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[bookmark: _Toc507079544]1. Introduction & Objectives
The aim of this document is to present a practical and feasible solution for a powertrain concept that allows Caterham cars to remain economically and politically viable up to the year 2025 and beyond. For this purpose, different options are being assessed with regards to the application of and customer demands for the current Caterham model range leading to a suggestion that, in the eyes of the author, appears to be the best future route to take going forward.
[bookmark: _Toc507079556]2. Considerations
As a Caterham is a high-performance kit car with outstanding handling characteristics, the goal should be to protect those attributes and avoid unnecessary compromises that sacrifice the power output or light weight of the cars, whilst having to meet the latest and future emission regulations. Although many car manufacturers have been developing electric cars and found ways of recovering energy, the energy density of even the best battery packs used in the automotive industry, as well as of most energy recovery systems that are using flywheels or compressed air for example, is still insufficient, leading to the need for hybrid solutions to keep the possible travelling range and weight of the vehicles acceptable. In addition, the power from the heavy battery packs has to be released almost instantaneously and recharging, but also charging at a motorway station, needs to be quick, resulting in very high operating voltages, as the only alternative to increasing the current this way is to reduce the resistance in the circuit by using bigger wires that would make the car even heavier. Since most Caterham owners like to work on their cars themselves, this could become very unsafe. The possibility of using hydrogen, which offers a very high energy density, is restricted by fuel cells still being in a development stage, making them unpractical for private car owners at this moment in time. The following chapter explains why a combustion engine of the latest two-stroke technology seems to be the most plausible and realistic approach for Caterham cars to take and explore in the near future.
3. Proposition
Whilst two-stroke engines are historically considered to be very pollutive, modern two-stroke engines with heavily revised technology are achieving remarkable efficiency and emissions levels without sacrifices to the high torque outputs of two-strokes, as a result of each cylinder firing in every revolution, and have proven to meet very strict emission standards all over the world (Graham, Rus, 2018). The research conducted for this paper has shown that the Evinrude E-Tec G2 direct injection two-stroke outboard motor could be a very good asset for Caterham cars in the future. The engine is based around a supercharged 3,4 litre V6 that uses the basic principle of two-stroke engines, which is making it very light, efficient and durable, as it does not need a valve train, which saves weight and reduces friction losses, and due to the gas force from compression acting on the piston and conrod assembly when at TDC, it has massively reduced inertia stresses on the engine components, which allows for lighter designs, with some components being made from aluminium alloys that were developed by NASA and are considered more environmentally friendly and twice as strong as conventional alloys for better durability (Bombardier Recreational Products, n.d.). Furthermore and in contrast to conventional two-strokes, Evinrude’s E-CAD multi-point auto lube system makes mixing of the oil with the gas unnecessary, as it is supplying the exact amount of oil that is required directly to the critical engine points (Sports Marine Boat Centre, 2015). The complete combustion of the engine oil is monitored and ensured by a highly sophisticated engine management module that also controls the throttle response and fuel injection system, with the direct injection technology for the fuel and oil directly into the cylinder being the key for very efficient combustion, having fewer emissions than any other outboard two-stroke engine and good fuel economy (Bombardier Recreational Products, n.d.). An SAE journal article on the development and operation of the direct injection system is attached to the appendix and according to (Strauss, et al., 2003), the key factors for improved emissions are the drastic reduction of the fuel droplet size, optimised air flow and engine temperature management, as well as significant improvement of the fuel spray wall impingement, which is the main cause for unburned hydrocarbons in combustion engines. In addition, the system is supposed to be very robust and only requiring minimum parameters for remapping, but also eliminating spark plug fouling tendencies, whilst using iridium spark plugs (Strauss, et al., 2003). In contrast to common injector systems that operate with very high fuel rail and injection pressures for better atomisation of the fuel, i.e. faster and more complete combustion of the fuel and air molecules, the E-Tec system is based on self-pressurising injectors that only require a low-pressure fuel pump providing 2,5 bar and that were first developed by the company Ficht, before it was bought by Evinrude’s main company Bombardier Recreational Products in 2001 (Cervantes Trejo, 2011). Extensive testing of a smaller capacity and less powerful Evinrude E-Tec engine was conducted as part of a master’s thesis in 2011 at the Chalmers University of Technology and the final report, including detailed data and measured results for the injector system, fuel consumption and emissions of the engine, can be found in the appendix for further investigation and verification of the proposition made. In order to compare the then measured emissions to the Euro VI emission standards, an approximate estimation of the emissions in grams per kilometre for a Caterham using the same engine in the NEDC was done numerically and the calculations are attached to the document. Despite some emissions of the test engine exceeding the very strict limit values of the Euro VI regulations, the latest version of the E-Tec, especially when used with catalysts that have the potential to halve the emissions of the engine that on average already has 90% less emissions and a more than 50% better fuel consumption when compared to conventional carburetted two-strokes engines, should stand a good chance of complying and passing, whilst satisfying the company image, when fitted to a Caterham (Graham, Rus, 2018). According to (Time Inc. (UK) Ltd. Motor Boat & Yachting, 2015), the cheapest Evinrude E-Tec G2 is priced at £17.399,00 and the engine range has a service interval of 500 hours, which is acceptable, as Caterham offers expensive but high-quality kit cars that are usually being taken for a spin just as regularly as a boat owner would power for the swells.
4. Conclusion
The question of which route to take as a company in times of many unknowns when it comes to emissions legislation is not easily answered and deserves a great deal of attention, however a number of options for powertrain concepts to motor the Caterham cars of the future have been considered and a choice of the supposedly most practical and realistic approach worth investigating and exploring further has been suggested and justified. Last but not least, the engine has proven itself in many ways and over the years already, so that profit and risk assessment is facilitated.
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6. Appendix
If a Smart needs 4 MJ of mechanical energy to get through the current drive cycle, the Caterham also needs approximately 4 MJ to get through the drive cycle, as:


Where: 
With:


Smart (estimated):

Example:  at 40 m/s
Caterham (estimated):

Example:  at 40 m/s

Hence:


Engine Efficiency with best BSFC from (Cervantes Trejo, 2011):


Fuel usage with :


Exhaust Mass:
	→	

	→	
		→	
	→	

Per Kilometre:


This allows for conversion of the measured emissions from (Cervantes Trejo, 2011) to be converted from parts per million to grams per kilometre.
Examples:
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Euro VI emission standards limit for light-duty on-road vehicles running on gasoline (The International Council on Clean Transportation, 2016): 
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