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1 Introduction

The automotive industry is increasingly shifting its focus towards improving vehicle efficiency and
reducing fuel consumption in response to environmental, economical, and legislative pressures. As a
result, the motorsport industries are following suit with constantly changing and increasingly
challenging rules and regulations. One of the most effective methods to support these goals is the
implementation of Kinetic Energy Recovery Systems (KERS). These systems capture kinetic energy
that would be lost as heat during braking and convert it into a usable form, such as chemical or
mechanical energy. After conversion, the energy recovered can be reused to support certain vehicle
functions, including acceleration, or auxiliary loads, therefore reducing the overall demand on the

internal combustion engine, lowering the overall fuel consumption, improving vehicle efficiency.

This report will investigate the potential benefits of introducing a KERS into a passenger road vehicle
by analysing its energy usage during the Worldwide harmonised Light-duty Test Procedure (WLTP).
The WLTP drive cycle is an internationally recognised standard for assessing vehicle performance,
fuel consumption, and energy demands under realistic driving conditions. By applying this cycle to a
chosen vehicle, a study can be conducted with the aim to measure both tractive and braking energy
requirements, to identify periods of maximum recoverable energy, and to evaluate how much of this

energy could be stored effectively and reused using a suitable KERS.

The vehicle chosen for this assignment is a 1.4 litre TSI Volkswagen Beetle produced in 2012. This
will provide a realistic platform for assessing how a theoretical KERS could function alongside an

aging internal combustion engine (ICE) system. In order to explore the practicality, efficiency, and
potential impact of integrating a KERS into such a vehicle a spreadsheet will be utilised to analyse

force and power calculations, alongside cumulative energies.

1.1 Aims

Aim 1 —To analyse the tractive, braking, and energy demands of a chosen vehicle over the Class 3

WLTP drive cycle.

Aim 2 — To use the analysis to determine the maximum recoverable braking energy and identify how

much of the energy can potentially be recovered.

Aim 3 — To discover and evaluate a suitable KERS for the chosen vehicle.
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1.2 Objectives

Objective 1.1 — Collect key vehicle data including mass, drag coefficient, rolling resistance, and

frontal area.

Objective 1.2 — Produce a WLTP spreadsheet that calculates forces, powers, and cumulative energy

values.

Objective 1.3 — Produce graphs of results

Objective 2.1 — Identify the braking events within the drive cycle.

Objective 2.2 — Investigate total braking energy available for recovery.

Objective 2.3 — Determine the maximum braking power to pinpoint power system requirements.
Objective 3.1 — Select an appropriate KERS for the braking energy profile of the vehicle.
Objective 3.2 — Size key system components based on the power and energy demands.

Objective 3.3 — Assess the practicality and potential efficiency of implementing the KERS.

2 Background Research

2.1 Kinetic Energy Recovery Systems (KERS)

As stated previously, KERS are designed to capture the heat energy that a typical ICE loses and
therefore wastes during braking. The aim for KERS is to recover part of this kinetic energy and store
it in another form so it can be utilised elsewhere to improve vehicle efficiency, especially in stop-

start or mixed-speed driving conditions.

There are different types of KERS used in automotive applications, including electrical, and
mechanical. Electrical KERS convert kinetic energy into electrical energy using a motor generator and
store it in batteries or capacitors, these systems are commonly used in hybrid vehicles, whereas
mechanical KERS utilise flywheels to store kinetic energy as rotational energy which can provide
bursts of high power when re-engaged. However, the amount of recoverable energy these systems
can utilise depends on the resistive forces acting on the vehicle, the weight of the vehicle, the tyre

characteristics, and whether the system is matched correctly to the vehicle’s braking patterns.

Skill-Lync(2025) states that KERS can not only be found in road vehicles but also commonly

implemented within Formula 1 vehicles as they boost the vehicles’ performance and acceleration,
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along side improving their fuel efficiency which not only allows cars to stay on the track longer but it

also reduces their carbon footprint which aligns with F1’s push towards sustainability.

However, as explained by Skill-Lync(2025), KERS come with their complications because they can
affect the weight distribution of vehicles due to the extra components, they may require advanced
cooling systems as the conversion of energy generates copious amounts of heat, and developing and

maintaining these systems can be expensive.

