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[bookmark: _Toc213956126]Introduction
This report looks to highlight the significant milestones achieved with regards to flywheels from the initial uses to modern day and its implications with energy storage. As well as it’s advancement within motor sports and fuel economy for hybrid use. Emphasising its importance to clean kinetic energy as opposed to finite chemical batteries.
Additionally, this report determines the key aspects of flywheels for energy retention, delving into equations comprising of inertia and mass. With the objective to calculate re-acceleration values from given data, carried out on Microsoft Excel. The analysis looks to define a kinetic energy recovery system in conjunction with a continuous variable transmission. The two analytical issues relaying in this text looks to define the final velocity of a vehicle if braking is initiated at different speed intervals. As well as the impact of flywheel diameters/radius with respect to the energy recovery and value of inertia.


[bookmark: _Toc213956127]Flywheels in Context
[bookmark: _Toc213956128]Historical Application of Flywheels
The concept of flywheels dates back to ancient times with the use of pottery wheels around 6000 BCE and similar mechanisms to store and release kinetic energy (Bender, 2015)(Olabi et al., 2021). However, advancements within this field to elevate efficiency has moved towards its use within high-speed applications. Predominant changes look at the material composition moving from wood and steel to composites allowing for a higher rotational stress, therefore aiding with the energy recovery of such systems (Olabi et al., 2021). Figure 1 shows numerous stages of pottery wheel development, from handheld application to pedal powered wheels.
[image: Pottery Illustrated: Throwing Wheels in History]

[bookmark: _Toc213956148]Figure 1 - Development of Pottery Wheel (Ouellette, 2024)



[image: Engine flywheel hi-res stock photography and images - Alamy]Additional uses of flywheels in history influence the innovation and progression of steam engines during the 1780s, which previously saw flywheels as more hands-on human powered applications (Bender, 2015). The premises of such machines look to convert the reciprocating force into uniform motion, developing into the more common configuration (seen in figure 2) often seen in the industrial age. These larger scale flywheels measured up to 9 meters producing a power of 1MW (Bender, 2015), however current applications of flywheels far exceed the efficiency seen in previous years (Bender, 2015).

[bookmark: _Toc213956149]Figure 2 - Flywheel Configuration (Alamy, 1888)
[bookmark: _Toc213956129]Current Demands
Modern day looks towards the need to develop flywheels for both performance and environmental impacts, such as sustainable energy solutions (Olabi et al., 2021). Sustainable energy resources are paramount due to the demand for energy consumption in modern day (Amiryar and Pullen, 2017). Numerous energy storage systems are currently used such as flywheels incorporated within wind diesel turbines, aiding with the influx of demand needed during tourists’ seasons (Amiryar and Pullen, 2017). These changes lessen the dependency of diesel thus lowering the overall emission caused as by product of combustion (Amiryar and Pullen, 2017). Stabilising electric grid and enabling a more consistent power supply to consumers, between wind and solar fluctuations (Olabi et al., 2021). This occurs due to flywheels application in ensuring stability and lag control to improve output (Choudhury, 2021). As well as reducing congestion on national grids, releasing storage energy when required, improving both quality and service for consumers (Carbone, 2011) for example within hospitals and high-stake situations (Olabi et al., 2021). 
Off grid energy storages are typically located in areas detached from main power grids, flywheels are often used to store energy from electrical to kinetic energy, this is then held within the system until required, changing the kinetic energy back to electrical (Olabi et al., 2021). The key disadvantages seen with such application, are the frictional forces impeding on the systems efficiency, producing both heat and friction energy loss. However, the overall interest to create more low emission energy relays well with such concepts, energy efficiency focusing heavily on the inertia and mass of flywheel (Olabi et al., 2021)(Seneca Notes, 2025). 
















