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This report will cover the effect of a kinetic energy recovery system (KERS) on a vehicle’s braking and tractive energies. To complete this, a specific vehicle will be chosen and analysed against the WLTP to calculate the braking energy and how much KERS systems can recover the energy. There will also be an analysis of tractive forces and power of the vehicle and the selection of suitable KERS systems.
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The vehicle that has been chosen for this investigation is a 1.4 litre 2007 Volkswagen Polo This is due to the large amount of information on the car that already exists online, which will make it easier to find information on its dynamic characteristics. I also own the car, so any measurements which cannot be found online are able to be calculated physically.

Test Mass:
To calculate the test mass of vehicle, the curb mass will need to be found then added to the fuel mass + passenger and luggage mass. 
The kerb mass of a 1.4 litre, mid 2000s Polo is roughly 1013kg.  The tank size for a Polo is 45 litres (Volkswagen, 2008) and the weight of petrol per litre is 0.79kg (Statistics Netherlands, 2025) so therefore, at 90% capacity, the weight of fuel added is 31.995kg
The weight of the driver and some luggage can be assumed to be 100kg leading to the total test mass being 1013+100+31.995=1144.995kg
Rounded Test Mass = 1145kg
Coefficient of Aerodynamic Drag:
The first step to finding the aerodynamic forces is to determine the frontal area of the Polo, which is by estimation 2.07m^2 (Carspector, 2025). 
The next value to find is the coefficient of aerodynamic drag. This value can be found to be roughly 0.34 (Ficha Completa, 2025). 
These two values will be used to find the aerodynamic drag force, using the equation F=½*Area*density*CD*v^2
The density of air is 1.293kg/m^3 (NASA, 2025)
Coefficient of Rolling Resistance:
To find rolling resistance, we must use the equation: RR = m*g*CoRR
The coefficient of rolling resistance for the Polo will be determined by the tires used and the road surface. The surface can be assumed to be asphalt/tarmac. 
The tires being used on my Polo are Grenlander 185/60R14 82H tyres. This tyre type is a C1 class C in terms of fuel efficiency (mytyres, 2025), which has a fuel an RRC, according to the UK governments data (2020), of between 7.8 and 9N/kN. 
This value equates to a middle value of 8.4N/kN or 0.0084 as a value of CoRR.
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Before running the test, the correct WLTP class should be selected to be tested against. To decide this, the vehicles power/curb mass must be found. 
The curb mass has already been found only the vehicles power (In Watts) needs to be found, and, according to Volkswagen (2008), the power output is 59kW. In the same article, the top speed of the vehicle is listed as being 175km/h.
This means that the ratio for power/mass is 59,000/1013 = 58.24 W/kg
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(DieselNet, 2019) 
From this table, the vehicle is shown to be in Class 3b due to having a high-power rating and a v_max higher than 120km/h.
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To calculate some of the values, the equations used were:
· Aero Force = 1/2*ρ*Area*CD*v^2
· Rolling Resistance = m*g*Coefficient of Rolling Resistance
· Accelerative Force = m*a
· Power = F*v 
The values we calculated and stored using functions in a table.
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Theses values extend downward through the different sections of the WLTP phases, colour coded for each segment.
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This graph shows how the velocity changes with time across the WLTP. This can be used to show (due to areas of decreasing velocity) where kinetic energy can be recovered. This will be where the recovery system is able to take some of the braking energy, not effecting the rate of deceleration but reducing the load on the breaks. This energy can be then used again during acceleration, reducing the power the engine needs to produced, therefore also reducing the emissions of the vehicle.

This section of the velocity graph comes within the middle. In the graph there are clear sections where the car is decelerating, this is where the KERS can recover energy.
In this section of the graph shows a large deceleration at the end. This is a good place for kinetic energy to be recovered. Due to the natural coastdown of the vehicle, some of this energy wont be recoverable as aerodynamic and rolling resistances slow the vehicle. 
The rolling resitance here will remain at 94.35 N while the aero resistance will be a dynamic force with the changing V. The force required to slow the car can be found by removing both of these forces from the total force on the car which gives the resulting force graph.

Using the P = Fv across the time period we can find the work done during the braking period and hence how much kE can potentially be recovered. 
[bookmark: _Toc215393751]Full Graph Total Forces

The acceleration forces fluctuate around the x axis, showing the car accelerating and decelerating across the time.
The rolling resistance graph is a flat 9 at 94.35N as the force is a constant, regardless of the changing speed so long as the tyres and road surface stays relatively constant.


Due to being a graph based on a square of the velocity, the graph peaks significantly higher in the top speeds compared to the lower speeds. This assumes the coefficient of drag stays the same due to non-changing air density.

