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[bookmark: _Toc402308865]Introduction
In this document I will be discussing the energy losses and possible ways of recovering these losses from my chosen vehicle, a 2020 Golf GTI with a 2.0-liter TSI engine. I will do this following the technique used by the WLTP (World Harmonized Light Vehicle Test Procedure), a procedure used to help define a realistic fuel consumption and emissions or pollutant estimate for all kinds of vehicles. Using the WLTP I will be able to gauge where energy can be recovered thanks to it using real-world figures, and providing different phases from low, medium, high to very high.  I have chosen this car as it is very common, mass produced, with plenty of easily accessible data and information which I will require for this assignment.

















[bookmark: _Toc1098037767]1 – Vehicle Dynamics Characteristics
[image: ]
Figure 1.1 - A table compiled with the vehicle dynamics characteristics for my chosen Golf GTI.
[bookmark: _Toc764767995]1.1 Finding Vehicle Test Mass
The vehicle test mass required for the WLTP is the mass of the vehicle itself plus the weight of the driver and passengers and cargo.  This is to give a valid and accurate representation of the car when it's used in everyday life, which results in more accurate fuel consumption figures (Vehicle Certification Agency, 2021). The WLTP test mass of my chosen Golf is an estimated 1420 kg (ChatGPT, 2024).
[bookmark: _Toc1422624790]1.2 Finding Vehicle Frontal Area
The vehicle frontal area is key to finding the aerodynamic resistance required for further calculations which I will discuss later on in this document. An estimated value for the frontal area of my vehicle is 2.23m^2 (Keromnes, 2020).
[bookmark: _Toc707015553]1.3 Finding Rolling Resistance Coefficient
The coefficient of rolling resistance, assuming the surface is smooth, dry and the car is running on performance road tyres, is 0.01 (ChatGPT, 2024).
[bookmark: _Toc1267532118]1.4 Finding Coefficient of Aerodynamic Drag
As specified in the technical specifications for my vehicle, the drag coefficient is 0.31 (Volkswagen, 2020).
[bookmark: _Toc694761628]1.5 - Gravity and Air Pressure
Gravity is of course 9.81, and I have also assumed that the air pressure is 1.225kg/m^3, which is the air pressure at 15°C and at sea level (MAC Instruments, 2019).

[bookmark: _Toc513357064]2 – Producing a WLTP Spreadsheet
[bookmark: _Toc1578799389]2.1 - Choosing a Suitable Class
My chosen class is class 3 as this is where most light vehicles fit in, it is also because it has a power to weight ratio > 34 as specified by the VCA (2021).
[bookmark: _Toc994662587]2.2 - Calculations
Using the WLTP spread sheet and newly acquired vehicle dynamics data enabled me to find additional aspects such as the following listed below.
[bookmark: _Toc1377866948]2.2.1 - Acceleration Resistance
Using the WLTP test mass and acceleration (m/s^2), the acceleration resistance could be calculated. Using the spreadsheet this could be calculated for each second and each phase of the WLTP.
[bookmark: _Toc2120391713]2.2.2 - Rolling Resistance
This is calculated by multiplying the coefficient of rolling resistance, mass and gravity together. In this instance it was 139.302 N.
[bookmark: _Toc375948480]2.2.3 - Aerodynamic Resistance (Drag)
Finding aerodynamic drag used the following formula -
½ (coefficient of drag x frontal area x air pressure x velocity (m/s)).
[bookmark: _Toc1685414309]2.2.4 - Total Tractive Force
The total tractive force is the amount of force required to propel the vehicle’s tyres forward or into movement, overcoming the resistive forces and factors which may apply. By adding the rolling resistance, acceleration resistance and drag force I was able to come up with the values for this, showing the amount of force that needs to be overcome by the vehicle in order to move. 
[bookmark: _Toc19837031]2.2.5 - Power Requirement
By multiplying the tractive force and velocity (m/s), the power requirement can be calculated.
[bookmark: _Toc1613862845]3 – Producing Graphs
[bookmark: _Toc1893482252]3.1 - Tractive Force and Total Tractive Force Graph
Below it is evident that there is a big difference between the tractive force (drag force x rolling resistance) and total tractive force (rolling resistance + drag force + acceleration resistance). The red total tractive forces line displays the amount of force that needs to be overcome by the vehicle to move, and here we see it increase and decrease over the course of the WLTP.
[image: ]Figure 3.1 - a graph displaying total tractive forces and tractive forces over the total elapsed time of the WLTP.

[bookmark: _Toc414853851]3.2 - Tractive Power Graph
Below we see how tractive power varies over the course of the different phases of the WLTP. Tractive power is calculated using drag force x tractive force. As the phases reach the higher levels we see the need for tractive power increases, as the demand increases.
[image: ]Figure 3.2 - a graph showing tractive power over time.

