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2. [bookmark: _Toc135320940]Introduction

[image: Volvo XC90 (2020) review: a safe pair of hands | CAR Magazine]This report will cover the use of kinetic energy recovery systems (KERS) in and internal combustion engine powered vehicle. A range of different systems will be researched to find a suitable system for a selected vehicle. We are applying this modification to the vehicle in the hopes of increasing the fuel efficiency over a set course. The course that the vehicle is being tested on will be the Worldwide Harmonised Light Vehicle Test Procedure (WLTP). An appropriate WLTP class will be selected to gather results for comparison once the theoretical calculations have been complete. To be able to form these calculations, the frontal area, test mass, rolling resistance coefficient and the coefficient of aerodynamic drag for the selected vehicle will need to be researched. Appropriate KERS will be researched to ensure the most optimal system is selected. The KER systems that were previously used in formula 1, works by converting kinetic energy to chemical energy which is stored in a battery until it is required. It does this using an electromagnet too convert the kinetic energy to electric potential which is later converted to chemical (Sarkar, 2016). Volve made their debut using KERS in a passenger vehicle in 2020 with their xc90 model. The system adopted by Volvo uses a brake by wire system that recovers energy used in braking the vehicle to help drive the vehicle (The Brake Report, 2019). [bookmark: _Toc135320503][bookmark: _Toc135320584][bookmark: _Toc135320691][bookmark: _Toc135328472]Figure 1 - Volvo xc90



3. [bookmark: _Toc135320941]Selected vehicle

An appropriate vehicle must be selected as it must have room for improvement, with regards to the efficiency of the vehicle. WLTP tests are conducted on a standardised dynamometer to simulate day to day driving with four core areas, low, medium, high, and extra high. The test lasts 30 minutes and covers a distance of 23.262km.  There are three classes of road going vehicles to choose from, WLTP Class 1, 2, and 3. Vehicles in class 1 are rated at the ratio of W / kerb mass in kg <= 22, an example of a class 1 vehicle may be a larger vehicle used for transporting goods. Class 2 refers to vehicles that are rated W / kerb mass in kg > 22 but <= 32, vehicles that fit into this group may be larger passenger vehicles. Class 3 is the final group; this is for vehicles that are rated to W / kerb mass in kg > 34. Should a vehicle in class 1 land close to the borderline with class 2, additional class 2 testing is recommended.

Considering this, there are many vehicles that fit the small criteria set. Giving a large group to choose from. Despite this the Toyota GR Supra has been selected, this vehicle in its standard form has no KERS, giving room for a more conclusive result. This vehicle also has a large amount of readily available research on the chassis meaning it will be easier to find information on the specifications. The variant selected is the 3.0 6 speed manual version.

3.1. [bookmark: _Toc135320942]Vehicle details

[image: Toyota GR Supra Heritage Edition gets 500hp | PistonHeads UK]It is essential to know the basic dynamic characteristics of a vehicle prior to modifying it, so that a baseline can be acquired. For the Toyota GR Supra, we must know the frontal area, test mass, rolling resistance coefficient, and the coefficient of aerodynamic drag. To calculate the frontal area of the GR Supra we must understand the shape of the front of the vehicle. Figure 1 illustrates the front image of the Gr Supra, the vehicle is roughly rectangular, as far as the front goes, hence we can take the front area of the vehicle as the width multiplied by the height, this is the first assumption made. Through research of the vehicle, we can conclude the height to be 1299mm and the width to be 1854mm. [bookmark: _Toc135320504][bookmark: _Toc135320585][bookmark: _Toc135320692][bookmark: _Toc135328473]Figure 2 - Head on view of a Toyota GR Supra






The curb weight of a Toyota GR Supra is 1542Kg, the WLTP class 3 requires vehicles to be loaded with an extra 200Kg to simulate passengers and cargo which leaves the test mass as 1742Kg. This is the second assumption made. The third bit of information needed for the vehicle is the rolling resistance coefficient. The rolling resistance of a tire on asphalt is considered 0.012N per applied newton of vertical force (Łukasz Wargula, 2019). The Rolling resistance can then be calculated using the following equation.





