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[bookmark: _Toc215430757]Introduction
The world is moving towards an ever increasing focus on energy efficiency and sustainability, which has driven a tidal wave of innovation in the automotive and motorsport worlds. One of the most important advancements in both spaces is the development of KERS (Kinetic Energy Recovery Systems), which capture and store energy that otherwise would be lost during braking. This stored energy can then be deployed later during acceleration, which decreases fuel consumption, therefore increasing the overall efficiency of the vehicle.

This report analyses the effects of adding a KERS to a car, focusing on its ability to reduce fuel consumption by recovering kinetic energy which otherwise would be lost during braking as heat energy. It will begin by identifying the dynamic characteristics of the selected vehicle, such as test mass, aerodynamic properties, and the car's rolling resistance. Then the WLTP is used to plot the cumulative tractive energy as well as the cumulative braking energy required during standard drive cycles.

The key points of energy recovery are then identified to determine the KERS storage and power input requirements. A suitable KERS is then proposed with all components sized appropriately to recognise these requirements, and a graph displays the kinetic energy returned to the wheels. This report will conclude with an overview of how the system operates, any assumptions made, and how the feel of the vehicle may change compared to the ICE and friction brake versions of the car.











1. [bookmark: _Toc215430758]Vehicle selection
The vehicle selected for this report was a 2022 Porsche 911 Dakar. This car was selected because it is a high power ICE vehicle without a pre-installed KERS and the up to date and reliable technical data from the manufacturer. This provides a clear baseline for evaluating the effects of implementing such systems in high performance sports cars. 

2. [bookmark: _Toc215430759]Vehicle characteristics
The characteristics of the vehicle required to evaluate the value of implementing a KERS were collected from published manufacturer data from Porsche and tire testing data from ‘TyreReviews.com’. The test mass has been calculated according to WLTP methods, adding both a driver and additional payload mass to the kerb mass (VCA, 2021). Aerodynamic values such as the drag coefficient and the frontal area determine the varying aerodynamic resistance throughout the cycle, while the rolling resistance remains and has been derived from kg/t to a coefficient. These characteristics form the basis for calculating values such as the cars tractive forces, braking energy and cumulative energy over the WLTP cycle. This then allows for the analysis of how a KERS system might affect the car.
	Characteristic
	Value	
	Source

	Kerb Mass
	1605kg
	(Newsroom Porsche, 2022)

	Test Mass
	1780kg
	(Newsroom Porsche, 2022)

	Horsepower 
	473hp (@6500rpm)
	(Newsroom Porsche, 2022)

	Torque 
	570Nm (@2300-5000rpm)
	(Newsroom Porsche, 2022)

	Frontal Area
	2.11m^2
	(Newsroom Porsche, 2022)

	Drag Coefficient
	0.35
	(Newsroom Porsche, 2022)

	Rolling Resistance Coefficient
	0.00889
	(Tyre reviews, 2022)

	Number of Cylinders
	6
	(Newsroom Porsche, 2022)

	Engine Size
	3.0L
	(Newsroom Porsche, 2022)


· Figure 1, Porsche 911 Dakar characteristics
3. [bookmark: _Toc215430760]WLTP
3.1 [bookmark: _Toc215430761]What is WLTP
WLTP or Worldwide harmonised Light vehicles Test Procedure is a globally followed driving cycle used by vehicle manufacturers to calculate a realistic view of a vehicle's fuel consumption, CO2 emissions and pollutant levels. It was finalised in 2015 before being officially adopted over the following years (European commission, 2017). The development of the WLTP aimed to harmonise emissions tests worldwide and create a more representative test compared to real world driving. In Europe it replaced the NEDC (New European Driving Cycle), this new cycle reduced the gap between laboratory and real world driving performance and limited the ability of manufacturers to optimise vehicles for non representative, oversimplified test cycles.
3.2 [bookmark: _Toc215430762]WLTP class
The Porsche 911 Dakar falls into WLTP class 3b. Class 3b is defined as a vehicle with a power to weight ratio greater than 35W/kg and a top speed >120 km/h (European commission, 2018). The 911 Dakar’s power over kerb weight is 353000W/1605kg = 219.9W/kg and it has a top speed of 240 km/h (Newsroom Porsche, 2022), clearly satisfying both criteria. Selecting the correct WLTP cycle is critical as the effectiveness of a KERS relies on the intensity and frequency of braking events, using the correct one gives the best insight into how this car would be driven on the road. This allows for a KERS which is optimally speced to typical driving behaviour.