2.2 Worldwide harmonised Light-duty Test Procedure (WLTP)

The WLTP is a realistic and repeatable driving cycle that includes a range of speeds, accelerations,
and decelerations to test the fuel consumption and emissions of vehicles, it is also suitable for
investigating braking data and energy flows. This cycle was developed to replace the previous NEDC

cycle as it was outdated and did not accurately reflect real world driving conditions.

3 Methodology

To conduct this analysis a Microsoft Excel spreadsheet, displayed in Figure 1, was used to calculate
and evaluate both tractive and braking demands of a Volkswagen Beetle over the WLTP Class 3
driving cycle. Key parameters needed to conduct the investigation, shown in Table 1, were

researched and presented in a separate parameter table on the spreadsheet, shown in Figure 2.

Total Phase | WLTCclass3, | WLTC class 3, | WLTC class 3,

Phase elapsed | elapsed | wersion5, | versionS. | versionS, i i i i TowlPower | Tractive Pawer ‘Braking Power (cumulative’
time time | vehicle speed | acoeleration | vehicle speed
Phaze s = kmih iz mis N [ N 0 w w w 1 1
ou 0.00 2110 2110 o o o o o
ou 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.00 2110 2110 o 0 0 [ o
on 0.02 2110 0.8 o 0 0 [ o
on 02e 2110 5486 3053323956 2052223956 0 30.53323856 o
on 1 072 2110 12062 5827732831  532.7738351 0 £15.3072286 o
on 4 114 2110 12455 2768328062 2763324062 0 3387631281 o
on ] 107 2110 17492 4810289556 4310.289556 0 8157.530847 o
on 1 os7 2110 16122 5870401368 5270.401362 0 1208823221 o
on 1 118 2110 18273 9054384345 5054364548 0 2316265716 o
on 126 2110 20455 1233010158 12330.10188 0 35482 78814 o
on 0.81 2110 12878 1009616565 10096.16565 0 45588 36478 o
on 029 2110 648 507220802  5072.20802 0 50867.16551 o
on 1 on 2110 a07.4 3120242138 3130244138 0 5334741385 o
on 3| oa0 2110 2380 3050477073 2050477072 0 56857.89103 o
on g  om 2110 08z 3274433218 3274.033418 0 6017232424 o
on 1| o2 2110 X 5247083528 5247.083528 0 6541237757 o
on G| o3 2110 2122 6957.687347  6957.627347 0 72377.08532 o
on [E] R 2110 8161 8117.300141 | £117.200141 0 80284 36526 o
on ] 2110 12017 1138288487 11332.33447 0 91877.24893 o
on 6| oes 2110 12682 12809.26557 1280526557 0 1047865158 o
on ER] 2110 12128 1323863764 1223363764 0 1180251538 o
on 1 0.47 2110 EEE) 1110848238 11108.48235 0 1281336358 o
on 028 2110 6342 8155228374 5155224274 0 1373288602 o
o 019 2110 5773 6950944632 6950944632 0 1242798028 o
o 015 2110 5206 5388611193 6348611193 0 150628.416 o
o 0.08 2110 a231 5218209549 5218.299643 0 1558267156 o
o 003 2110 2642 3265676946 3265676945 0 159112.3926 o
o 025 2110 557 -684.2026042 0 6842026042 159112.3926 684.2026022
o 050 2110 5598 6639446125 0 6639445125 159112.3926 7323648729
o 079 2110 N 8414872839 0 9414872839 159112.3926 16738.52157
o 07e 2110 7803 8019 442088 0 2019.442088 159112.3926 2475795366
o 085 2110 5688 5428306586 0 6428306586 159112.3926 31186.27028
o 078 2110 8553 7674.105197 0 7674.105197 159112.3926 38860.37588
o 4 100 2110 11835 9533 638813 0 9533 638813 159112.3926 2839801425

Figure 1: Section of Excel Table.
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Table 1: Table of Key Parameters.
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2321194

Parameter Value Source
Curb Mass 1434kg UltimateSpecs.com(2025)
Drag Coefficient 0.37 2012 Beetle Technical Specifications(n.d)
Frontal Area 2.686m? UltimateSpecs.com(2025)
Rolling Resistance Coefficient 0.015 N/A
Air Density 1.225kg/m? N/A
CurbMass  [Rolling Resistance CDEfFﬁciem| Drag Coefficient |Frontal Area| Air Density
kg myfz"2 kg/m"3
1434 0.015 0.37 2.686 1.225

Figure 2: Key Parameters Table in Excel.

Firstly, vehicle speed had to be converted from km/h into m/s, combined with the acceleration of

the vehicle at each second of the cycle, the main resistive forces acting on the vehicle could be

calculated.