All the graphs overlaid, with the total force, results in the graph below. This clearly shows how the acceleration force dictates a large amount of the total forces, with aero only making a major difference in the high velocity section. The acceleration force is also enough to pull the total force into the negatives, which demonstrates the time on the graph where energy recovery is possible.
The greatest section for this appears to be most frequent during the late middle and early high speeds. This is due to the aero force not effecting the total as much but still having a high acceleration force at the time.
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To find the tractive energy required throughout the WLTP cycle it is required to use the equation P = Fv. Energy in kWh can be calculated by multiplying the Power (In kW) by the length of time in hours which, in this case, would mean multiplying each segment by 1/3600 (1 second). 
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(Electrical Technology, 2023)
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The values for positive force and negative force were separated using MAX and MIN functions, values were used to calculate power for braking and traction which were then added cumulatively and plotted. 
 

Before being combined with the previous graph, the braking energy needs to be converted into positive values using the ABS function. This resulted in a graph within the same section of the graph so that it can be analysed against the traction energy.


As shown on the graph, there are many losses between acceleration and braking especially within the high velocity section. This can be attributed to the increase in air resistance which, not only means more energy is required to accelerate the car, but also less braking energy is necessary to slow the car.
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[bookmark: _Toc215393754]Identifying Largest Moments for KERS
By analysing the breaking energy sections of the data and the graph, the best moments for energy recovery can be identified.
[image: A graph showing a line going down
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These moments are chosen as they are the largest sections in which there is consistent braking before needing to be deployed again to accelerate. The best examples of which are at the end of the WLTP and at 1130 seconds. The most appropriate one for this investigation will be at 1130 as the vehicle will need to use the energy to accelerate afterwards. 
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Within this space of time, 150.8kW of energy can be recovered (2261 Joules, 0.04kWh). 
[bookmark: _Toc215393755]Assessing Suitable KER Systems.
There are multiple types of energy recovery systems which are used on road cars, Electromagnetic, Flywheel, Spring and Hydraulic (JJ’s Auto Care, 2024). 
All forms of kinetic energy recovery on ICE cars are relatively rare. The only option which would be found on a petrol car is a flywheel system. The issue with this is monetary as well as a risk to safety as the flywheel runs in a vacuum, while also managing gyroscopic forces. The system is not far different from lithium systems for energy storage capability, but the lithium solution is more readily available (Sousa, 2011).
To best use the recovered energy, the car is likely to need to be a hybrid vehicle. This means the use of an electromagnetic system, which uses a magnetic field to limit the motion of the drive shaft (JJ’s Auto Care, 2024).
Generator-motors can either be attached in series or in parallel. Series is often better for general stop-go driving whereas parallel is preferred in high-speed vehicles (Union of Concerned Scientists, 2018). For the car in this study, it would be better to use a braking system in series. 
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(e-vehicleinfo, 2024)
As show in this image, the system involves the use of a motor/generator, inverter, the ECU and the battery. The generator can either be attached to the driveshaft directly or by a separate belt system. But in this series system the motor will be directly connected.
The efficiency of a hybrid unit converting the energy under braking tends to be around 80% efficient. This means it has an efficiency of 80% when charging, then 80% when discharging also. This leads to an overall efficiency of 80% x 80% = 64% efficiency overall (Institute of the Motor Industry, 2021). Motor generators are generally around 90kg (Chiver, Sugar, Neamt, 2024) and are roughly 150mm diameter and 200mm long (BorgWarner, 2025). 
The inverter often has switching losses due to time and heat being lost during the process of converting AC to DC and vice versa. Despite the setback, the efficiency has been improved over time to around 97% efficient (Neemeh, 2023). Sizing = 230 x 95 x 58mm (Hall-Fast, 2023).
ECU’s generally have a very high efficiency; it’s only drain being the use of energy from the battery to power itself. This means it will not affect the conversion of braking energy to acceleration (ECU Testing, 2025). Size = 155x120x45mm (ECU Master, 2025)
The batteries in hybrid vehicles tend to remain within a charge range of 30%-80% capacity (ASAR Auto, 2021). It can be assumed that the battery is already within this range when the test starts to demonstrate the full capability of the regenerative system. The round trip efficiency of a lithium-ion battery is approximately 85-90% efficient (Environmental Agency, 2025). Size = 583 x 682 x 1502.8mm (Prime Batteries Technologies, 2024).
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To get to plotting the recovered energy, the percentage efficiency of the whole system must be assessed. The total efficiency of the motor generator is 64%, the inverter 97% twice and the battery Roughly 85%. The total can be calculated by multiplying the processes together.
0.64*0.97*0.97*0.85 = 0.512 = 51.2% efficient.
This can be plotted by multiplying the braking power at each point by 0.512. This value can then be used to calculate the kWh of the system as done before then plotting these values against the braking energy and tractive energy.
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This graph shows the energy which is returned to the road. This increases total system efficiency for the car as it reduces the work having to be done by the engine to accelerate the car.
The system would not be viable adapt the original car with. This is due to the use of a generator attached to the drive shaft rather than by belt and, due to being in series, the braking system will have to be changed to factor the initial braking force from the generator. This however doesn’t mean that the system isn’t possible to include in newer or hybrid models of the Polo where the car can be adapted to save overall efficiency and emissions.

