examines the combustion and emission characteristics of hydrogen engines at a base level, and how they can be optimized by using direct hydrogen injection and sophisticated combustion strategies [5]. Finally, the publication gives an overview about the socioeconomic and political implications of hydrogen fuel in motorsport, and predicts that hydrogen engines will gain more popularity and acceptance in the future, especially in Formula 1, where electric vehicles are not suitable [11]. Hydrogen internal combustion engines have the potential to revolutionize motorsport and contribute to the global efforts to reduce greenhouse gas emissions and combat climate change.

1. INTRODUCTION

Hydrogen is a potential solution for carbon-neutral motorsport in the 21st century, as it can power vehicles either by fuel cell or by combustion engine. Both methods produce only water as a by-product, making them carbon-neutral if the hydrogen is produced from renewable sources. However, there are significant differences and challenges between the two technologies, both in terms of performance and sustainability.
Fuel cell vehicles convert hydrogen into electricity through a fuel cell, which is more efficient and quieter than a combustion engine. However, fuel cell vehicles also require complex and expensive systems to store and deliver hydrogen, as well as to manage the heat and water generated by the electrochemical reaction.

Combustion engines burn hydrogen in a similar way to gasoline or diesel engines, which are more familiar and simpler than fuel cells, while still maintaining to be carbon-free. However, combustion engines also face challenges such as ignition, combustion, and emission control, as well as the need for high-pressure hydrogen tanks [4].
Although the idea of Hydrogen powered engines is already starting to become a popular trend for car manufacturers to develop on, the current technological advances in hydrogen technology is still limited to only hydrogen fuel cells [6]. The development of using hydrogen in an internal combustion engine is still rather insignificant when compared to EV development. In the sense of motorsport, the main pursue/goal is to maximize the engine’s power output relative to its displacement while maintaining a certain degree of reliability. Hydrogen Internal Combustion engine (HICE) is the preferred candidate of producing high performance. However, although HICE being carbon free, it still emits nitrogen oxides (NOx) as a by-product, which also needs to be addressed to a lower level in order to comply with regulations [9].
This paper will mainly be focusing on the use of hydrogen internal combustion engines in motorsport.
1.1 The current trend of HICE in Motorsport
The sole goal used to be only to implement the idea into having longer ranged, more reliable and lower emission and consumption road cars. It is only until very recently that, manufacturers such as Porsche and Toyota have started their development on high-performance hydrogen engine technology in motorsport while also complying with emission regulations. 
As Porsche Senior Expert Engine Simulation Engineering, Vincenzo Bevilacqua stated, the problem with commercial hydrogen powered vehicles is their low engine output of only around 50 kW per liter. The aim at Porsche is to develop a Hydrogen powered engine that matches the power as well as torque of a gasoline engine, while also maintaining low hydrogen consumption and emissions [1].

1.2 Characteristics of HICE and how it influences the design of the engine
One of the most important differences in characteristics between running Hydrogen and traditional liquid-based fuels, such as Petrol and diesel is their combustion characteristic. Compared to liquid-based fuels, hydrogen has a high compression speed, high self-ignition temperature and wide inflammability limit. These characteristics contribute to the tendency of engine knocking and backfire. This phenomenon is caused by the backflow of the ignition flame coming out of the cylinder into the intake manifold during the intake and exhaust valves overlap period [15][16].  As a result, engines designed for liquid fuel shouldn’t be run on hydrogen fuel without significant considerations to modifying the engine internals. 

2. Power output HICE vs. Gasoline Engine
From a study of SAE International, the researchers have experimented with converting a 2.3 Liter turbo four stroke gasoline-based engine into running hydrogen fuel. They’ve then compared the engine dyno results from the same engine running the 2 different fuels. The engine output results are shown in the graph.
Figure 1: Power output difference between Hydrogen engine and Gasoline engine. (2.3L turbo 4-stroke)
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It can be seen from the result that the hydrogen engine was running nearly 3 times lower the power from the gasoline engine. The researchers have concluded the contributing factors to be [9]; 

1. The hydrogen-air mixture has a lower heat value than the gasoline-air mixture, which means that the cylinder receives less total energy.

2. The cylinder’s volume is filled by the hydrogen, which reduces the air mass flow for the turbo-charged hydrogen engine.

3. The hydrogen engine is not compatible with the gasoline engine’s turbocharger because of the lower air mass flow and hydrogen partial pressure.