. Acceleration Force (N) =

. Rolling Resistance (N) =

Mass (kg) x Gravity x Rolling Resistance Coef ficient

. Aerodynamic Drag (N) =

Mass (kg) x Acceleration (m/s"2)

1 k
> x Air Density (m_g3> x Drag Coefficient x Frontal Area (m?) x Vehicle Speed (m/s)

. Total Resistance (N) =
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Acceleration Force (N) + Rolling Resistance (N) + Aerodynamic Drag (N)

. Total Power (W) =

Total Resistance (N) x Vehicle Speed (m/s)

. Tractive Power (W) & Braking Power (W):

To distinguish these phases more clearly two columns were created so that only negative or positive
values of Total Power were isolated where appropriate, meaning the positive values under Tractive

Power and Negative values under Braking Power.

. Cumulative Traction Energy (J) =

(Traction Power (W) x 1) + Previous Cumulaive Traction Energy (J)

. Cumulative Braking Energy (J) =

(Braking Power (W) x 1) + Previous Cumulative Braking Energy (J)

4 Results and Analysis

4.1 Vehicle Speed vs Time

Vehicle Speed vs Time
40.00

35.00
30.00

W 25.00

ity (m/:

Z 2000

15.00 =——\ehicle Speed

Velo:

TR NS BRI nEE8 R8RSl R a N BRS8N e8NS RRE N gRE BT EanneR8lER8ARRE

Figure 3: Graph of Vehicle Speed vs Time.

The graph in Figure 3 perfectly demonstrates the dynamic driving cycle of the WLTP, with repeated

accelerations, decelerations, and phases of steadier speeds. This variation in speeds directly
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influences aerodynamic drag, acceleration and braking forces, which can be seen in the plotted

graphs.

4.2 Tractive Forces Analysis

3000
Tractive Forces vs Time

2000

) J k) i ‘Mﬂh\.
, S S AN

-1000
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776

851

1001

1026
—

-2000

-3000
Time (s}

———nhccelerationF ———Rolling Resistance ~ =———fero Drag = Total Resstnace

Figure 4: Graph of Tractive Forces vs Time.

The graph shown in Figure 4 shows four components including, Acceleration force, Rolling
Resistance, Aerodynamic drag, and Total Resistance. Acceleration force displays some of the largest
fluctuations ranging from approximately -2000N to over 2500N, which correspond with moments of
heavy braking and strong acceleration. Furthermore, the spikes seen align with the steep changes in
the speed graph in Figure 3 and highlights where the vehicle demands high torque. Additionally, the
Total Resistance closely follows the Acceleration force because it is a combination of all the forces

shown.

Rolling Resistance remains constant at 211N throughout the entire cycle, this is due to the fixed
vehicle mass and tyre coefficient. On the other hand, the Aerodynamic Drag noticeably increases
during the moments of high speeds particularly after the 1400s mark where the values exceed 600N

due to the effects of the increasing velocity of the vehicle.
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4.3 Total Power Analysis

Total Power vs Time
60000
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Figure 5: Graph of Total Power vs Time.

In Figure 5 the graph shows how the Total Power over the WLTP cycle fluctuates between roughly
-25kW during strong braking, and 50kW during acceleration. In addition, the highest of these values
are observed in the 1400-1700s range which aligns with the faster sections of the drive cycle in
Figure 3, whereas the negative power spikes earlier in the cycle demonstrate frequent stopping and
starting behaviour, which also corresponds to Figure 3. Moreover, the negative power spikes can be
used to decipher areas where kinetic energy is available for recovery and can be utilised for

calculating braking energy and estimating the amount of recoverable energy available for a KERS.

4.4  Cumulative Energy Analysis

Cumulative Traction Energies vs Time
16000000

14000000
12000000
10000000

i 8000000
]

H —— Cumulative Traction E

s Cumulative Braking £
6000000 -

4000000

2000000

Figure 6: Graph of Cumulative Energies vs Time.

The graph in Figure 6 demonstrates how Tractive Energy increases at an increasing rate, reaching
approximately 14-15MJ by the end of the drive cycle, which indicates the upper limit of how much
energy could be recovered by a KERS. The scale of this energy requirement also reflects the amount

of mechanical work delivered by the engine to overcome resistive forces in order to accelerate. In
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contrast, the graph shows how Braking Energy increases at a more gradual pace, reaching around
2MJ by the end of the test, and shows the total amount of energy dissipated through braking, which
represents the theoretical maximum amount of energy that can be recovered be a KERS, if it was

100% efficient.