WLTP cycle 3b
[image: ]
· Figure 2, WLTP cycle 3b (Research gate, 2022)







[bookmark: _Toc215430763]4.0 WLTP graphs
To assess the potential kinetic energy recovery during the WLTP cycle 3b, both tractive and braking cumulative energy values must be determined. By combining velocity, aerodynamic drag, rolling resistance and acceleration resistance, the total tractive force and power are determined throughout the cycle.

[bookmark: _Toc215430764]4.1 WLTP cycle 12 largest braking events
To outline the parameters for the KERS, I plotted the 14 largest braking events on the WLTP cycle and worked out their change in kinetic energy to calculate the theoretical recoverable kinetic energy, however this will be an overestimation as rolling resistance and aero drag are not taken into consideration at this stage. 
[image: A graph with blue and orange lines

AI-generated content may be incorrect.]
· Figure 3,  WLTP largest braking events








	Braking Zone
	Maximum Speed
	Maximum Kinetic Energy
	Minimum Speed
	Minimum Kinetic Energy
	Theoretical Recoverable Kinetic Energy

	 
	KPH
	kJ
	KPH
	kJ
	kJ

	1
	44.5
	135.989
	12.000
	9.889
	126.100

	2
	39.5
	107.147
	0.000
	0.000
	107.147

	3
	56.5
	219.221
	14.500
	14.438
	204.782

	4
	49.8
	170.311
	14.300
	14.043
	156.268

	5
	33.5
	77.068
	0.000
	0.000
	77.068

	6
	56.9
	222.336
	12.000
	9.889
	212.447

	7
	49.8
	170.311
	12.000
	9.889
	160.422

	8
	53
	192.902
	17.000
	19.846
	173.055

	9
	52.2
	187.122
	0.000
	0.000
	187.122

	10
	53.3
	195.092
	12.000
	9.889
	185.203

	11
	69.7
	333.619
	14.200
	13.847
	319.771

	12
	81.6
	457.262
	27.300
	51.181
	406.081

	13
	42.5
	124.040
	0.000
	0.000
	124.040

	14
	131.3
	1183.898
	0.000
	0.000
	1183.898


· [bookmark: _Toc215430765]Figure 4, largest braking events data
4.2 Tractive resistances
Equations required
Aerodynamic drag (force)
Rolling resistance (force)
Acceleration resistance

Total tractive force required


· Figure 5, rolling resistance against time

· Figure 6, Aerodynamic drag against time

· Figure 7, acceleration resistance against time

· Figure 8, Total tractive force against time
The total tractive force represents the force required at the wheels to follow the WLTP drive cycle, negative gradients are braking events and positive are acceleration, this is essential for KERS analysis.

[bookmark: _Toc215430766]4.3 Tractive power

· Figure 9, tractive power against time
Tractive power is calculated by multiplying the total tractive force by is velocity. Positive values indicate acceleration while negative values indicate braking. By converting power into energy, you can get an idea of the vehicle's energy consumption over the whole cycle.


[bookmark: _Toc215430767]4.4 Cumulative Tractive energy and Braking energy

· Figure 10, Cumulative tractive and braking energy against time 
The cumulative braking and tractive energy is found by adding the positive energy values for tractive energy and all the negative ones for braking energy. This graph shows the potential energy which could theoretically be regained during the cycle. The braking energy in red is about a quarter of the total tractive energy in blue, thus, theoretically implementing a KERS could save ¼ of the fuel and emissions over the cycle.