[bookmark: _Toc213956130]Energy Storage
In order for flywheels to gain optimal energy, design looks to maximise its ratio between mass, shape and speed (Amiryar and Pullen, 2017). Composites are typically used as an alternative due to its mass and longevity benefits with materials such as carbon fibre reinforced polymer (CFRP) improving performance and output (Boretti, 2013)(Olabi et al., 2021).
To gain advantageous results with regards to its energy storage, torque and inertia must be considered in order to determine the angular motion and thus the kinetic energy derived (Krack, Secanell and Mertiny, 2011). Angular motion of such operations are directly related to the storage capacity of the flywheel, for example a faster rotational speed will generate a higher capacity of energy storage (Bender, 2015)

[bookmark: _Toc213956131]Kinetic Energy Recovery Systems and Regenerative Braking Systems
Formula 1 racing is often seen to be the inception of KERS (Kinetic Energy Recovery Systems), using stored kinetic energy gained from heat dispersion on deceleration to advance performance (Chai, 2015). Releasing energy during acceleration and thus reducing the reliance on fuel consumption (Boretti, 2013). With data suggesting a reduction in fuel consumption by 25%, thus KERS has largely redefined transport use in the modern era (Olabi et al., 2021). This energy is generally stored with a mechanical flywheel or electric motor, providing a boost to the acceleration when necessary. Typically produced within a vacuum chamber to reduce energy loss, however the requirements and conditions needed for such operation takes further action. Balancing of mass also adds numerous factors with its concerns to minimise frictional loses (Olabi et al., 2021).  Magnetic bearing are commonly used to retain axial position of flywheel mass along shaft, as seen in figure 3, furthermore with its high affinity to repel and attract varying degrees of magnetic field its ability to remain constant during high stressed intervals is key to its performance, and energy output (Olabi et al., 2021). 
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[bookmark: _Toc213956150]Figure 3 - Electromagnetic Bearing System (Sun et al., 2024)

[bookmark: _Toc213956132]Mechanical and Chemical Storage Systems
Due to flywheel storage capabilities, they are often known as mechanical or electromechanical batteries (Krack, Secanell and Mertiny, 2011). With their high-power outage and longevity, they provide a good alternative to chemical batteries for short term storage needs, as well as being used in combination with traditional chemical batteries, increasing their lifespan (Olabi et al., 2021).
Comparisons between traditional chemical batteries and mechanical batteries (flywheels) are often debated to select the most appropriate option for defining use. Chemical batteries are known for their environmental impact and depletion of raw materials such as lithium. Therefore, kinetic energy recovery within flywheels is seen as potential alternatives with the addition of their superior energy retention (up to 95% in some ironless machine cases) (Bianchini et al., 2020). Mechanical storage requires less maintenance and can also be reused numerous times thus the life span vs chemical equivalents are again superior (Bender, 2015) (Bianchini et al., 2020). However, their reliance on energy due to angular speed and inertia, makes them limited in their use (Bianchini et al., 2020).
Hybrid regenerative braking systems on the other hand uses mechanical energy from deceleration to be converted to electrical which is then stored as chemical energy within batteries, in order to power the electric motor, this reserves around a third of the braking energy (Boretti, 2013). This concept is more widely used in society within vehicles, providing both efficiency and reduction in fuel use.
KERS uses a system known as Continuous Variable Transmission (CVT) this application connects the flywheels to the drive train, fluctuating its output due to requirement and ratio demands of vehicle (Boretti, 2013). Providing a lightweight and energy efficient system, however partial energy loss due to friction and clutch slippage is seen during this energy conservation, effecting the performance of vehicle (Boretti, 2013). Containment and reliability of such machinery is critical for the longevity and future of KERS therefore rigorous testing in varying speed and conditions are performed, ensuring bearing and properties remain constant and can withstand high intensity speed intervals (Boretti, 2013). Figure 4 below highlights the key aspects seen within such systems, with the flywheels connecting directly to the CVT for use via the gear train.
[image: ]

[bookmark: _Toc213956151]Figure 4 - Flywheel KERS and CVT Layout (de Santiago et al., 2014)


[bookmark: _Toc213956133]Analytical Investigation of Flywheels
Assuming a high-performance hybrid vehicle has specification as listed in table 1), and the KERS flywheel is a thin ringed configuration secured within a vacuum sealed casing. The effects of braking speed on the re-acceleration of a vehicle as well as the final velocity can be determined. 
[bookmark: _Toc213956165]Table 1 – Experiment 1 - Vehicle and KERS Specifications
	Parameters
	Data
	IS Units

	Conversion mph to m/s
	0.44704
	

	Vehicle Gross Mass
	2080
	kg

	Flywheel Mass
	6.5
	kg

	External Diameter
	0.3
	m

	Efficiency
	0.8
	






[bookmark: _Toc213956134]Kinetic Energy
The equation used to calculate the kinetic energy before a braking speed of 55mph is seen below. Using vehicle mass of 2080kg (seen in table 1).