[bookmark: _Toc215393757]System Operation and Drive Variations

[image: Understanding regenerative braking in electric vehicles (EVs) - EV  Engineering & Infrastructure]
(Shepard, 2024)
The regenerative braking will use a series system, which is represented by the graph on the right. The graph on the left is the system in parallel.
The system will operate with the generator doing the braking of the car up until a specific torque value. After this value, the hydraulic breaks will take the rest of the braking force. It is assumed here that the generated energy will be used entirely for helping the car to accelerate, not on any other electronics.  The values for rolling resistance are calculated assuming that the tyres coefficient of rolling resistance has not changed with wear over time. The system also assumes that the road surface doesn’t change and that the gradient of the road doesn’t change. These factors would change the value of the rolling resistance. It is also assumed that the motor-generator is running at its optimal RPM and torque. 
The driver will feel a difference in the amount of brake pressure needed to slow the car down as the regenerative breaking takes much of the initial force. They also may also feel the car slowing significantly more when not accelerating, akin to the feeling of strong engine braking. This is prevalent in some EVs where you can almost achieve one pedal driving (Ford Motor Group, 2025). This differs from conventional ICEs as most of the braking force will have to be achieved by standard friction brakes.
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Acceleration Force (N)



Rolling Resistance vs Time
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 Aerodynamic Resistance (N)



Total Forces 
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Force (N)




Tractive Energy Required at Wheel
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Table 1

WLTC test cycles
PMR, Wikg Speed Phase Sequence
Class3b  PMR>34 v.max2120  Low3+Medium 3-2 + High 3-2 + Extra High 3
Class 3 Vmax<120  Low3+Medium 3-1 + High 3-1 + Extra High 3
Class2  34zPMR>22 - Low 2+ Medium 2 + High 2 + Extra High 2

Class 1 PMR =22 - Low 1+ Medium 1 + Low 1
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Tracive Forces
Total | Phase [ WLTC class 3, [WLTC class 3, [WLTC class 3,
Phase clapsed | elapsed | version5, | version5, | versions. Aeceleraton| oS o |/ieodaME | Total Force | Power
time time | vehicle speed | acceleration | vehicle speed
Phase s s Kk mis? mls N N N N W

Low 0 0 00 0.00) 0.00) 0.00) 94.35] 000 o3 0.00]
Low 1 1 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low 2 2 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low 3 3 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low ) ) 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low 5 5 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low 6 6 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low 7 7 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low O O 0.0 0.00) 0.00) 0.00) 94.35] 0.00] o433 0.00]
Low O O 0.0 0.00) 0.00) 0.00) 94.35] 000 oa.33) 0.00]
Low 10 10 0.0 0.00) 0.00) 31.81] 94.35] 0.00] 12619 0.00]
Low 11 11 0.0 0.0 0.00) 27033 94.35] 0,00 364.70 0.00]
Low 12 12 02 0.4 0.0 826,54 94.35] 000 52129 5118
Low 13 13 17 0.7 0.47] 1,304.03) 94.35] 0.10] 1,398.48] 66039
Low 14 14 54 1.14] 150] 1,224.51] 94.35] 02| 131988 o7,
Low 15 15 59 107] 2.75] 1,113.19) 94.35] 344 121088 3,330.20
Low 16 16 13.1 0.57] .04 1,367.64 94.35] 602 168,01 5,341.93
Low 7 7 169 119] 2.69) 1,447.15| 52.35) T0.03| 155153  7.283.57]
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Middle 590 1 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 591 2 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 592 3 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 593 4 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 594 5 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 595 6 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 596 7 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 597 8 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 598 9 0.0 0.00] 0.00] 0.00] 5435 0.00] 54.35 0.00]
Middle 599 10 0.0 0.00] 0.00] 159.03) 5435 0.00[  253.3 0.00]
Middle 600 1 0.0 0.14] 0.00] 333.96| 5435 0.00[ 42831 0.00]
Middle 601 12 1.0 0.29] 0.28] 604.31] 5435 004 698.70]  154.08]
Middle 602 13 21 053 0.58] 1,113.19| 5435 015 _1,207.69 _ 704.49|
Middle 503 14 48 0.97] 1.33 1,494.86| 5435 081 1,590.02] _ 2,120.03]





