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[bookmark: _Toc156225332]Introduction 
Kinetic energy recovery systems (KERS) are forms of regenerative braking allowing vehicles to store kinetic energy during deceleration, which can then be used for acceleration (Kapoor, Parveen, 2013). KERS have been employed in motorsport and civilian transportation with varying degrees of success. The increasing global focus on emissions, environmental conservation, and dwindling fossil fuel reserves means vehicle efficiency is more crucial than ever.
This report examines the feasibility of implementing a KERS in a Volkswagen Golf Mk4 Estate 1.9 TDI, focusing on reducing fuel consumption and enhancing efficiency. A theoretical investigation will be conducted using the WLTP standards to assess the vehicle's power consumption, exploring suitable KERS options based on performance and compatibility.
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[bookmark: _Toc156225334]WLTP
The WLTP (Worldwide Harmonised Light Vehicles Test Procedure) is the global standard for measuring vehicle emissions and range for traditional ICE, hybrid, and electric vehicles (United Nations, 2014). It supersedes the NEDC (New European Driving Cycle), offering a more rigorous and realistic assessment of real-world driving conditions (WLTPfacts, 2017).
Improvements over NEDC:
· More Realistic Driving Conditions: Unlike the NEDC, the WLTP includes more realistic driving scenarios, considering various speeds, longer distances, and more modern driving behaviours.
· Temperature Controls: It also ensures that tests are conducted under controlled temperature conditions to minimise variances.
· Vehicle Specificity: The WLTP considers each vehicle's specific features, including optional equipment, which can significantly impact performance.
· Broader Range of Driving Situations: The procedure encompasses a wider range of driving situations, such as urban, suburban, main road, and motorway driving.
· More Rigorous Testing: The WLTP testing cycle is longer and more rigorous than the NEDC, leading to more accurate results.
[bookmark: _Toc156225335]Vehicle Specifications
The vehicle selected for the WLTP test is the Volkswagen Golf Mk4 Estate 1.9 TDI. This model is popular for its reliability, performance, and suitability for everyday use, including commuting and long-distance travel. Implementing KERS in this vehicle could notably improve its fuel efficiency, particularly in urban environments with frequent stop-start scenarios, as well as enhance performance in terms of acceleration and overall driveability.
Table 1 - Golf IV specs
	Weight (kg)
	Power (kW)
	(W/kg)
	Rolling resistance coefficient 
	Aerodynamic drag coefficient
	Frontal area (m2)

	1403 
	74
	72.67
	0.012 (Wargula, et al, 2018)
	0.31 (Heizler, 2007)
	1.4 (see fig 1)



The Mk4 Golf Estate's power-to-weight ratio of 72.67 (Table 1) places it in the appropriate category for the WLTP Class 3 test.
[bookmark: _Toc156225336]KER Systems
KERS can be broadly categorized into electrical and mechanical systems. Electrical systems convert kinetic energy into chemical energy, storing it in batteries for later use (Abdurrakhman et al., 2015). Mechanical systems, like flywheels or spring-based designs, store kinetic energy directly or convert it into potential energy for later use (Brockbank, Cross, 2006). 
Flywheel KERS has been successfully utilized in the world of motorsport, particularly by the Williams F1 team during the 2009 season. The team utilized a carbon composite flywheel which spun at over 50,000 RPM in a vacuum. The flywheel was used as both a motor and a generator, resulting in fewer moving parts. The flywheel could be charged electrically and then utilized to generate electrical energy as and when required (Racecar Engineering, 2023).
Another example of a mechanical system uses hydraulics to compress an air spring, and this compressed air can be used to push fluid through a hydraulic motor. Some other KERS systems will store energy by compressing or stretching a mechanical spring, which can later be harvested as elastic potential energy. (Nayak, 2015).
Electric KERS is most used on EVs and hybrids, wherein the drive motors can serve as motors/generators to slow down the vehicle without requiring any additional components. The energy is then stored in the vehicle's battery, which improves its range.
Supercapacitors are often used instead of batteries due to their ability to charge and discharge more quickly, since supercapacitors store an electrical charge directly rather than converting the energy chemically, this makes them more efficient. Compared to batteries, capacitors are lighter and more compact for the same energy density, increasing packaging options. (Zhang, et al, 2023)
The efficiency of KERS systems varies by design but according to (racecar engineering, 2024), (Arabkoohsar, 2021) and (Quintana, et al, 2021). Values between 60% and 90% are common. An efficiency of 70% was used for the calculations. 
[bookmark: _Toc156225337]Method Statement
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[image: A car parked in front of a house

