[bookmark: _Toc235989952]Kinetic energy recovery
By Angel Stanley
[image: ]
[image: ]


Table of Contents
Kinetic energy recovery	1
Introduction	3
Task 1 – Vehicle selection	4
Task 2 – Vehicle characteristics	4
Task 3 – selection of the appropriate WLTP driving cycle	5
Task 4 – Spreadsheet modelling of tractive and braking energy	6
Task 5 – identification of KERS power input and energy storage requirements	9
Task 6 – KERS selection and component specification	10
Task 7 – Recovered energy performance	10
Task 8 – Discussion and Conclusion	11
References	12





[bookmark: _Toc235989953]Introduction 


The transport sector is responsible for a significant portion of the global greenhouse gas emissions, with conventional internal combustion engine (ICE) vehicles losing a large amount of energy as heat during braking. Regenerative braking provides an opportunity to recover part of this wasted kinetic energy by converting it into electrical energy for later reuse. This improves overall vehicle efficiency, reduces fuel consumption and lowers the carbon dioxide emissions without significantly affecting vehicle performance.


The aim of this report is to investigate the feasibility of introducing a Kinetic Energy Recovery System (KERS) to a Ford Focus 1.0 EcoBoost. The vehicle dynamics are analysed using the Worldwide Harmonised Light Vehicle Test Procedure (WLTP), allowing for the tractive energy demand and braking energy available throughout the driving cycle to be determined. These results are then used to size a suitable regenerative braking system, estimate the amount of recoverable energy and evaluate its potential contribution to improving vehicle efficiency. Finally, the assumptions, limitations and practical implications of the proposed system are discussed.
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The selected vehicle for this investigation is the Ford Focus 1.0 EcoBoost, a compact passenger vehicle powered by a turbocharged petrol engine. This vehicle was selected because it represents a typical family car that regularly operates in both urban and motorway environments. Urban driving involves frequent acceleration and braking events, providing numerous opportunities for kinetic energy recovery through regenerative braking. 
The Ford Focus also benefits from readily available technical data, including vehicle mass, aerodynamic characteristics and engine specifications. This enables accurate modelling of the vehicle dynamics within the spreadsheet calculations. Furthermore, this vehicle is representative of the many conventional passenger vehicles that are currently out on UK roads, making the results of this investigation relevant to real-world applications.
The relatively lightweight construction of this vehicle combined with its moderate power output make it a suitable candidate for evaluating the effectiveness of a mild regenerative braking system. The recovered electrical energy could be reused during acceleration, improving fuel economy and reducing the demand placed upon the petrol engine.
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	Parameter 
	Symbol
	Value 

	Test mass
	 m
	1296Kg (GreenNCAP, 2019)

	Frontal area
	A
	2.2m^2

	Drag coefficient 
	Cd
	0.321 (automobile catalog, 2026)

	Rolling resistance coefficient 
	Crr
	0.011

	Air density
		



	ρ



	1.225 kg/m^3

	Gravity 
	g
	9.81 m/s^2


To model the forces that are acting on the vehicle during the WLTP drive cycle, the key vehicle parameters were obtained from manufacturer data and published technical sources. These parameters were required to calculate the rolling resistance, aerodynamic drag, acceleration force and total tractive effort throughout the driving cycle.
Table 1 -- vehicle characteristics
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The Worldwide Harmonised Light Vehicle Test Procedure (WLTP) provides a standardised driving cycle used to evaluate vehicle performance, fuel consumption and emissions under representative driving conditions. The WLTP consists of three different vehicle classes, which are selected according to the vehicle’s power-to-mass (PMR). Selecting the correct driving cycle is essential because the vehicle speed profile directly influences the acceleration forces, power demand and the braking energy that is available for recovery 
The power-to-mass ratio (PMR) was calculated using the vehicle’s maximum engine power and test mass. The Ford Focus 1.0 EcoBoost has a maximum engine output of 73.5kW and a test mass of 1296kg. following the WLTP procedure,75kg is deducted from the test mass to represent the vehicle mass for PMR classification:

PMR = 73500/(1296-75)
PMR = 60.2 W/kg

Since the calculated PMR is greater than 34 W/kg, the Ford Focus is classified as a WLTP class 3 vehicle. This class is intended for conventional passenger cars with relatively high power-to-mass ratios and consists of four phases:
· Low 
· Medium 
· High 
· Extra high

The complete WLTP class 3 cycle has a duration of 1800 seconds and covers a distance of 23.27km, and reaches a maximum vehicle speed of approximately 131 km/h or 81.4mph. These characteristics provide a realistic combination of urban, rural and motorway driving conditions, making the cycle suitable for evaluating regenerative braking performance.


Figure 1 -- graph showing vehicle speed vs time









Figure 1 (shown above) illustrates the vehicle’s speed profile throughout the WLTP cycle. During the early stages of the test the vehicle experiences frequent acceleration and deceleration, representing urban driving. As the cycle progresses, higher and more sustained vehicle speeds are observed, which corresponds to more rural and motorway driving. These repeated braking events create multiple opportunities for recovering kinetic energy using a regenerative braking system.

[bookmark: _Toc235989957]Task 4 – Spreadsheet modelling of tractive and braking energy

A spreadsheet model was developed to calculate the forces that are acting on the vehicle throughout every second of the WLTP driving cycle. The measured vehicle speed data was used to calculate acceleration, from which the acceleration force was determined using Newton’s second law. Rolling resistance and aerodynamic drag were then calculated using the vehicle parameters presented in Table 1. The total tractive force acting at the wheels was obtained by summing these individual forces. 
The acceleration force varied rather considerably throughout the driving cycle because it depended directly on the vehicle’s rate of acceleration. Positive values occurred whenever the vehicle accelerated, while the negative values occurred during braking. Rolling resistance remained almost constant during the cycle because it is primarily dependant upon the vehicle weight and tyre characteristics. In contrast, the aerodynamic drag increased rapidly as the vehicle speed increased due to its dependence upon the square of vehicle velocity.


