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[bookmark: _Toc124669186]1. INTRODUCTIONFigure 1 – Side view of chosen car 


This report will cover the investigation carried out on a selected car, for this investigation the chosen car is a 1.3L Toyota Yaris 2012. The investigation involves carrying out research into the chosen car to find the relative information needed to carry out calculations needed throughout the investigation. It will then proceed to analyse the data calculated. To determine the amount of energy produced across the Worldwide Harmonised Light Vehicles Test Procedure (WLTP), Class 3 Cycle in this case as it is the one that coincides with the chosen vehicle specifications, to see where a possible Kinetic Energy Recovery (KER) System could be implemented to aid the car.  This report will look into possible different KER systems and select the most appropriate one for the amounts of energy produced. 
[bookmark: _Toc124669187]2. CAR INFORMATION

The car selected for this investigation was a 1.3L Toyota Yaris 2012, Front Wheel Drive, Five-door, Manual Transmission, Hatchback Model. The car chosen can be seen in Figures 1, 2 and 3. 
The car data, which can be seen in Table 1, was gathered from (2012 Toyota Yaris YR five-door hatchback Specifications | CarExpert, no date) and (Ecomodder, 2020)Table 1 – Car Specification Data



A note to be made is that the specifications that the data in Table 1 were taken from were that of a Toyota Yaris with an automatic transmission. However, this will only make slight differences to the overall weight so, for the scope of this investigation, the specifications were deemed to be accurate. 


Figure 2 – Front and side siew of chosen car 

Figure 3 – Front view of chosen car


[bookmark: _Toc124669188]
3. METHODOLOGY 

After the data for the selected car for the investigation is gathered the excel spreadsheet can start to be completed calculating all the energies produced throughout the WLTP cycle, specific to a 1.3L Toyota Yaris 2012. This will show the areas of the data where there are the greatest amounts of Kinetic Energy produced over the 4 phases of the WLTP Cycle so that a KER system can be implemented to harvest that kinetic energy and use it over the cycle to improve the car’s performance.  
The excel spreadsheet contains the data used to find out the energy that can be recovered. To do this it needs to calculate all the forces acting on the car across the WLTP Cycle, Acceleration, Rolling Resistance and Aerodynamic drag. It then uses the sum of those resistances and the velocity to calculate the power produced across the cycle. The tractive and braking energies can then be found, from which the cumulative tractive and braking energies are calculated. The spreadsheet also calculates the kinetic energy of the car over the WLTP Cycle. 
Using the spreadsheet, the cumulative tractive energy and cumulative braking energy are plotted on one graph. On another graph plot all the forces acting on the vehicle over the WLTP cycle. Thirdly plot the power required over the cycle on a new graph. 
Next, the largest possible KER system power input and the energy storage requirements need identifying. This will allow the correct KER system to be chosen.  To find the stored energy, the kinetic energies need to be calculated for the whole cycle. Then the kinetic energy losses due to friction need calculating. Taking the losses from the kinetic energy will give you the stored energy. This henceforth allows the correct capacity of energy storage needed to be identified. 





[bookmark: _Toc124669189]4. ANALYSIS
[bookmark: _Toc124669190]4.1 WLTP CLASS 3 DRIVE CYCLE
Figure 4 – WLTP Class 3, Version 5, Full Cycle


[bookmark: _Hlk124521922]During the WLTP’s 4 phases, Low, Middle, High, and Extra High, the areas with the highest deceleration were found to be, 1.472 m/ in the low phase, 1.486 m/ in the middle phase, 1.486 m/ in the high phase and 1.203 m/ in the extra high phase. The areas with the highest deceleration will be the areas where the most kinetic energy is recoverable.
The WLTP cycle does not change the gradient of the surface the vehicle is driving on while being tested. This means that it must be noted that the values calculated in this investigation will be for a level surface, and hence, if the KER system were to be used during normal road conditions the values would be lower than the ones calculated within this report.
[image: ]Figure 5 – Graph showing the WLTP Class 3 Cycle, with the vehicles speed and acceleration. 




