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Abstract - Many nations are actively investigating cleaner, low-carbon fuels for internal combustion engines(ICE) while also setting aggressive carbon reduction objectives in response to the twin issues of energy scarcity and climate change. Given its potential for sustainable manufacturing, hydrogen emerges as a particularly promising candidate for future energy, given its potential for sustainable production. Because hydrogen is a carbon-free fuel, it can lessen the harmful emissions that come from diesel engines, like smoke, particulate matter, carbon monoxide, and unburned hydrocarbons. However, there are problems with hydrogen diesel engines, like significant NOX emissions and knocking combustion. With minimal modification, current compression ignition diesel engines can operate on hydrogen as a dual fuel mode. Particularly, a dual fuel engine running on hydrogen and diesel can decrease hazardous pollutants, increase thermal efficiency, and enhance fuel economy. This paper reviews how hydrogen affects dual-fuel diesel engine behavior.
1. INTRODUCTION

The world has had three serious energy crises since the 1960s, and conventional fossil fuel supplies are getting harder to come by. To satisfy the rising need for energy, it is therefore becoming more and more necessary to discover and use alternative fuels. Furthermore, fossil fuels contribute significantly to greenhouse gas emissions and the acceleration of the global warming trend. In addition to lessening the financial strain on nations that depend on oil imports and relieving pressure on the high demand for traditional fuel resources, the use of alternative fuels also lowers car emissions and environmental pollutants in ICE [1].
Fuel cell, battery electric and hydrogen engine vehicles have become viable substitutes for ICE. These power sources cannot replace the ICE in most applications in the short term, particularly for commercial transportation[2], [3]. Furthermore, hydrogen has the potential to significantly improve ICEs' sustainability, viability, and efficiency. Enhancements can be amplified by producing hydrogen using sustainable energy sources like solar and wind power. It is projected that the growing number of commercial applications utilizing diesel engines will persist, so it is critical to develop strategies for lowering the emissions that result from the burning of diesel. Mixing hydrogen in dual-fuel diesel engines can be a practical short-term solution to environmental problems.
1.1 Diesel Engine
Diesel engines are more torque and less fuel than petrol powered engines. Diesel engines are therefore commonly used in technical equipment, marine engines, and commercial transportation[4]. Diesel engines, however, have the potential to pollute the environment. A significant amount of carbon monoxide (CO), nitrogen oxide (NOx), soot, and hydrocarbons (HC) are released during the combustion process of diesel when it cannot burn entirely in the engine. Both the environment and people may be increasingly damaged by these pollutants[5]. An increasing number of developments in diesel engines are aimed at lowering emissions of pollutants and enhancing thermal efficiency.
1.2 Hydrogen Engine
Hydrogen as an engine fuel has the following advantages comparing with petrol and diesel[6]:
1. A wide range of resources and raw materials can be used to manufacture hydrogen, which can be done in a number of ways, including by electrolysing water, extracting it from natural gas and gasification.

