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This paper serves as a comparison of the current technologies to meet the emissions standards of today and the future of roadgoing motorcycles. It outlines battery, hydrogen, hybrid and biofuel technology with the pros and cons of how they relate to motorcycle legislation and the overall environmental picture.
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Current and Pending Legislation
Table 1 - Euro 4 and 5 emissions standards (TransportPolicy 2018)
	Pollutant g/km
	Euro 4
	Euro 5

	Carbon Monoxide
	1.14
	0.5

	Total Hydrocarbons
	0.17
	0.1

	Nitrous Oxides
	0.10
	0.06

	Particulate Matter
	N/A
	0.0045



Table 1 shows the marked reduction in allowable exhaust emissions in EU exhaust emissions. Euro 5 brings these limits in range of Euro 6 regulations for cars. This indicates there’s plenty of range in order to reduce the emissions as it has been achieved in cars, through techniques such as direct injection and engine turbocharging. The future requirement for direct injection is foreshadowed by Euro 5 having a limit on the particulate matter in the exhaust as this was identified as an issue when it was introduced to cars. 
There are issues however due to the inefficient nature of motorcycle engines. To make the high horsepower against the engine displacement, relative to car engines, motorcycles rely on high RPM. The disadvantage of this however is that the higher RPM increases the friction within the engine and makes them a lot less efficient in power per unit of fuel consumed than cars.
To mitigate this, turbocharging could be adopted to increase the cylinder pressures and therefore power without the increase in engine friction, as was used in cars to meet emissions requirements. The issue with this however is it would completely change the characteristics of a motorcycle. This is especially prevalent as a lot of motorcycles are used as a leisure device, where the sensation and engine characteristics are key to the experience. 
In short, there is no way to retain the current idealized experience of road motorcycling as the emissions requirements get tighter and tighter. There are other aspects of the experience that need to be retained, as a result the power source of the future generation is dependent on these characteristics.
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A key benefit of battery electric powertrains is the lack of exhaust emissions however this doesn’t eliminate the emissions from the electricity production or particulate matter from the brakes and tyres. The well to tank emissions for a battery electric vehicle depend entirely of the source of the electricity production, for an electric car the well to wheel greenhouse gas emissions in tonnes of CO2 equivalent over 15000km are 25.1 with coal production and 13 when the source is natural gas (Tuayharn et al. 2015). This shows a reduction of 15.8% and 56.4% respectively when compared to an equivalent modern petrol car value of 29.8. Even with the dirtiest coal energy production then there is already a benefit to CO2 production, yet this can be reduced to near zero with increased renewable electricity production.
A big reduction in emissions can be seen in the emissions of Nitrogen Oxides. The well to wheel emissions in tonnes of NOx per 15000km for an electric vehicle powered by coal are 0.03 and 0.006 with gas. This is compared to 9.001 tonnes for an equivalent petrol car
The benefits with emissions are compounded by the makeup of the UK electrical grid using very little coal with heavy use of natural gas and renewable energy (ESO 2023). 
Table 2 - UK National Grid Composition (ESO 2023)
	Means of Electricity Production
	Proportion of the National Grid

	Coal
	1.4%

	Gas
	33.2%

	Renewable/Nuclear/Imported
	65.3%



Table 3 - Electric car emissions per 15000km balanced for the UK National Grid (Tuayharn et al. 2015; ESO 2023)
	Pollutant
	Emissions tonnes per 15000km