Description automatically generated]The frontal area of the Golf Mk4 Estate was estimated using a front-view photograph of the vehicle. The image was processed using CAD software, where the vehicle's outline was traced and the area within this outline calculated. This data is critical for determining the aerodynamic drag and energy recovery potential of the vehicle.Figure 2 - Frontal area of Golf measured.

[bookmark: _Toc156225339]WLTP
The Class 3 WLTP drive cycle was employed to model the Golf Mk4 Estate's performance, calculating tractive and braking forces based on its specific attributes, such as weight, power output, and aerodynamic properties. This analysis facilitated the estimation of energy recovery potential for the KERS, informing the selection of an appropriate energy storage device. Calculations were conducted for each second of the drive cycle using excel, allowing for an accurate simulation of the forces required for accelerating and decelerating the vehicle.

 



[bookmark: _Toc156225340]Results Graph 2 - Tractive and braking power throughout the WLTP
Graph 1 - Tractive and breaking force throughout the WLTP




Graph 4 - energy returned through contact patch.
Graph 3 - Cumulative energy over the course of WLTP



Graph 1 shows the force required to make the vehicle accelerate or decelerate, the acceleration forces are shown in blue, and the deceleration forces are shown in orange.

Graph 2 shows the power generated by the vehicle during the test, blue is tractive power and orange is braking power. The graph shows how as the speeds increase in the later parts of the test so does the power required to accelerate or decelerate the vehicle.

Graph 3 – The blue line shows to total energy used throughout the test, cumulatively. The  orange line shows the energy used for braking throughout the test, cumulatively. The space between them represents the energy lost. 

The final graph, Graph 4, shows the amount of energy that can be collected from each braking period the area under this graph represents the power available to be used for acceleration. The graph shows how as the speed changes become more extreme and the braking periods are longer, the power can be collected using a KERS. This is considering a 75% efficiency value. There are significantly higher energy spikes after 1100 seconds during the “high” and “extra-high” phases of the test. 

Table 2 - maximum and average energy values throughout the test
	maximum braking energy per period
	average braking energy per period
	maximum tractive energy
	average tractive energy
	maximum braking energy
	average braking energy
	maximum energy available for acceleration
	average energy available for acceleration 

	kJ
	kJ
	kJ
	kJ
	kJ
	kJ
	kJ
	kJ

	636.37
	83.62
	887.26
	149.60
	848.50
	28.48
	621.08
	170.52



In table 2 all the averages and maximums are displayed; this gives us values that we can later use to size an appropriate energy storage system. 
Table 3 takes the maximum and averages from the “low” and “middle” phases of the test as these are the phases that are designed to represent stop-start urban driving. This is the style of driving that KERS has the most to offer in terms of increasing fuel efficiency. 
Table 3 - Maximum and average energy for "low" and "middle" phases
	maximum energy per braking period (low and middle phases)
	average energy per braking period (low and middle phases)
	maximum energy available for acceleration (low and middle phases)
	average energy available for acceleration (low and middle phases)