[bookmark: _Toc124669191]4.2 POWER REQUIRED

The graph in Figure 6 shows the power over the full WLTP cycle, the areas of the graph where the line is positive are the areas where it has tractive energy and the areas of the graph where the line is negative are when the vehicle has braking energy. The calculated power of the vehicle is then used to calculate the tractive and braking energies, in kWs, which are then converted to kWh and the cumulative energies are then calculated, as can be seen in Figure 7.Figure 6 – Graph showing the power requirements over the WLTP cycle. 


[bookmark: _Toc124669192]4.3 CUMULATIVE TRACTIVE AND BRAKING ENERGIES
Figure 7 – Cumulative Tractive Energy and Cumulative Braking Energy over the WLTP Cycle.


The graph shown in Figure 7 above shows the cumulative tractive energy and the cumulative braking energy on one graph. The gap between the two lines are the losses of kinetic energy due to friction over the full drive cycle. As can be seen on the graph, there are massive losses at the end of the cycle, of 2.143 kWh. The graph also suggests that when the vehicle is at higher velocities, referring to the full WLTP cycle as seen in Figure 4, there are much greater losses occurring. 
[bookmark: _Toc124669193]4.4 RESISTIVE FORCES 
Figure 8 – Graph showing the resistive forces, including acceleration forces, over the WLTP cycle. 
Figure 9 – Graph showing the resistive forces, excluding acceleration forces, over the WLTP cycle. 


The above Figures, 8 and 9, show the forces acting on the vehicle as it progresses through the WLTP class 3 cycle. They are both the same graph, but Figure 7 doesn’t include the acceleration forces acting on the vehicle so that the rolling resistance and aerodynamic drag forces can be seen better. 
The rolling resistance force on the vehicle is the friction between the road and the tyres, that is opposing the vehicle as it moves forwards. The rolling resistance is always a positive number.  The rolling resistance is calculated using the equation below. 
                          (1)
F= Rolling Resistance (N)
m = mass of the vehicle (Kg)
g = Gravity (m/)
 = Coefficient of rolling resistance 
The calculated value for rolling resistance in this investigation was 160.731 N, which remains as that value throughout the WLTP cycle, when the vehicle is moving, as seen in Figure 9. 
In this assignment, the value for gravity is taken as 9.80665 m/. 
‘the conventional standard value of gravitational acceleration of 9.80665 m/s2’ (Dachi and Setiawan, 2018)
The aerodynamic drag is the opposing force a vehicle feels as it is moving through the air, due to the friction between the air particles and the car’s surfaces. 
The aerodynamic drag can be calculated using the equation, 
                               (2)
F = Aerodynamic Drag (N)
A = Frontal Area of Vehicle (
 = Density of Air (Kg/)
 = Coefficient of Drag
v = Vehicle velocity (m/s)
The air density used in this investigation is taken to be that at sea level, 1.225 Kg/. 

[bookmark: _Toc124669194]4.5 STORED KINETIC ENERGY OVER WLTP CYCLE

The stored kinetic energy is the amount of kinetic energy that is recoverable over the WLTP cycle and is a maximum value, only achievable at 100% efficiency within the KER system. However, achieving 100% efficiency is very unlikely within the KER system due to many factors influencing the selection of a KER system. 





In Figure 10, the areas where the most kinetic energy can be recovered are at the highest peaks for each phase, these will be the focus of this investigation.  Using the highest values for the stored energy helps with the selection of the most optimal KER system for a 1.3 Litre Toyota Yaris, as it shows the maximum storage capacity required to hold the kinetic energy before its deployment. Figure 11 – Graph showing the maximum values for the stored Kinetic energy per each phase.

Figure 10 – Stored Kinetic Energy over the whole WLTP Cycle



The above Figure 11 states the values of the maximum amount of energy stored by the vehicle over the WLTP cycle, in each phase. So it can be seen that the highest amount of energy that would ever need to be stored over the WLTP is 966.626 kJ. This of course does not take into account the efficiency of the KER system yet. So, the likelihood of the system ever storing this amount of energy is highly unlikely. 