5 KERS Analysis

5.1 Chosen KERS

The KERS selected as suitable for this vehicle is a flywheel KERS because it can accept and deliver
high power over short durations, ideal for making a road vehicle more efficient and therefore more
environmentally friendly. This system contains a high-speed flywheel, 0.5m in diameter, in a vacuum
housing, a motor generator connected to the driveshaft via the gearbox, and a variable transmission.
As explained by Volvo Cars (2025), this system operates by using the energy produced from braking,
transferred via the motor generator to the flywheel to make it spin at high speeds and when the car
begins to move again, the rotational energy of the flywheel is transferred to the wheels by the

transmission.

Although the graph in Figure 6 suggests that approximately 2MJ of kinetic Energy is produced and
therefore can be saved, not all of it can be. This is due to the losses that would be seen into the
motor generator, transmission and flywheel bearings meaning that only a fraction of this energy can
actually be utilised, and as stated by RoyalAcademy(2019), the system can be 70% efficient, although
this may vary between vehicles and system setups. This means that roughly 1.3MJ of energy can be

returned to the driveshaft.

5.2 KERS Sizing

To determine the rough requirements of such a system, inspection of the Total Power graph in
Figure 5 shows that braking power spikes up to roughly 25kW, with most significant braking events
only lasting a few seconds. Therefore, a sensible design target would be a flywheel capable of
withstanding 30kW of power, rotating between 10,000rmp and 30,000rpm, and an energy capacity
of roughly 500k] to sufficiently absorb several seconds of high-power braking so it can be repeatedly
charged and discharged throughout the cycle. Over the full WLTP, this allows the system to process a
large fraction of the 2MJ of braking energy, even though the flywheel’s energy storage capacity is

substantially lower.
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5.2.1 Calculating Mass of Flywheel

Rad/s =
30,000
T R 3141.59rad/s
X
60
Inertia =
E 500000 )
1 =1 = 0.101kg/m
= xw? 5 x3141.592
2 2
Mass =
I 0.101
= = 3.232kg

%xrz %XO.ZSZ

5.3 Investigating Wheel Lock

. Assuming Tyre Coefficient of friction on dry tarmac = 0.8
. Mass = vehicle mass

. Wheel Lock (m/s) =

P 30000
umg 0.8 x 1434 x 9.81

= 2.67m/s

. Wheel Lock (km/h) =

2.67 x 3.6 = 9.6km/h
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5.4  Practical viability

KERS vs Time

Energy ()

Figure 7: Graph showing Energy returned to road after KERS implemented.

The graph in Figure 7 allows the viability of implementing such a system into a Volkswagen Beetle to
be analysed. It shows that the original 2MJ of braking energy lost can be reduced by approximately
1.2MJ, as shown by the green curve, meaning this much energy is being returned to the wheels. As a
result, considering the maximum energy demand is around 15MJ, the potential engine load is

reduced by roughly 8%.

However, the limited amount of braking means that the vehicle cannot completely run off this
system, which is not the goal, but it does mean that the system will not benefit from a reduction in
fuel consumption at high speeds as these conditions present few braking opportunities.
Furthermore, with the flywheel only having a storage capacity of 500kJ, some braking energy will be
lost once the flywheel reaches its maximum rotational speed of 30,000rpm. Additionally, at speeds
below 9.6km/h the wheel lock calculation shows that the KERS is unfit to use, requiring the friction
brakes to complete the stop. Moreover, integrating this system, into such a vehicle would present
challenges relating to packaging, safe containment of the flywheel, and added mass which may

affect the vehicle’s centre of gravity, not to mention the cost of components to make the system.

Nevertheless, this graph does suggest that this system is indeed suitable for this type of vehicle as it
would provide the greatest benefit in improving efficiency in city driving with stop-start conditions

where braking events are frequent.

6 Comparison

6.1 Efficiency Comparison

To compare, the standard vehicle analysed in this investigation relies solely on friction brakes to
stop, which as a result dissipates kinetic energy as heat, which is approximately 2MJ as shown in the

cumulative braking energy curve in Figure 7. On the other hand, the proposed flywheel KERS

10
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provides a way of recovering roughly 1.2MJ of energy and returning it to the wheels, which

represents around 8% of the total tractive energy demand of the cycle.