	CO2-equivalent
	4.7

	NOx
	0.0024



Due to the makeup of the UK National Grid then by transitioning from petrol to electric a reduction in emissions of 84.3% for greenhouse gases and 99.9% for nitrous oxide can be expected. This is a worst case scenario for reduction as cars are currently held to more stringent emissions regulations than motorcycles. These emissions will only improve due to the push to increase the renewable proportion of the grid.
[bookmark: _Toc131361869]Performance and Efficiency
The conversion efficiency of electricity from input energy to electrical energy varies depending on the source. For example, solar is only 15% whereas natural gas is 42% (Daemme et al. 2017). Getting the electricity to the bike also results in losses and can be approximated to be slightly over 50% efficient (Daemme et al. 2017). By comparison, the production of petrol is more efficient at around 95% well to tank.
However, the usage of the energy by the power train is where electric really benefits with overall efficiency. A Euro 3 motorcycle is only around 16% efficient tank to wheel whereas the electric powertrain returns 47% (Daemme et al. 2017). Overall, the well to wheel efficiency is substantially higher than that of the ICE motorcycle at 24.3% compared to 15.1%. 
Battery electric powertrains are a lot less efficient with gravimetric energy density when compared to petrol engines however. The energy density of petrol is 46.4 MJ/kg whereas lithium ion batteries are only 0.875 MJ/kg(Beeker 2019). Given that mass restrictions are a lot more significant with motorcycles than cars this is the key limiting factor. Electric motorcycles are already substantially heavier than comparable ICE motorcycles yet with reduced range.
Another limitation shown by current generation electric motorcycles is the cost efficiency. Given that the world over motorcycles are used as cheap dependable transport, including for young people in the UK, cost is a key issue. When comparing like for like motorcycles there is at minimum a 30% markup on electric against ICE (Beeker 2019). Despite the lower operating costs this proves a substantial barrier to entry. Trying to reduce this barrier can also create further issues as it leads to non-optimised components being used in order to reduce tooling costs (Beeker 2019).
The benefit of electric powertrains is seen in the motor performance. Given their high power density you can have a smaller and lighter motor creating comparable power to an internal combustion engine (Beeker 2019). The manner that power is delivered however is substantially different due to the torque curve and as a result need modification to the riders inputs.
[bookmark: _Toc131361870]Summary
Transitioning from a petrol powertrain to a battery electric powertrain has the key benefit in reducing emissions, trending to zero as the grid is made more renewable. Even with a dirty grid using polluting production, the pollutants are moved out of population centres to the power plants which reduces the exposure of people to those pollutants and therefore improves the public health situation, this is even before considering hydrocarbon and carbon monoxide emissions.
The key limitation of battery electric powertrains is the battery technology given the cost and weight of them. With the current lithium technology there is no one size solution as different chemistries all have pros and cons, such as lithium-iron technology having a high discharge rate and a higher thermal runaway temperature but this is offset by a lower specific energy and high cell cost (Beeker 2019).
The issues with battery technology can be in part offset by the higher tank to wheel efficiency of electric powertrains and they also provide the ability to use regenerative braking. This is limited however by the ability of a motorcycle to recover energy from the rear drive wheel, it is definitely beneficial but not that much energy can be recovered due to the traction limits of the rear tyre under braking.
Widespread adoption of electric technology would require increased power delivery on the grid and there is currently a shortage of fast charging stations for longer journeys.
This however does not eliminate the cost issues with transitioning to an electric platform due to the cell cost of batteries and the need to change the current design philosophy of motorcycles. Furthermore, the batteries come with a substantial weight penalty. This largely rules out the current generation of battery technology from motorcycle applications.
[bookmark: _Toc131361871]Hybrid
[bookmark: _Toc131361872]Performance and Efficiency
The application of a hybrid powertrain in a motorcycle platform results in substantial savings in fuel consumption, ranging from 11% to 32% depending on the drive cycle it is tested on (Hosoi 2011). The reductions in fuel consumption are most prevalent on cycles which focus on stop and go traffic as this is where the electric powertrain has the most efficiency benefits when compared to the inefficiency of the ICE powertrain in this scenario (Hosoi 2011; Hamza and Laberteaux 2016; Sithananthan et al. 2022).
It allows equivalent or greater performance however as the engine can be downsized to maximise the system efficiency and compensate with the electric motor. Another option, is retaining the original engine size whilst having the additional motor which allows greater performance. The hybrid system can be utilized in a blended optimum mode to attain the previously outlined benefits (Hosoi 2011) or a pure electric mode to get the benefits of an electric powertrain, although this will necessarily have reduced range and power due to the reduced battery size and smaller motor. For urban riding however a lot of power and range are often not needed and the ICE can be used to fill in when required. This leads to the next operating mode of full ICE, in this situation the power and efficiency will also drop as you’ve got a downsized engine having to transport the increased weight of the batteries and motor(Hamza and Laberteaux 2016). This can be offset by the benefits of this running mode being used to increase range between charges.
[bookmark: _Toc131361873]Summary
A hybrid powertrain allows the best of both worlds with an increased range of an ICE powertrain with the reduced emissions and noise pollution of a battery electric powertrain. It allows the flexibility to optimize using the advantages of both technologies.
It does however come with a weight and cost penalty due to the addition of the batteries. Furthermore, it adds substantially to the complexity of the system with the addition of two systems and the hardware required to fully utilize the two. 
This technology is coming to motorcycles with the hybrid Kawasaki coming to market in 2024.
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The primary issue with the use of hydrogen as a fuel is its volatility and low density. As a result, hydrogen is commonly stored in either a high pressure tank or as a liquid. Both have drawbacks such as the costly materials that need to be used for a high pressure tank and the energy consumption used to cool the hydrogen down taking 40% of the hydrogens energy (Sathyamurthy et al. 2020). A further limitation of the liquid storage is the temperature management, keeping the hydrogen at 20 degrees Kelvin requires a lot of insulation yet it will still heat up and evaporate. For safety this pressure must be vented and this results in a loss of fuel. Hydrogen is off further concern in a crash scenario due to the flammability and pressures involved. Due to the insulation concerns, Kawasaki has followed the same procedure as Honda in the FCX (Sathyamurthy et al. 2020) by adopting high pressure tanks. This highlights another drawback of hydrogen with the storage space required, with Kawasaki using the space normally reserved for panniers.