[bookmark: _Toc124669195]
5.0 KINETIC ENERGY RECOVERY SYSTEMS 

A Kinetic Energy Recovery System generates energy from a vehicle decelerating and converts it into useful energy usable by the vehicle rather than losing it through thermal losses.  
‘Electrodynamic braking with energy recovery (KERS) is a system  that is used to recover kinetic energy  lost during braking and to accumulate it in the flywheel or batteries. This energy is used for the subsequent acceleration process.’ (Soliński, 2020) 
There are different types of KER systems, and each is more suitable in different scenarios. The following are the different types of KER systems, Mechanical, Electrical, Hydraulic, or Chemical. However, a KER system can be a combination of the systems previously stated. 
[bookmark: _Toc124669196]5.2 MECHANICAL KINETIC ENERGY RECOVERY SYSTEM 

A mechanical KER system involves a flywheel as the storage device for the recovered energy from deceleration. 
‘The flywheel is the component which harvests kinetic energy, when the vehicle brakes, by increasing its rotational speed.’ (Mathews, 2013) 
As the vehicle slows down the flywheel rotational velocity increases. This rotational kinetic energy can then be distributed to the vehicle to aid in the next acceleration period. 
‘As reported in literature [32,33] a flywheel-based KERS can recover up to 70% of vehicle kinetic energy and can reduce the fuel consumption of about 20%.’ (Pipitone and Vitale, 2020)
Flywheel KER systems have one of the highest system efficiencies of all the systems. They can store up to 400kJ of energy. 
‘The flywheels found in a kinetic energy recovery system can store up to 400 kJ of energy’ (Mathews, 2013)
Taking into account the 70% efficiency of a flywheel KER system, 400 kJ of energy storage would not be enough to hold all of the recoverable energy during the final phase in the WLTP cycle. 

[bookmark: _Toc124669197]5.3 ELECTRICAL KINETIC ENERGY RECOVERY SYSTEM 

An electrical KER system involves storing the recoverable energy harvested from the brakes in either capacitors or supercapacitors. 
‘Energy storage in supercapacitors is done in the form of an electric field between two electrodes. This is the same principle as capacitors except that the insulating material is replaced by electrolyte ionic conductor in which ion movement is made along a conducting electrode with a very large specific surface (carbon percolants grains or polymer conductors)’ (Ibrahim, Ilinca and Perron, 2008)
A supercapacitor storage system can easily operate for 1 million cycles. 
‘Supercapacitors have recently drawn more attention than batteries because of their faster response, implying a low discharge time (1-10s for SCs against 10-60 min for lithium-ion batteries)’ (Pipitone and Vitale, 2020)
[bookmark: _Toc124669198]5.4 HYDRAULIC KINETIC ENERGY RECOVERY SYSTEM

The use of a hydraulic, also known as pneumatic, KER system means using a tank somewhere onboard to store the energy, through increasing the pressure of a fluid, which can be a non-compressible fluid or air.   
‘However, the additional space and weight of the added tanks and accumulators (considering a pneumatic type, a storage tank of 50 L is necessary for a 1-ton vehicle [34]) make this KERS more suitable for heavy vehicles, rather than for passenger cars.’ (Pipitone and Vitale, 2020)
Hence would be impractical for a 1.3L Toyota Yaris 2012, so will not be chosen as the most suitable system.
[bookmark: _Toc124669199]5.5 CHEMICAL STORAGE 

An issue with this system is that the energy undergoes multiple conversions from mechanical to electrical energy and hence lowers the efficiency of the system. 
‘Unfortunately the many energy conversions- from mechanical to electrical energy and from electrical to chemical energy, reduces the overall efficiency to the system to about 30%.’ (Mathews, 2013) 

[bookmark: _Toc124669200]6.0 MOST SUITABLE KINETIC ENERGY RECOVERY SYSTEMFigure 12 – Graph showing the maximum stored energy compared to the maximum recoverable energy for the different phases of the WLTP cycle


A KER system uses three main components, a Motor/Generator Unit, this converts mechanical energy into electricity and vice versa; a Power Control Unit (PCU), which controls the switching of electric current between the MGU and the storage device; a Storage device, which can be any of those mentioned earlier for example a battery, flywheel or supercapacitor.
It must be stated that regenerative braking systems cannot replace friction brakes, friction brakes are still required within the vehicle. Figure 13 – Graph showing all the recoverable energy over the WLTP Class 3 cycle.