5.0 [bookmark: _Toc215430768]Types of KERS 
There are 3 main types of KERS used in vehicles, these are Electrical, Hydraulic and mechanical.
5.1 [bookmark: _Toc215430769]Electrical
Electrical Kinetic Energy Recovery Systems use motors to recover rotational energy during deceleration and convert it into electrical energy. This energy can then be stored in either lithium ion batteries or in supercapacitors. When the driver accelerates again this energy is sent back to the motor, supplementing the engine reducing fuel consumption. Electrical is the most used KERS due to its flexibility, relative comparison ease of implementation and efficiency at recovery and deployment of energy. Battery systems provide a larger energy capacitance, however are limited to a slower energy charge and release compared to super capacitors, which can charge and release energy extremely quickly but cannot hold as much energy. This makes supercapacitors ideal for rapid braking and acceleration events. Electrical KERS are comparatively mechanically simple compared to Hydraulic and Mechanical systems with fewer moving parts and small package size, which in combination with their high efficiency, make them ideal for hybrid road vehicles.

5.2 [bookmark: _Toc215430770]Hydraulic
Hydraulic Kinetic Energy Recovery Systems store recovered braking energy as hydraulic pressure. As the vehicle decelerates the drivetrain compresses a gas, into potential energy stored as pressure. When the vehicle accelerates the stored pressure is released which drives a motor to transfer the energy back to the wheels. Hydraulic KERS provide high energy density, however require comparatively large spaces to implement which makes them good candidates for vehicles such as buses or lorries. However, they are too large, heavy and complex to be feasibly implemented into most road cars.

5.3 [bookmark: _Toc215430771]Mechanical
Mechanical Kinetic Energy Recovery Systems store recovered braking energy in a rapidly rotating flywheel. During deceleration, a clutch engages a motor which spins up to very high speeds. This energy is then stored as rotational inertia and can be deployed again when accelerating by connecting the flywheel back to the drivetrain. Mechanical KERS systems can take on lots of energy very quickly, making them ideal for quick and short braking events such as in racing. However, they do have some quite significant disadvantages, packaging is often a complex issue, loud noise from the flywheel and the safety issues which come with the high rotational speeds which can exceed 60,000rpm (Buisness car, 2014).


[bookmark: _Toc215430772]6.0 KERS Sizing and Efficiency
[bookmark: _Toc215430773]6.1
The KERS has been sized based on the peak braking power under ideal circumstances during the 3b WLTP cycle. The minimum tractive power during a braking event on the cycle is 35.11kW as shown below.
· Figure 11, tractive power against time
This value will determine the upper boundary for both the storage medium and the motor requirements. For my KERS I have decided to use an electrical Super Capacitor system, this is because they can recover and then redistribute large amounts of energy over short periods with high efficiency.
To meet the capacitance requirement for the system, a series of super capacitors will have to be joined together to give a current which they can handle during peak braking events and not overload single capacitors. The chosen motor must operate efficiently with the high voltage of the system while maintaining peak power inputs of 35kW during deceleration.








[bookmark: _Toc215430774]6.2 KERS components 
Efficiency and component values were derived from manufacturer figures, and for this paper, we will assume ideal circumstances for all components to give the theoretical maximum recoverable energy. Multiplying all efficiencies together gives a round trip efficiency of 85.8% for the whole system.

[bookmark: _Toc215430775]6.2.1 Super capacitor
Peak energy recovery is 35kW, if we use 350 V current should be in a manageable range for the super capacitor cells. For this ‘Maxwell 3000 F 2.7V super capacitor cells’ were deemed the most suitable.
	Parameters
	Value

	Voltage per cell
	2.7V

	Capacitance per cell
	3000F

	ESR
	0.29 m[image: ]Ω

	Continuous current
	190A

	Peak current
	>1000A (short)

	Efficiency (round trip)
	95-98%


· Figure 12, Maxwell 3000f 2.7 specs (Maxwell 3000f)

Current = Power/Voltage so substituting in I = 35000/350 = 100 A
So individual cells should easily be able to handle the peak current of 100A. However, one cell only gives 2.7V, so you need a long series of them to reach the target of 350V.
Number of cells in pack = 350V/2.7V = 129.6 -> 130 cells needed in series
Voltage of pack: 130 x 2.7V = 351V
Peak ESR: 130 x 0.29m[image: ]Ω = 37.7mΩ
Capacitance of pack = 3000/130 = 23F

E = ½CV^2 = 0.5 x 23 x 350^2 = 1.409 x 10^6 W
Converting this from Watts to kWh
(1.409x10^6) / (3.6x10^6) = 0.39kWh
High for motorsports??
The super capacitors have a low ESR, so small heat losses, thus there should be no risk of overheating.