Moreover, friction braking provides immediate and unrestricted braking, whereas the KERS
introduces certain operational constraints. This includes taking the wheel lock speed into
consideration as the calculation shows that below 9.6km/h, the KERS contribution must be reduced,
and the friction brakes must complete the final phase of deceleration. However, this limitation
primarily affects low speed braking and so has little impact on the total energy recovery across the

cycle.

Overall, the results demonstrate that this KERS is an effective way to capture and reuse otherwise
wasted energy to reduce fuel consumption, engine load, and emissions in realistic driving conditions
for a road vehicle. Therefore, displaying that the proposed flywheel KERS offers clear advantages

over the existing system.

6.2 Driver Experience

From the driver’s perspective the flywheel KERS system would feel almost seamless. During normal
driving conditions, the main noticeable effect would be smoother and more responsive acceleration,
particularly after braking or during stop-starting conditions, where the system reduces the need for
sudden throttle input, making the vehicle feel more responsive. During braking it is possible to
notice an initial firmer deceleration when the flywheel is absorbing energy, whereas at very low
speeds where the KERS tapers off to avoid wheel lock, the braking sensation becomes identical to a

standard friction brake system. Lastly, gear changes may feel more stable and fluent.

11
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7 Conclusion

To conclude, this study explored the use of KERS as a method of improving vehicle efficiency using
the WLTP driving cycle. The results showed that in a typical vehicle a significant amount of braking
energy is wasted, and that a KERS can successfully capture a useful portion of this energy and return
it to the wheels during acceleration. Doing this reduces the overall load on the engine and improves
efficiency in everyday driving conditions. The system would operate smoothly alongside the existing
braking hardware, with the friction brakes taking over when regenerative braking is limited during

low speeds.

From the driver’s perspective the system would feel largely seamless, providing smoother

acceleration, and slightly more responsiveness at low speeds.

Overall, the findings indicate that a KERS, more specifically a flywheel KERS, offers a practical and
effective way to recover energy that would simply be wasted. Although the system has its limitations
is provides a valuable improvement and a step in the right direction towards making vehicles more

efficient and environmentally friendly.

8 References

. 2012 Beetle Technical Specifications. (n.d.). Available at:
https://media.vw.com/assets/documents/original/6223-1307472017536a7b29c746a.pdf

. RoyalAcademy (2019). INNOVATION WATCH - Flybrid Flywheel | Ingenia. [online] Ingenia. Available

at: https://ingenia.org.uk/articles/innovation-watch-flybrid-flywheel/

. Skill-Lync (2025). Introduction to KERS in F1 Formula 1 (F1) is a pinnacle of motorsport, where
speed, aerodynamics, and cutting-edge technology come together. One of the most revolutionary
innovations in F1 is the Kinetic Energy Recovery System (KERS), designed to improve fuel efficiency
while boosting performance. [online] Linkedin.com. Available at:

https://www.linkedin.com/pulse/kinetic-energy-recovery-systems-kers-improving-fuel-efficiency-

mfzlc

. Ultimatespecs.com. (2015). Volkswagen Beetle 1.4 TSI 160HP Sport. [online] Available at:

https://www.ultimatespecs.com/car-specs/Volkswagen/40035/Volkswagen-Beetle-14-TSI-160HP-

Sport.html

12


https://media.vw.com/assets/documents/original/6223-1307472017536a7b29c746a.pdf
https://ingenia.org.uk/articles/innovation-watch-flybrid-flywheel/
https://www.linkedin.com/pulse/kinetic-energy-recovery-systems-kers-improving-fuel-efficiency-mfzlc
https://www.linkedin.com/pulse/kinetic-energy-recovery-systems-kers-improving-fuel-efficiency-mfzlc
https://www.ultimatespecs.com/car-specs/Volkswagen/40035/Volkswagen-Beetle-14-TSI-160HP-Sport.html
https://www.ultimatespecs.com/car-specs/Volkswagen/40035/Volkswagen-Beetle-14-TSI-160HP-Sport.html

Keira Phillips Energy in a flywheel experiment. 2321194

. Volvo Cars (2025). Volvo Car Corporation, Flywheel KERS, component details, with explaining texts.
| Volvo Cars Media US. Volvocars.com. Available at:

https://www.volvocars.com/us/media/images/f3691391a58746019615b33e0048b69f/

13


https://www.volvocars.com/us/media/images/f3691391a58746019615b33e0048b69f/