Due to the fact that a supercapacitor can extract the energy the quickest, 1-10s compared to 10-60 minutes for batteries. It was clear that in the WLTP cycle, which is only 1800 seconds and for this investigation the recovered energy is used up before the next deceleration a supercapacitor was the best option. The ability to easily do over 1 million cycles is another reason why the supercapacitor is being chosen for the KER system within the 1.3L Toyota Yaris 2012.  Another reason for choosing the supercapacitor KER system is that supercapacitors are extremely energy efficient. It has one of the highest operating temperature ranges at -40°C to 70°C. Only slightly lower than the flywheel in this case. 
[image: ]The typical efficiency of a supercapacitor is shown in the statement below. 
‘Charge and discharge times for supercapacitors typically lie in the range 0.36s-360s and average efficiency is in the region of 86%’ (Chang, Holliday and Williams, 2013)
If an assumption, based on the previous statement, is made that the efficiency of the entire KER system is 75% including the efficiencies of the other components in the KER system, the recoverable energy can be calculated. As seen in Figures 12, 13 and 14. 





Figure 14 – Graph showing the Recoverable Energy overlayed on the Stored Energy across the WLTP Cycle.




However, the capacity of the supercapacitors must be considered. 
	No. SC
	1
	2
	3

	No. Cells
	18
	36
	54

	Capacitance (F)
	165
	330
	495

	Stored Energy per Cell (Wh)
	3
	3
	3

	Stored Energy (Wh)
	54
	108
	162

	Stored Energy (kJ)
	194.4
	388.8
	583.2

	Voltage (V)
	48
	96
	144

	Current (A)
	100
	200
	300

	Resistance (mΩ)
	6
	6
	6


Table 2 - Table showing supercapacitor specifications

As can be seen in Table 2, the more supercapacitors there are the higher the storable energy is, however, the more added mass there is to the vehicle, as the supercapacitor has a mass of 13.8 Kg, seen in Table 4 below. There would be 55.2 Kg if there were three supercapacitors, which is a lot of extra mass and would affect the vehicle’s performance. However, due to it being a road car, the mass is less of an issue, compared to a race car. Figure 15 – Graph showing the recoverable energy with the capacity of 3 supercapacitors over the WLTP cycle




Table 3- Table containing the dimensions of the supercapacitor
	Dimensions 
	mm
	m

	Length
	418
	0.418

	Width
	194
	0.194

	Height 
	179
	0.179



	No of SC
	Mass (Kg)

	1
	13.8

	2
	27.6

	3
	55.2


Table 4- Table containing the mass of a supercapacitor




Another potential issue would be the size of the supercapacitor as seen in Table 3 it is fairly large. So, the issue is fitting it in the vehicle. In this case, they would likely go in the boot behind the rear bench. This however would mean losing luggage space but would gain in things like performance and fuel economy. 

[bookmark: _Toc124669201]7.0 KER SYSTEM EXPLANATIONS 

As the vehicle decelerates the motor/generator unit harvests the heat and mechanical losses from the vehicle braking system and stores them in the supercapacitor for later use to aid the internal combustion engine in the next acceleration period. Due to the nature of the WLTP cycle, the energy is not needed for very long, which is why the supercapacitor is the most suitable choice as it can draw the electricity very quickly and apply it the same. 
[bookmark: _Toc124669202]8.0 CONCLUSION 

From this investigation into the WLTP Class 3 Cycle, for a 1.3L Toyota Yaris 2012, it is clear that the most suitable kinetic energy recovery system is that of an electrical KER system, a supercapacitor KER system to be precise. This is due to their speed at delivering the energy back to the wheels, and many other capabilities mentioned earlier in the report.  However, there were drawbacks to the supercapacitor system such as the weight and size, but as it is for a passenger vehicle these issues were deemed to be not as crucial.  
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