[bookmark: _Toc1637311880]3.3 - Cumulative Tractive Force vs. Braking Energy Graph
Below is a graph displaying the cumulative braking energy vs the cumulative tractive force experienced by the vehicle across the course of the WLTP. In this case we see that the amount of braking energy is incredibly higher than the cumulative tractive force.
[image: ]Figure 3.3 - a graph showing cumulative tractive forces vs. cumulative braking energy graphs.

[bookmark: _Toc880184904]4 – Kinetic Energy Recovery
[bookmark: _Toc1540327604]4.1 - Sizing The Recovery System
Defining a system for kinetic energy recovery (KERS) involves considering several aspects such as the peak kinetic energy recovered, maximum power input, efficiency of the different components and the usable energy following the inefficiency losses.
The idea I have chosen as a form of KER is regenerative braking, where the kinetic energy recovered under braking is taken and stored to help boost the hybrid power of a vehicle. My system will require an energy storage system, in this case a battery. The KERS recovered energy will be used to charge the battery, and then when required, the battery is discharged to provide an extra hybrid power boost to the engine. 
The system of course has its inefficiencies, such as areas where energy is lost to heat or noise. The areas where inefficiencies are common are the battery, electronics and gearbox. 
According to Pilot Group (2024) lithium-ion batteries are much more efficient than lead acid batteries with an efficiency percentage of 95% in comparison to 80-85%. This is due to batteries self-discharging over time, especially for older batteries that have been charged and discharged several times. It is also extremely important that batteries aren't completely discharged as this can cause lasting damage, therefore it is important that my KERS system does not allow the battery to be completely discharged to ensure the longevity of the battery’s life.

	Energy storage system
	Battery (lithium ion)

	Efficiency (percentage)
	0.95


Figure 4.1 - a table defining the efficiency of a lithium-ion battery.
Inefficiencies can also be found in gearboxes, according to Petr et al. (2022) with efficiencies varying depending on the car. For the average gearbox, like one found in mass produced road cars, the efficiency percentage is around 92%. 
	Gearbox
	

	Efficiency (percentage)
	0.92


Figure 4.2 - Gearbox percentage table.
Energy is often lost as heat in electronics systems, this involves wiring and connections. This however is a very minor inefficiency; however, it impacts the system nonetheless, therefore an estimation of 95% is valid in my opinion (ChatGPT, 2024).
	Electronics 
	

	Efficiency (percentage)
	0.95


Figure 4.3 - Electronics efficiencies table. 
The overall efficiency can then be calculated by adding all these percentages together as decimals, resulting in a similar figure to the following.
	Total System Efficiency
	0.8303


Figure 4.4 - Total system efficiency percentage.
To size the system, the requirements need to be established. By finding the peak KERS and maximum power input, the storage capability of the battery can be established. For a more accurate figure, the efficiency percentage can be applied to calculate the usable energy recovered, or the amount that reaches the battery to charge it.

	Peak KERS
	78461.11081
	Max power input 
	29635.92593

	Max Energy Recovered
	944458.3256
	Usable Energy after inefficiencies (J)
	784183.7478


Figure 4.5 - a table showing the requirements of the vehicle in terms of energy recovered.
According to my calculations, the battery will need to have enough capacity to hold 784183.7478 J of energy. A 12v battery would be suitable for this application (ChatGPT, 2024) with a capacity of 18200 Mah. To show the amount of energy returned to the road, I plotted the graph below.
[image: ]
Figure 4.6 - The amount of usable energy returned to the road over time.

[bookmark: _Toc1986456746]4.3 - Feasibility
Regenerative braking is widely used throughout hybrid vehicles. However, one issue with my chosen vehicle is that it is not hybrid. Therefore, a hybrid engine conversion would be required, however hypothetically if the vehicle was a hybrid, it would be a feasible system with refinement to ensure that the energy recovered is in fact useful for delivering extra charge to the hybrid. It also does not replace the current brake caliper/disc set up on the car, as specified by Perry (2021), “often a new technology must be installed at the cost of the old one, but with regen braking, this is just not the case. The inclusion of a regen braking system doesn’t require that the regular system get taken away or replaced. It can work alongside regular brakes, allowing drivers to benefit from the best of both worlds.”
In terms of comparison to a normal braking system, drivers have reported feeling a difference between both. Some drivers have had difficulty in achieving the same smoothness of braking with regenerative braking, as well as finding the brake pedal momentarily unresponsive (Sustainably Forward, 2024). This could be considered a disadvantage, as driver satisfaction is important in terms of selling a car, however with it being advantageous in helping prolong the range of the hybrid engine it is important to weigh up the priorities. 


[bookmark: _Toc1904480846]Conclusion
To conclude, it is evident that every vehicle would benefit from recovering kinetic energy lost during driving as it provides additional energy that would otherwise be lost in a traditional system, helping boost its efficiency. It is an opportunity to help improve the fuel consumption of hybrid vehicles as well as helping boost and provide additional, albeit small charge for the range of fully EVs. 
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Cumulative Tractive Energy vs. Cumulative Braking Energy
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Usable Energy To Return to the Road
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Tractive Power vs. Time (s)
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Total Tractive Forces vs. Tractive Force
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