The final bit of information needed for the vehicle is the coefficient of aerodynamic drag. Research of the aerodynamic coefficient of modern-day vehicles, says that they average a drag coefficient of between 0.25 and 0.3. Due to the Toyota’s sporty nature, the lower end of this average will be taken to a value of 0.25 (Wikipedia, 2023). 

3.1.1. [bookmark: _Toc135320943]Appropriate WLTP

To determine which WLTP group this vehicle suits we must work out how much W/Kg the vehicle produces. This requires the power in W and the test mass which was previously determined to be 1742Kg. The vehicle produces 335 BHP, which when converted to KW gives a value of 249.809. Multiplying this value by 1000 Will then provide the answer in W. 


Leaving this vehicle well within the class 3 for the WLTP testing. Due to v max of the vehicle exceeding 135km/h (with a top speed of 250km/h), the standard test will be done without the repetition of phase low to replace phase high (Oliva, 2020). 
The results for the calculations carried out are shown below.
[image: ]
[bookmark: _Toc135328474]Figure 3 - Tractive forces over WLTP
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[bookmark: _Toc135328475]Figure 4 - Total tractive forces over WLTP
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[bookmark: _Toc135328476]Figure 5 - Power required over WLTP
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[bookmark: _Toc135328477]Figure 6  - Cumulative energies over WLTP
These results show that the losses incurred during the WLTP cycle amount to 9.8562Mj, cumalative tractive energy is 13.2834Mj and cumalative braking energy is 3.43Mj. The maximum power require for the cycle is 46.61Kw. 
4. [bookmark: _Toc135320944]Kinetic energy recovery systems

For a KER system to work well it must be able to store the energy it receives are deploy it back into the drive system with effectiveness. This storage system must be efficient, compact, lightweight and have a high energy density. A few to name being flywheels, super capacitors, and lithium-ion batteries. 
There are two types of KERS, mechanical and electrical. Electrical systems store the braking rotational force and capture it using an electric motor which can be mounted anywhere on the vehicles driveline. This energy is then stored in lithium-ion batteries in most cases however with the current experimentation with super capacitors, they are now a viable option. Mechanical KERS systems were designed much earlier than the electrical systems seen today, dating back to the early 50’s pioneered by the physicist Richard Feynman. The kinetic energy is captured through a series of shafts and gear within a transmission of sorts then stored within a flywheel (Lohar, 2016). 

Due to the advancements in technology in recent years, the electrical system is the most viable option to improve the efficiency of the vehicle. Although, the question remains which storage device is suited best for the vehicle. We must account for size, complexity, energy density, power density, and possibility for failure. 

4.1. [bookmark: _Toc135320945]Comparison of efficiencies

An electronic system will be the most effective way of introducing KERS to the vehicle however the questions lie considering the storage of the energy once converted. A few options are present, lead acid battery, nickel metal hydride battery, lithium-ion battery, super capacitor, and finally an advanced flywheel. The disadvantage when using a battery is the lifecycle of said battery, however modern technology diminishes that to a point. For example, a nickel metal hydride battery can have a lifespan of up to around 5 years (Energizer, 2018), although they can be recharged hundreds of times, this is not an acceptable lifespan for a vehicle. Once more, as they are described be recharged “hundreds” of times, this scenario does not seem suitable as a driver may deplete the KERS hundreds of times a month depending on the style of driving and distance of journeys. This information can essentially remove nickel metal hydride batteries from the argument. The same argument can be made against the lead acid battery due to its short life cycle which we can now consider out of the running’s. On the other hand, we have lithium-ion batteries, which you can expect around 100,000 miles of use when considering a battery that powers a vehicle. Due to the increased stresses these batteries are under as they are powering a vehicle alone, we can expect an extension on this timeline (RAC, 2021). Lithium-ion batteries also have high energy and power density. The disadvantages come when considering the cost of each unit. Due to the complex chemistry within, the results of overcharging can be catastrophic if the battery isn’t managed correctly. Correct battery manage could be difficult to implement in an aftermarket situation which means this system may not suit this application. 
[bookmark: _Toc135320544][bookmark: _Toc135320698]Table 1 - storage solution comparisons
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(Wikipedia, 2022)
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Description automatically generated]Table 1 shows the efficiencies that can be expected from a supercapacitor, upon analysis of the data we can see that they show great efficiencies, however, suffer from a shorter lifespan when compared to the aluminium electrolytic capacitors, which show an efficiency of 99% with a lifespan if 20+ years and unlimited recharge cycles, the common use for these capacitors is in motherboards due to their small size and output (Ganesh Sainadh Gudavalli, 2018). The downside to using this system would be the very high price for one unit which would make the amount that would be needed for this application extreemly expensive. Advanced flywheels retain energy using the common flywheel storage solution. It stores energy from its rotation as kinetic energy. And an advanced flywheel essentially does this for higher energy quantities, they can rotate 60,000RPM within a vacuum and release their energy upon request (Energy Storage association, n.d.). Although advanced flywheels have a great potential to store energy, they are very cumbersome and can require a large space to store them given the require scale, saying this, as they are normally made from light composite materials such as carbon fibre they don’t add as much mass to the vehicle as some think.[bookmark: _Toc135320505][bookmark: _Toc135320586][bookmark: _Toc135320693][bookmark: _Toc135328478]Figure 7 - Advanced flywheel diagram