[bookmark: _Toc213956157]Equation 1 - Kinetic Energy Equation

KE = ½ (2080)(55 * 0.44704)2
KE = 628711.62 kgm2s-2
Kinetic Energy = 628711.62 J

[bookmark: _Toc213956135]Stored Energy in Flywheel
The efficiency as seen in table 1 states a retention of 80% energy, therefore using equation 2, the efficiency of the flywheel is calculated to be 502.97kJ (2dp).

[bookmark: _Toc213956158]Equation 2 – Efficiency Equation

=  0.8 * 628711.62
E flywheel = 502969.296 J
[bookmark: _Toc213956136]Rotational Speed
In order to find the rotational speed/angular velocity (ꞷ) from equation 4, the inertia must first be calculated as seen in (equation 3). Using mass of 6.5kg and radius calculated as half of diameter stated in table 1. It is important to note that due to the configuration of a thin ringed flywheel the equation for inertia is key to deriving the correct angular rotation.

[bookmark: _Toc213956159]Equation 3 - Inertia Equation (Wheeler, 2010)

= (6.5)*(0.3/2)2
Inertia = 0.14625 kgm2


[bookmark: _Toc213956160]Equation 4 - Energy Storage (Haefele, 2010)

Rearrangement to find rotational speed (ꞷ) looks at equation 5 below (Boretti, 2025)

[bookmark: _Toc213956161]Equation 5 – Rearranged Energy Storage Equation


= 2622.634667 rad/s
=(2622.634667 *60)/2π
= 25044.31627 rpm

[bookmark: _Toc213956137]Final Velocity from Re-acceleration Energy
Rearranging equation 1 to calculate velocity of vehicle, gives rise to equation 6 below.

[bookmark: _Toc213956162]Equation 6 – Rearranged Kinetic Energy Equation


= 21.99146023 m/s
To convert back to mph;
=  21.99146023 /0.44704
Final Velocity = 49.1934955 mph
Final Velocity = 49.19 mph (2dp)


[bookmark: _Toc213956138]Re-acceleration at 60mph
Assuming the KERS system is in place and final speed is attained at 6.5 seconds. Equation 7 can be used below. The final velocity achieved through similar application above (equation 1-6), generate a value of 23.99 m/s (as seen in appendix 8.1, table 3). As it is known that re-acceleration occurs, initial velocity at rest would equate to 0 m/s. Therefore, with rearrangements made, equation 8 is derived.


[bookmark: _Toc213956163]Equation 7 - Velocity Equation

[bookmark: _Toc213956164]Equation 8 - Rearranged Velocity Equation

Acceleration = 3.69 m/s2





[bookmark: _Toc213956139]Discussion and Results
[bookmark: _Toc213956140]Braking Speed vs Re-acceleration Speed
Calculations were determined to predict the final velocity of vehicle if the braking speed were to increase incrementally from 20mph to 60mph, data seen in appendix 8.1 (table 3).

[bookmark: _Toc213956152]Figure 5 – Graph - Effects of Braking Speed on Re-acceleration Speed

The above figure (figure 5) suggests that with an increase in braking speed the overall velocity will also increase in a linear fashion. This corresponds to research suggesting that an increase in energy input will ultimately result in a higher output for consumers (Bender, 2015). Looking at braking speed of 30mph, the final speed incurred 26.83mph. This giving a percentage of energy retention of 89.4%. Similarly looking at the braking value at 60mph a value achieved at final velocity was 53.67mph giving a percentage of 89.45%. Again, this supports research with a KERS and CVT mechanism rigged to a V8 engine, the results of such experiment gave an efficiency percentage of 86% (Boretti, 2013).

[bookmark: _Toc213956141]Relationship between External Diameter and Rotational Speed
Further investigation looked to showcase the angular velocity of a flywheel with an increase in diameter. The parameters used for this are seen in table 2 below, key differences emphasis the vehicle and flywheel mass as well as the assumption that braking speed remains at 60mph for each variant, further information seen in appendix 8.2 (table 4). 