	kJ
	kJ
	kJ
	kJ

	215.97
	45.35
	211.39
	60.51



[bookmark: _Toc156225341]Discussion
With owners reporting mpg figures of 50+ during motorway use and 40 or lower around town (verticalscope, 2024), the mk4 Golf shows that if implemented correctly a KERS could be very helpful in improving fuel efficiency, where the stop-start driving style lends itself to a short-term energy storage solution such as a flywheel or supercapacitor. For this reason, only the low and middle phases were considered for energy collection. 
The maximum collectable energy was 216kJ, so a storage system capable of storing and redelivering this power to the wheels would be ideal. The lighter this system is the better for this reason a flywheel has been chosen as a supercapacitor pack capable of holding 250kJ would be rather heavy. (Pullen, 2014) was able to store 489kJ in a carbon-epoxy flywheel with a mass of 1.1kg and (Volvo, 2011) have been able to add 80hp to a test car using a 6kg carbon flywheel. 
Seen as the energy being collected is quite small when compared to maximum braking energy collecting from the rear wheels will be possible. This also allows the most space for installation seen as this is a front wheel drive car. The simplest solution is to use motor/generators on the rear wheels and use this to collect and deliver power to and from the contact patch. This gives the added benefit of making the car all wheel drive, meaning peak acceleration will be increased significantly. 
[bookmark: _Toc156225342]Flywheel specification
Using a flywheel radius of 0.25m to allow multiple packaging options and assuming an inertial constant of 0.7 where most of the mass is pushed to the edge of the flywheel for a high moment of inertia to mass balance.
The Volvo system spins the flywheel at 60000rpm and the Williams F1 system would spin between 50000rpm and 100000rpm. For these calculations 75000rpm will be used. 


 (~75000rpm)







To be able to store 250kJ of energy in a flywheel with a radius of 0.25m, rotating at 75000rpm, it would need to have a mass of 180g. 
[bookmark: _Toc156225343]Motor/generator specification
The maximum tractive power during the low and middle phases of the WLTP is 26kW (see graph 2). And the average is approximately 9kW so a 10kW motor would be an ideal size for this application. 
Given the 250kW of power available we can calculate how long the motor can run for at 10kW. 



The motor will be able to run for 25 seconds at peak power which is more than enough to provide power for all the acceleration periods on the WLTP. 
Two 5kW motor/generators will be used, one for each rear wheel. They can either be employed to harvest kinetic energy during overrun which would have the feel of increased engine braking or a brake-by-wire system will need to be fitted to the car. Though the brake by wire system is accompanied by a host of engineering issues that will need to be addressed, namely ensuring the safety of the system, and creating a seamless feel at the pedal. 

A typical mass for a 5kW motor is 10kg. this means 20kg total motor mass. Considering the flywheel, wiring, controllers and motors the final KERS system is estimated to weigh approximately 30kg.


[bookmark: _Toc156225344]Conclusions
[bookmark: _Toc156225345]Integrating a Kinetic Energy Recovery System (KERS) into the Volkswagen Golf Mk4 Estate 1.9 TDI can significantly enhance fuel efficiency and reduce environmental impact. By harnessing the energy that is usually lost during braking, particularly in urban stop-start driving conditions, KERS can be used for acceleration. The analysis based on the Worldwide Harmonized Light Vehicles Test Procedure (WLTP) standards shows that this can save significant energy.
Considering the specifications and constraints of the Golf Mk4 Estate, a flywheel-based mechanical KERS would be the most appropriate option. This system is designed for minimal mass and maximum energy storage efficiency, weighing around 30kg and storing up to 250kJ of energy during the “urban” phases of the WLTP. Besides, implementing KERS could convert the Golf Mk4 Estate into an all-wheel-drive vehicle, improving traction and stability. The proposed dual motor/generators on the rear wheels would enhance energy recovery and utilization, although they would slightly increase the vehicle's weight.
However, retrofitting KERS into an existing model like the Golf Mk4 Estate presents some challenges, such as engineering adaptations for motor/generator integration and possibly a brake-by-wire system. These modifications require careful design and testing to ensure safety and reliability, alongside considering the cost implications.
Despite these challenges, the adoption of KERS in the Volkswagen Golf Mk4 Estate is a significant step towards sustainable transportation, aligning with global environmental goals.
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