Figure 2 -- graph showing the forces acting upon the vehicle during the WLTP cycle











Figure 2 (shown above) shows the variation of the individual forces acting on the vehicle during the WLTP cycle. The acceleration force clearly dominates the total tractive force, particularly during the rapid acceleration and deceleration. Rolling resistance remains comparatively small throughout the cycle, while aerodynamic drag becomes significant during the high-speed events above 80km/h or 49.7 mph. These results demonstrate the aerodynamic losses become an increasingly important component of the vehicle’s energy consumption as the speed increases.
The total tractive force was the multiplied by vehicle speed to determine the instantaneous wheel power demand throughout the drive cycle. Positive power values represent the energy supplied by the engine to propel the vehicle, whereas the negative power values correspond to the braking events during which kinetic energy becomes available for recovery.








Figure 3 -- graph showing the wheel power demand











Figure 3 (shown above) shows the variation in the wheel power throughout the WLTP cycle. The positive values represent the power required to propel the vehicle, whilst the negative values indicate the braking events. The maximum wheel power demand was approximately 37.4 kW, while the peak regenerative braking power was 24.8 kW. These values are used in task 5 to size the proposed KERS system.













Figure 4 -- graph showing the cumulative energy during the WLTP cycle










The wheel power was integrated over the drive cycle to determine the cumulative tractive and braking energy. Figure 4 (shown above) shows that the vehicle required 3.031kWh of tractive energy, whilst 0.694 kWh of braking energy was available for recovery. These results demonstrate the potential for regenerative braking and provide the basis for determining the battery capacity and motor-generator rating.
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The WLTP analysis identified a peak braking power of 24.76 kW, thus representing the maximum power that is available for regenerative braking. To ensure that the majority of braking events can be recovered, a motor-generator with a rated power of 30 Kw was selected. This provides a suitable safety margin while remaining realistic for a compact passenger vehicle.
The total braking energy that is available during the WLTP cycle was calculated at 0.694 kWh. Allowing for possible losses in the motor-generator, inverter and battery, approximately 0.534 kWh of electrical energy can be stored. To avoid any excessive battery discharge and improve the battery life, a 0.9kWh lithium-ion battery was selected. This helps to provide sufficient capacity to recover braking energy while remaining compact and lightweight. 
The proposed system is therefore based on a 30 kWh motor-generator and a 0.9 kWh battery, which can satisfy the calculated power and energy requirements.

[bookmark: _Toc235989959]Task 6 – KERS selection and component specification 

An electrical regenerative braking system was selected because it is widely used within modern passenger vehicles and offers high efficiency, compact packaging and low maintenance. The proposed system consists of a 30 kWh permanent magnet motor-generator, a 0.9 kWh lithium-ion battery, a bidirectional inverter and an electronic control unit.
During the braking events, the motor-generator converts kinetic energy into electrical energy, which is then transferred through the inverter and stored in the battery. During the acceleration events, the stored energy is supplied back to the motor-generator, which in turn operates as an electric motor to provide additional torque to the drivetrain.
The typical component efficiencies were assumed for the analysis:
	COMPONENT
	EFFICIENCY

	Motor-generator 
	90%

	Battery charging 
	90%

	Battery discharging 
	90%

	inverter
	95%

	Electric motor
	90%



These values are representative of the current mild-hybrid regenerative braking systems and were used to estimate the overall system efficiency.
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Applying the assumed component efficiencies gives an overall KERS efficiency of approximately  62.3%. From the 0.694 kWh of braking energy available during the WLTP cycle, approximately 0.432 kWh can be returned to the wheels. 
This recovered energy represents approximately 14.3% of the total tractive energy demand of 3.031 kWh. Although not all of the braking energy can be recovered because of electrical losses, regenerative braking can still provide a significant improvement in the vehicle efficiency by reducing the energy required from the internal combustion engine.
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The results demonstrate that the regenerative braking can improve the energy efficiency of the Ford Focus by recovering the energy that would be otherwise lost as heat during braking. Based on the calculated peak braking power and braking energy, a 30 kWh electrical KERS with a 0.9 kWh lithium-ion battery was selected as a practical solution.
The proposed system is estimated to return approximately 0.432 kWh of energy to the wheels, supplying around 14.3% of the total tractive energy required during the WLTP cycle. This would reduce the engine workload, improve fuel economy and lower the carbon dioxide emissions, particularly during urban driving where the braking events occur more often.
Several assumptions were made during the modelling process, such as the vehicle being assumed to be travelling on a level road with constant rolling resistance and aerodynamic properties, while the component efficiencies were treated as constant. The accessory loads, battery temperature effects and changes in the battery’s state of charge were not considered.
In practice, regenerative braking performance is affected by the battery charging limits, braking demand and tyre grip. During the heavy braking events, the hydraulic brakes must provide additional braking force, whilst the regeneration is reduced at very low vehicle speeds. Consequently, the actual recoverable energy may be lower than the theoretical value calculated.
Overall, the proposed KERS demonstrates that the regenerative braking can make a meaningful contribution to improving vehicle efficiency without significantly altering vehicle operation. For future investigations the model could be improved by including variable efficiencies, battery state-of-charge modelling and road gradients to provide a more representation of the vehicle performance.
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wheel power (Kwh)



Cumulative energy during the WLTP cycle
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Vehicle forces during WLTP cycle 
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