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Abstract – The focus of this paper is the reduction of emissions to meet ever more stringent emissions requirements with a focus on hydrogen. It goes through the issues, advantages and design requirements for use. Lastly, it features a theoretical engine designed to make the best use of hydrogen as a fuel.


1. INTRODUCTION

The past decade has seen rapid developments in internal combustion powertrains, largely due to ever tightening regulations to minimise fuel consumption and minimise the exhaust emissions in pursuit of cleaner air and a reduction in the impact of personal transportation on the environment [1]. Alternative powertrains, such as electric, are currently limited in their scope due to constraints such as price, weight and range. As a result of this, the combustion technology doesn’t appear to be extinct yet [1]–[4], but will need a fundamental shift in its application to continue to meet ever stricter emissions standards[3], [5]. Such methods may be achieved through changes to engine architecture, alternative fuels or a combination of the two[1], [3], [5].

2. HYDROGEN	

Hydrogen lends itself to use of a fuel due to it not being a hydrocarbon. Combustion of the hydrocarbon fuels results in the emission of carbon molecules such as carbon dioxide and carbon monoxide, a greenhouse gas and a toxic gas respectively [4]–[6]. In theory however, in optimal conditions and in pure oxygen, the only emission from hydrogen combustion is water vapour. Furthermore, not only can it be combusted but utilises the same infrastructure as a hydrogen fuel cell electric vehicle and solves some of the issues facing fuel cells such as power density and sustained power demand [7], giving the two technologies quite symbiotic development cycles and potential future applications [4].



2.1 Emissions
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Figure 1: Comparison of CO2 emissions between diesel and hydrogen [8]

Fig. 1 shows this reduction to be in the order of a 99.9% reduction in carbon dioxide emission when compared to the hydrocarbon diesel. It also shows how tailpipe carbon dioxide emissions will never become zero as it is a component of the intake air, it does however reduce the contribution [8]. 

One source of carbon in hydrogen combustion is from the engine oil however. This increases the tail pipe emissions and may even cause preignition when hydrogen is used as a fuel [2], [4], [7], [9]. Oil consumption could be in the region of 0.75g/kWh but this can be reduced by 84% through redesign [2].

The production of nitrogen oxides is more of a concern however [4], [10] due to the higher combustion temperature, sustained above 1800K with an equivalence ratio between 0.8-0.9 [6]. This is the key emission of a hydrogen engine however and can be mitigated as it already has been through exhaust after treatment, such as that used on diesel engines currently [1], [4], [8].

2.2 Optimisation 

To avoid the key emission of the nitrogen oxide gases, the combustion temperature must be reduced [6]. A variety of methods exist to achieve this such as water injection, EGR and lean burn operation [5], [6], [8], [11]. Considerations can also be given to the actual design of the of the engine, such as the use of aluminium pistons instead of steel to extract more heat from the chamber [7].
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Figure 2: Nitrogen Oxide emission throughout a range of fuel ratios [1]

By exploiting the wide flammability window of hydrogen [1] the fuel can be combusted very lean to reduce temperature and nitrogen oxide production, seeing greatest benefit and efficacy above a lambda of around 2-2.2 [1], [8]. However, then the homogeneity of the fuel mix becomes an issue as poor mixing leaves richer pockets that burn to hot and release pollutants, causing higher emissions than would be otherwise predicted [8]. This can be worsened by the use of direct injection, used to increase volumetric efficiency, as it gives less opportunity for the fuel-air mixture to become homogenous [1], [8]. This can be improved upon with a more turbulent, energetic air charge [4], [9], [10], [12], [13]. This can also help to mitigate some of the aforementioned issues seen from hydrogen in stoichiometric conditions, such as preignition, in those richer pockets [4], [7], [8], [10], [12].  Lean burn spark ignition hydrogen tends to have issues with knock with lambda of less than 1.8, with an ideal operating window between 1.8 and 2.4 for the most stability and efficiency[8]. To further reduce nitrogen oxides the mixture can be increased to 2.4 lambda, but it drastically slows down above 2.7, leading to greater cooling system losses and a greater likelihood of unstable combustion events [8].
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Figure 3: Graph demonstrating the impact of early intake valve closing on the emissions of an engine [5]

However, running the engine lean increases the likelihood of free hydrogen being released out of the exhaust, wasting fuel, and of unstable combustion as outlined above [1]. A solution to this can be early intake valve losing to reduce the volumetric efficiency. This reduces the fuel required and increases thermal efficiency by allowing the engine to overexpand the fuel to capture more energy, as seen in the Miller cycle [5], [12]. It also allows more time to ensure adequate fuel mixing without allowing it to leave via the intake [12]. It also reduces the risk of a backfire down the intake in the very unlikely situation preignition occurs during the intake stroke [9].
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Figure 4: Power Impact of EGR on nitrogen oxide emissions across a range of fuel ratios [5]

EGR can also be used to reduce temperatures and decrease the volumetric efficiency [5]. This, alongside the variable valve timing, is also beneficial for decreasing the pumping losses of the engine and therefore keeping efficiency higher. EGR is very useful as a quick deployable mechanism to manage nitrogen oxide emissions across a range of running conditions.