Efficiency
Internal losses = I^2R = 100^2 x 0.0377 = 377W
So under the 35kW peak, Internal losses = 377/35000 = 0.01 = 1%
Super cap efficiency (round trip) = 95-98%
Super cap internal losses at 35kW = 1% 
Total super capacitor bank efficiency = 94-97%

[bookmark: _Toc215430776]6.2.2 Motor
With peak energy recovery at 35kW, a motor which has a peak power of that would be ideal to recover as much energy as possible. For this, a ‘Rex 50 electric motor’ was deemed the most suitable candidate due to its high torque (ideal for acceleration), high power rating and high efficiency.
	Parameters
	Value

	Peak power
	35kW

	Peak torque
	120Nm

	Peak RPM
	6000rpm

	Weight
	8kg

	Voltage
	63-800V

	Efficiency
	80-95%


· Figure 13, Rex 50 motor specs (Rex 50)

[bookmark: _Toc215430777]6.2.3 Controller
To manage the energy recovery and redistribution of the KERS a controller is required. We are using 350V and a peak current of 100A so a controller that can manage this is a must. For this a  ‘HBCi 100400’ was deemed the most suitable.
	Parameters
	Value

	Continuous current
	100A

	Peak power
	60kW

	Weight
	1.8kg

	Voltage
	120-400V

	Efficiency
	Up to 99%


· Figure 14, HBCi 100400 specs (MGM comprono) 



[bookmark: _Toc215430778]6.3 How the system operates
When the driver applies the brakes, the motor switches into recovery mode, which creates resistance, slowing the vehicle down and converting the wheels rotational kinetic energy into electrical energy. This energy is then stored in a series of supercapacitors which can be charged quickly. During acceleration, the controller converts the system to deployment mode. Energy in the capacitors is discharged back into the motor which reverts the electrical energy back into rotational energy providing additional torque at the wheels. This can improve acceleration or improve fuel economy, depending on the programming of the controller.

[bookmark: _Toc215430779]6.4 Assumptions made
During this analysis several assumptions were required. It was assumed the components were operating in ideal circumstances and did not add significant mass to the vehicle to provide insight into the maximum benefits of including a KERS in a Porsche 911 Dakar. It was also assumed that the WLTP cycle is reflective of real world driving experiences and behaviours as well as that the analysed 14 largest braking zones reflect typical regeneration events. 

[bookmark: _Toc215430780]6.5 KERS energy recovered compared to total tractive energy

· Figure 1, Cumulative tractive and KERS energy against time

The blue line is the total tractive energy over the cycle and the green is the total energy recovered from the braking over the cycle while taking ito consideration the systems efficiency.

[bookmark: _Toc215430781]6.6 Variations to driver feel
To the driver during continuous speed the vehicle should feel the same however, during braking they may experience harsher braking as the motor and mechanical brakes work in tandem to slow the vehicle down. During acceleration the driver should feel the car is more responsive and gets up to speed faster than with just the ICE as the additional HP and torque from the motor kick in.

[bookmark: _Toc215430782]7.0 Conclusion
In conclusion, the addition of a super capacitor KERS to the Porsche 911 Dakar has the potential to improve emissions fuel economy and overall acceleration. This will be particularly effective during stop start driving such as in urban environments. The supercapacitors offer rapid energy recovery as well as redeployment at high efficiency which if widely implemented across road vehicles would improve the air quality in our urban areas. By analysing potential energy recovery, you can clearly see how even a rudimentary afterthought addition of a KERS has the potential to dramatically improve fuel economy for seemingly little trade off. Although the WLTP cycle will not represent all drivers perfectly and some assumptions had to be made the overall conclusion of this report support the effectiveness of Super capacitor KERS as practical addition to road vehicles.
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Aerodynamic drag (N) against time (S)
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Total acceleration resistance (N )against time (s)
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Total tractive force (N) against time (s)
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Cumulative tractive and cumulative braking energy (kJ) against time (s)
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Cumulative Tractive energy (kJ) and Cumulative KERS recovered energy (kJ) against time (s)
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