5. [bookmark: _Toc135320946]Suitable KERS for the vehicle

The most suitable KERS to integrate into this vehicle would be an electronic system. This will allow for the largest amount of input from other software’s to control the release of energy back to the vehicle. An electromagnet will convert the kinetic energy taken at the wheel whilst the vehicle is braking. This will be turned into an electric potential energy. The real question is how to store this energy. Two systems have been selected for comparison, a lithium-ion battery, and a hybrid supercapacitor with a lithium-ion battery. The pros for the hybrid battery include a longer working life at room temperature, a higher specific power, and can be recharged a minimum of 10,000 times more and a maximum of 99,500 times more. However, the hybrid system suffers from a slightly higher temperature range which may require this method to call for its own temperature regulation system. Also, the hybrid supercapacitor has a smaller maximum charge and lower specific energy. To come to a decision, we must know which of these qualities is more desirable for the vehicle. 

As this system will be in constant use the storage solution must have a high amount of recharge cycles, this leaves the hybrid supercapacitor as the suitable option (Shale-Hester, 2021). The last question left unanswered is whether the specific energy and maximum voltage of the supercapacitor hybrid will be sufficient for the vehicle. The supercapacitor has a maximum voltage of between 2.2V and 3.8V. The lithium-ion batteries that were used in the F1 KERS when they were run used around 3.6V with hundreds of cells per battery (High Power Media, 2011). Seeing that this voltage is suitable for F1 then it is safe to say that it is adequate for a road vehicle. Finally, we come to the specific energy for the storage solution. The supercapacitor hybrid has a specific energy rating of anywhere between 10- and 15-watt hours per kilogram. This essentially tells us the density of the battery, all this means is that for the same watt hours between the two storage solutions, the supercapacitor hybrid will be heavier, as it is less dense. 

5.1. [bookmark: _Toc135320947]System operations

An electronic KERS will convert the kinetic energy received under braking of the vehicle, that would otherwise be lost in heat and sound, and using an electromagnetic will convert this into an electric potential and then into chemical energy as it is stored in the supercapacitor hybrid. To release the energy back into the drive system, a motor will need to be attached to the drivetrain which will be driven by the energy released form the supercapacitor hybrid. 

5.1.1. [bookmark: _Toc135320948]Comparison to conventional friction brake

[bookmark: _Toc135320949]The driver of the vehicle should not feel any difference when slowing the vehicle before and after the fitting of the KERS. The only difference will be the mass of the vehicle will have increased which would affect the stopping of the vehicle making it take more effort however the system would not interfere otherwise. 
1. 
2. 
3. 
4. 
4.1. 
4.1.1. 

6. [bookmark: _Toc135320950]Conclusion

The vehicle in question, Toyota GR Supra, would benefit from the fitting of a KERS when talking about the MPG the vehicle will do. It was decided that an electronic system with a supercapacitor hybrid storage device would be fitted to the vehicle to yield the best results whilst also maintaining an affordable cost. From the storage solutions compared the supercapacitor hybrid has the best compromise in all areas considering size, weight, price, and performance. 
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