[bookmark: _Toc131361876]Production
Currently, 96% of hydrogen is produced from non-renewable sources(Sathyamurthy et al. 2020). This is only 69% efficient in the production of the hydrogen (Sathyamurthy et al. 2020)without considering the losses in efficiency of getting the hydrogen to the tank both in transport and tank losses through pressurization or cooling depending on the storage mechanism used. 
The production of hydrogen from water is even more inefficient, from 23.4% to 40% efficient depending on the technology used (Sathyamurthy et al. 2020). As a result, if grid power is used to produce the hydrogen then around two-thirds of the energy is completely wasted even before it even reaches the tank. This is less of an issue with abundant renewable energy as there would be little to no environmental impact as a result. Widespread hydrogen vehicle adoption however would require around 3x the renewable energy production to be sustainable when compared to battery electric technology.
[bookmark: _Toc131361877]Fuel Cell
Using a fuel cell to extract the energy from hydrogen retains the benefits of an electric drivetrain whilst potentially eliminating the need for lithium batteries, alongside this the only emission is water. The most commonly used technology for this is a PEM fuel cell which is only around 40-60% efficient (Sathyamurthy et al. 2020). This brings the well to wheel efficiency of a fuel cell vehicle to around that of a petrol motorcycle.
With the current methods of hydrogen production there are significant emission concerns too. With hydrogen derived from electrolysis powered by coal 60.8 tonnes of CO2 equivalent would be produced per 15000km in a car, 204% that of a conventional petrol vehicle. When the hydrogen is derived from natural gas reformation there would be 28.8 tonnes released well to tank, this is only a saving of 3.4% against petrol(Tuayharn et al. 2015).
As a result, hydrogen fuel cells are limited in their application as when the electricity is produced by non-renewable means there’s little benefit over petrol combustion in terms of emissions. Even when the energy is produced in a renewable manner it is so inefficient with current technology that in most applications other technology is preferable. 
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Another option is combustion of the hydrogen. The benefits of using it for combustion is that it can be burned incredibly lean (Rezaei et al. 2021). This is to overcome the disadvantage of NOx production during the burn. Ignoring this factor the only emission is water vapour, like the fuel cell. Due to the reduced volumetric specific energy of hydrogen fuels there is a substantial loss in power burning it when compared to petrol.
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For a motorcycle application the best storage mechanism is a high pressure tank, despite the weight penalties of this. In order for this to be environmentally sustainable it requires a greatly increased rollout of renewable energy production and introduces too much inefficiency to be a viable option. Furthermore, there is currently not enough delivery of hydrogen to be accessible for road users. 
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Another mechanism to reduce emissions is the use of alcohols in fuel, or entirely alcohol fuel. This comes with increased well to tank inefficiencies, 85% for straight ethanol compared to 95% for petrol(Daemme et al. 2017). It has a substantial impact on the greenhouse gas emissions of the engine however as the CO2-equivalent drops from 48.8 g/km when running E22 fuel to 15.5 g/km on straight ethanol, this is closer to the 8.2 g/km from an electric vehicle. Alongside this, the oxygen in the alcohol fuel promotes more complete combustion which virtually halves the carbon monoxide emissions from the engine (Wu et al. 2013).
The engine can make more power when running on ethanol due to it being able to run richer (Wu et al. 2013), the disadvantage of this is increased fuel consumption due to the richer mixture. This reduces the range of the vehicle but is less significant than that of the electric powertrain due to the ease of refuelling. This highlights a key advantage of biofuels, that they can be delivered using the same supply channels as currently used for fossil fuels.
A disadvantage when compared to the other technologies outlined is that although there is a reduction of harmful emissions they are still present, similarly to a hybrid solution. Most importantly, it would be easy to roll out without substantial infrastructure or mechanical changes. Unfortunately, the production of biofuels often conflicts with the production of food crops which is not sustainable given the reduced growing area in the UK.
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In conclusion, electric battery technology is currently the key limiting factor when considering future technologies to reduce the emissions of motorcycles. Batteries are too heavy as they stand and this adds to the cost with far too limited range. Hydrogen technology is too inefficient and as it stands, worse for green house gas emissions. Even as the national grid is further decarbonized the inefficiencies limit the application of hydrogen to all but the most extreme of cases. The application of biofuels and synthetic fuels are similarly limited due to the energy and space required to produce them whilst only having a marginal impact on the reduction of exhaust emissions.
As it stands, the best option for rideability whilst reducing the emissions is the use of hybrid technology, alongside petrol/alcohol blend fuels. This gives the best of both worlds, a slight weight increase with the low emissions of the pure battery power train in an urban environment. When being used as a leisure activity it would benefit from the instant torque of the electric system but with the increased range of the combustion engine. It allows a reduction in emissions but without sacrificing the experience.
The use of fuel blends allows the conservation of limited fossil fuel reserves and the improved combustion and emissions of alcohol fuels. As technology develops, the grid decarbonises and regulations get tighter, the system allows flexibility. The proportion of petrol can be reduced and replaced with alcohol. Alongside this, with increased battery storage density then the reliance on the petrol portion can be phased out as the battery capacity is increased across bike generations. This will tend to complete electrification as the technology matures.
The benefits of electrification are reduced green house gas emissions alongside the elimination of all pollutants bar particulate matter. Even with the current emissions from electricity production, it is located away from population centres. As this carbon production for electricity declines the vehicles will also tend towards zero carbon production.
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