2. The sole byproduct of burning hydrogen in pure oxygen is water; no carbon smoke, CO, CO2, HC, or other pollutants are formed, making it less harmful to the environment. When hydrogen is burned in air, only NOX is released.
3. The low ignition energy of hydrogen facilitates lean combustion, which raises engine thermal efficiency and lowers emissions.
However, there are still certain issues with hydrogen engines that will likely keep them from being widely used in the near future. These issues include hydrogen embrittlement when it comes into contact with metals and the significant amount of nitrogen oxides created during combustion.
1.3 hydrogen/diesel dual fuel engines
Hydrogen as an additive has less cyclic changes than other fuels, which enhances efficiency, smoothness, and emissions. As Figure 1 illustrates, hydrogen has a very low minimum flammability limit in comparison to other kinds of  fuels, making it the ideal fuel for dual engines.
 Furthermore, high compression temperatures are typically produced by heat transport and thermodynamic properties of H2, which enhance engine efficiency during lean mixture operation[7]. Hydrogen is therefore a suitable additive choice for diesel engines.
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Figure 1: Lean operating limit variations for various gaseous fuels with varying compression ratios [7]
Furthermore, some studies have demonstrated that dual-fuel engines can effectively increase the thermal efficiency 
of diesel engines, reduce greenhouse gas emissions, and lower non-renewable energy consumption, including CO and CO2. These results help meet environmental protection regulations. In addition, compared to fully electric and hybrid vehicles, the dual-fuel system may be readily adapted using the existing diesel engine, saving a significant amount of money.
2. Use Hydrogen in Diesel Engines 
In hydrogen/diesel dual engines, hydrogen is first injected into the intake tract and pre-mixed with air. It is then passed into the combustion chamber where it is fully mixed with air. Finally, liquid diesel fuel is injected to finish the combustion. Throughout the process, the gaseous fuel does not auto-ignite through compression, but is ignited through compression after the liquid fuel is injected.
The hydrogen/diesel dual engine combustion process in the combustion chamber is shown in Figure2 [8]. In the first stage, diesel fuel is injected through the injector into the unburned region of the H2-air mixture, and the diesel spray begins to evaporate and diffuse through the mixture gas. In the second stage, diesel premixed combustion begins through compression, while igniting the H2-air mixture. In the third stage, the combustion flame of the diesel fuel and burned zone begins to spread outwards, gradually igniting the surrounding hydrogen gas. In the fourth stage, mixing controlled burn begins, and the combustion flame of the hydrogen gas also begins to propagate outward rapidly, while knocking occurs in unburned mixture zone. In the fifth stage, hydrogen and other spray plumes are overlapped on each other. The sixth stage of combustion ends with some of the hydrogen not completely burned.
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Figure 2: Combustion progress of hydrogen/diesel dual-fuel [8]
Tsujimura et al.[9] looked into the problem of abnormal combustion and the combustion characteristics of hydrogen DDF operation. Hydrogen is supplied by gas injectors using a single-cylinder diesel engine. They came to the conclusion that while thermal efficiency increases with engine load, it decreases with engine load.
The effects of hydrogen doping and rate modifications on heat release and combustion in dual fuel engines powered by hydrogen and diesel were investigated by Qin et al. [10] The experiments were designed with the goal of optimising the combustion performance of diesel engines by fully utilising the rapid diffusion of hydrogen in air. They concluded that H2 as additive to conventional diesel engines results in a significant reduction in combustion time, as well as enhanced thermal efficiency and more complete combustion.
Dimitriou et al.[11] proposed a new method to reduce unburnt hydrogen rate and pollutant emissions based on increasing engine EGR rate. The effects of the EGR rate and the diesel injection characteristics on engine performance were examined using statistical research methods. The best way to improve combustion efficiency and reduce NOX emissions, they found, is to raise the cylinder's combustion temperature by boosting the EGR rate.
3. FUTURE DIRECTION
Hydrogen/diesel dual-fuel engine is a new technology since the last decade and have the following advantages for the development of the automotive industry and environmental field in the next 10 years:
1. At present, hydrogen storage and transport facilities are not perfect, and dual-fuel engines. As a transitional technology, it can contribute to the gradual improvement of hydrogen storage infrastructure in all countries of the world in the next decade in preparation for the full improvement of hydrogen engines in the future, and help the automotive and industrial sectors to gradually transition to a cleaner source of energy. Hence this is of great important in reducing dependence on conventional oil and promoting sustainable energy.
2. Hydrogen/diesel dual-fuel engines can significantly reduce CO, CO2 and other greenhouse gases and harmful emissions compared to traditional diesel engines. At the same time, it can produce less NOx compared to pure hydrogen engine. Therefore, this technology can effectively alleviate the environmental pollution problems caused by engine emissions in the future. 
3. Usage of hydrogen in diesel engines can accelerate  flame propagation rate, shorten the combustion time and ignition delay period, improve the dilute combustion capacity, the thermal efficiency, and it  can significantly reduce the consumption of fossil fuels. 
4. Compared to fuel cells and hydrogen engines, the cost of production for dual-fuel engines is lower. It can be realized by simple transformation of original diesel engine and adding hydrogen tank, hydrogen injector and control unit (ECU). So it can be widely used in existing diesel engine vehicles and mechanical equipment.
5. Since the diesel engines have the larger torque than gasoline engines and hydrogen engines. Consequently, the dual-fuel engine can also be used in a wide range of marine engines, construction equipment, etc., not only limited to automobile engines.
Although the dual-fuel engine has the above advantages, it will be improved in the future, and further research can be carried out in the following aspects in the future research work:
1. Compared to a conventional diesel engine, the dual fuel engine emits more nitrogen oxide. It can reduce nitrogen oxide emissions by varying the proportion of hydrogen doping and the EGR rate to lower the peak combustion temperature of the cylinder.

2. In accordance with the above combustion process, the usage of hydrogen in the diesel engine may increase the possibility of the knocking, which can lead to a reduction in engine power, an increase in fuel consumption, an increase in noise, a deterioration in vehicle comfort, and the possibility of controlling knocking by adjusting the fuel injection timing.
3. The best engine thermal efficiency is achieved by adjusting the proportion of hydrogen in diesel engine, thereby saving the consumption of non-renewable energy sources.
4. Research the influence of multiple factors such as injection advance angle, hydrogen injection advance angle, EGR rate and throttle opening on the efficiency of hydrogen/diesel dual fuel engine under different operating situations to completely release the engine performance.
5. Most of the current research has been conducted at standard atmospheric pressure. In the future, experiments can be conducted for different altitudes and atmospheric pressure to analyze the changes in the efficiency of dual-fuel engines at various altitudes.
4. CONCLUSIONS

Hydrogen/diesel dual-fuel engines can be commonly used as a technology for transitioning to a cleaner energy source when the technology for storing and transporting hydrogen is not perfect. Hydrogen as an additive in diesel engines can be used in applications requiring high loads such as commercial vehicles and agricultural machinery. The new engine architecture can achieve fuel savings through improved thermal efficiency compared to conventional diesel engines, while also reducing greenhouse and hazardous emissions such as CO, CO2 and NOX from tradition diesel engines. This kind of technology is the trend for next 10 years.
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