3. Posed challenges
Hydrogen has the characteristics of very fast flame speed combined with low ignition energy, which makes it easily ignited by hot spots in the engine cylinder. German engineer Rudolf Erren first suggested the method of feeding hydrogen fuel at an increased pressure directly into the engine cylinder, also known as direct hydrogen ignition [4]. According to Erren himself, this idea had successfully solved the ignition problem [14]. The idea is also backed by modern researches to improve the engine power output without the risk of backfire. However, even with direct hydrogen injection, the power output is still significantly lower than the output of a conventional gasoline engine [6] (Example shown in Figure 1). 
4. Overcoming the challenges
In order to increase the power output of a HICE engine while complying with emission standards, engineers from different companies such as Porsche engineering and JCB have come up with different approaches into modifying the engine, the changes are all revolving around the ideas of reworking the turbocharging system and changing the compression ratio of the engine. 
4.1 Electrically-assisted turbocharging system
Due to the nature of hydrogen having a low density compared to gasoline or diesel as well as high specific heat ratio when compared to oxygen, this means it requires a lot more compression work in order to achieve the same pressure increase as a high-density gas like gasoline [13]. A conventional turbocharger designed for traditional liquid-based fueled engines will not work as effectively in its hydrogen counterpart.
The goal of Porsche is to develop a HICE that matches the power and torque output of a current high performance gasoline engine. Porsche engineering has developed an electrically-assisted turbocharging system consisting of dual stage coaxial compressor based on a 4.4-Liter V8 engine. The turbocharger is driven by a common shaft that connects both the turbine wheel and electrical motor which can generate around twice as much air mass as in a gasoline engine. Porsche claims that with the whole package to achieve performance matching the original gasoline engine [1].
Figure 2: Porsche’s electrically-assisted turbocharging systems
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4.2 Low Compression or High Compression?

Traditionally hydrogen engines have to be designed with a lower compression ratio in order to minimize the risks of engine knocking [17], however lowering the compression ratio also limits the power output and efficiency of the engine. 
The HICE prototype of JCB features a modified version of a 4.8-liter 4-cylinder diesel engine. Such modifications included higher compression ratio and a modified fuel injection system [3]. Similar approach from Porsche engineering also features a higher compression ratio in their 4.4 Liter V8 hydrogen engine in order to achieve maximum power output. Their approach to solving engine knocking is by having a sophisticated combustion strategy which adapts to the different operating conditions of the engine [1]. 

Therefore, choosing the right compression ratio is a crucial matter of balancing between the objective of power and the constraints of increased engine knock.
5. Socioeconomic & Political considerations of Hydrogen Fuel in Motorsport
There is no denial that electrification in the automotive industry is becoming more and more of a predominant force. There has been lots of debate on whether electrification or hydrogen fuel is the future in the automotive industry. Many major car manufacturers nowadays are focusing more on electric cars and neglecting the development on hydrogen fueled cars. And we can’t blame them for it, reason being the investment cost is enormous and the infrastructure to make hydrogen fuel powered cars popular requires support from the government level, plus a very long transitional period [6].

While it is not so certain in the current stage about the trend of commercial vehicles in ten years, whether electrification or hydrogen fuel will gain more popularity. There are more grounds to more accurately predict the future trend in motorsport. 

For instance, it is predicted that F1, being the pinnacle of motorsport. Although in recent years have gone down the hybrid route and downsizing of the number of engine cylinders and displacement. However, according to motorsport fans and surveys, having an ICE engine still remains a crucial part of F1 [10]. It is not realistic that F1 will go full electric, as it would contradict with Formula E, which is already a very developed series on its own [8] [10][12]. Furthermore, Electrically-assisted turbochargers are already used in Formula 1 racing, where they provide instant boost and energy recuperation [11]. The concept of electrically assisted turbocharging system in HICE can be easily adopted to suit the series. Thus, many experts have already investigated the possibility of introducing sustainable and renewable fuels into F1, with hydrogen being one of the likely potential possibilities. 
6. Conclusion and Future Perspectives
Based on the facts and data in the paper, Hydrogen internal combustion engine has presented itself to be an attractive option to achieving carbon-neutral in motorsport over the next 10 years. The paper has shown that hydrogen engines can achieve comparable power and torque output as gasoline engines by using electrically-assisted turbocharging technology and higher compression ratios, while also reducing the risks of engine knocking and backfire by using direct hydrogen injection and sophisticated compression strategies which adapts to different operating conditions of the engine, proving that having a high compression ratio, high performance HICE engine doesn’t always equal to engine knocking. 

While whether electrification or hydrogen engines is going to be the future for the commercial automotive industry is still under debate. What we can be certain is motorsport has always been the frontier and main driving force for technological advances for our normal everyday car [7]. Hydrogen engines have presented to be a highly viable candidate for both power and environmental prospect.
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