Finally, to reduce carbon emissions in combustion it is important to address the engine consuming oil. The aforementioned 84% reduction was achieved by modelling the engine and angling the rings to achieve the maximum sealing [2]. This serves as an indication of the methods and techniques required going forward as this is an issue not just for emissions but combustion stability. Another method is in material coatings. There is evidence that a chemical vapour deposition layer of chromium carbide onto piston rings could reduce wear by a factor of three with approximately half the friction coefficient [14]. This would reduce the need for oil in the cylinder and therefore the likelihood of it getting into the combustion chamber. Although this is a minor issue from an emissions perspective it does highlight the issue of hydrogen slip into the crankcase due to its ease of ignition [8].

2.3 Overview
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Figure 5: Power comparison of the same engine on petrol and hydrogen [6]

A key issue with hydrogen internal combustion is the low power density of the overall engine  [6] in large part due to the volume that hydrogen takes up. This is worsened when hydrogen is used in a port injection manner [8]. As a result, to maintain the required power direct injection with its increased volumetric efficiency is the best choice, especially in a boosted scenario [6]. The issue of nitrogen oxide emissions is then further increased as the hotter intake charge can increase nitrogen oxide formation [6].

To facilitate the lean burn to reduce the formation of NOx a lean burn is the most useful option. Spark ignition is preferable to compression ignition as it has a greater usable lambda range [8]. This lean burn should be conducted in the range from 1.8 for open circuit used and with an upper end of 2.7 when utilising closed system control for minimum emissions [8]. It benefits at low load conditions from the use early intake valve closing and/or EGR in order to reduce the pumping losses and the NOx emissions [6]. 

From an engine design standpoint, hydrogen tends to benefit from a longer stroke to bore ratio as this reduces the surface area at the start of the combustion and tends to have faster piston speeds to make best use of the rapid flame front of hydrogen. A limitation however is that this ratio can only get so high as the engine for each displacement has to meet packaging criteria and as of now no production engine has a stroke-bore ratio over 1.2 that can sustain 180 bar [3]. This will delay the implementation of manufacturing high efficiency hydrogen engines as it is a key shift from prior hydrocarbon design philosophy.

A further consideration, exhaust treatment will be required due to potential formation of NOx but there are concerns with the cooler exhaust gases from a lean hydrogen burn not being energetic enough for exhaust after treatment. This is also a problem with using turbochargers as there is less energy to spin it, requiring more efficient turbochargers [15]. Although, this is one of the advantages of EGR or early intake valve closing as the reduced volumetric efficiency has a corresponding reduction in demand on the turbocharger. 

3. Alternative Architecture

Rotary engines such as the Wankel have long been a popular idea to improve upon the internal combustion as they reduce the reciprocation seen in a standard piston engine. Of these, only the Wankel has seen commercial adoption but largely phased out on account of emission and longevity issues.
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Figure 6: The six strokes of the Libralato cycle  [16]


A new take is the six stroke Libralato engine [16]. It is designed to run on hydrogen fuel and to compensate for some of the drawbacks of a traditional Wankel engine.

Despite free hydrogen being less of a concern than released hydrocarbons, it’s still advantageous to reduce it to maximise fuel economy. To achieve this the revised design purges the exhaust gas out of the combustion chamber with fresh air rather than a mixture of fuel and air. As a result, less fuel is lost out of the exhaust and an element of internal EGR can be used to reduce the internal temperature, as outlined prior.

Another design consideration is the overexpansion of the combusted gas compared to the intake. This increases the thermal efficiency and reduces negative work to increase fuel efficiency, as seen in the early intake valve closing in the Miller cycle. 

4. CONCLUSIONS

In conclusion, hydrogen lends itself for use as a low-no carbon fuel either as an addition to the fuel or entirely hydrogen. The only real emission is of nitrogen oxides. 

Given the likelihood of preignition and flame temperatures a lean burn is the best option, but still with exhaust after treatment due to the variability. It can work in the short-term in hydrocarbon designed engines but benefits from substantial architecture changes, such as increased stroke-bore ratio and multiple injection points. These are longer term opportunities to reduce the emissions of the engine and increase the performance. 

There are fundamental differences in the way that hydrogen is best utilised that can be seen in the design considerations of the Libralato engine. Unfortunately, systems like that are unlikely to be commercially utilised due to increased complexity and unknown design considerations.
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