[bookmark: _Toc213956166]Table 2 - Experiment 2 - Vehicle and KERS Specifications
	Parameters
	Data
	IS Units

	mph to m/s
	0.44704
	

	Vehicle Gross Mass
	1510
	kg

	Flywheel Mass
	4.5
	kg

	Efficiency
	0.8
	

	Velocity
	26.8224
	(m/s)

	Kinetic Energy
	543178.062
	J

	Efficiency of Flywheel
	434542.4496
	J

	Braking Speed
	60
	mph
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[bookmark: _Toc213956153]Figure 6 - Graph - Relationship between External Diameter and Rotational Speed

Looking at figure 6 from the outset it seems that with an increase in external diameter the rotational speed on the flywheel uniformly reduces, this is indicative of the increase of inertia present as the diameter increase. However, on closer inspection a step change is seen between the first two increments (0.12-0.16m) and the last two increments (0.2-0.24m), as highlighted in figures 7 and 8.
[bookmark: _Toc213956154]Figure 7 - Graph - External Diameter Change (0.12-0.16 m)

[bookmark: _Toc213956155]Figure 8 - Graph - External Diameter Change (0.2-0.24 m)

Figure 7 shows a change in rotational speed from 69,943.12 rpm to 52,457.34 rpm, a difference of 17,485.78 rpm. However, in comparison with figure 8, (again showing a 0.4m change) the difference between higher and lower limits gives a value of 6,994.31 rpm. Less than half the values attained by smaller diameters, this evidence corresponds to that of other research emphasizing the importance of on inertia for the energy retention (Olabi et al., 2021). With an increase in inertia (seen in appendix 8.2, table 4) over an increase in diameter a smaller angular acceleration will be achieved, regardless of torque input (LibreTexts Physics, 2025). As inertia is also dependant on mass (equation 3), the configuration of the flywheel is key, however due to our assumptions that the flywheel is a thin ringed cylinder, the equation used is correct for its design. Further to this with the mass being closer to the centre of axis the rotational speed will increase as a reduction in radius is seen (Milica and Andrei, 2020). Figure 9 below shows varying inertia equation that may have been relevant if geometry was not specified, however the assumption of such experiments defines its application to a thin ringed design.

[image: A diagram of a cylinder and cylinder axis
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[bookmark: _Toc213956156]Figure 9 - Inertia Equations (LibreTexts Physics, 2025)

With all these analytical results it is assumed that additional energy loss past 80% flywheel efficiency has been accounted for. And the KERS and CVT models remains intact within its vacuum enclosed casing as well as bearings which cause little to no additional energy loss. It is also assumed that the friction against the wheels and the car is of little importance and any external parameter that could impede on such an investigation is negligible.







[bookmark: _Toc213956143]Conclusion
The dependence on flywheels over time has become key to social development in both economic, environmental and mechanical assets. With its ability to hold kinetic energy for periods of time whilst also sustaining large percentages of energy for dispersion, around 86% in above experiment. Such operations look to advance green energy into more efficient means, harnessing wind power to engage flywheels and releasing energy between low winds speeds. Thus, outputting a constant stream of energy with little to no lagging effecting consumers. 
From the development of ancient flywheel applications to kinetic energy recovery systems (KERS), flywheels have made themselves useful for fuel economy and motor sports competitions. Generating energy on deceleration to gain advantage on reacceleration (Chai, 2015) and boosting the output a single machine typically makes. Further to this the mechanical integrity of such designs looks to reduce and diminish frictional energy loss, predominantly with bearings and resistance in casing. Therefore, modern technology aids the implementation of vacuum sealed housing and the reduction of energy loss (Olabi et al., 2021).
Analytical analysis looked to define the most effective use of flywheels, determining which configuration would be effective for a KERS model using CVT as a transmission link. It was suggested through figure 5, that with a higher acceleration before braking, a greater amount of energy could be stored within the flywheel. This proportional result emphasised the ratio between energy recovery and energy generation. As it was assumed the KERS flywheel could attain 80% efficiency thus the outcome of experiment showcased this.
Further to this, flywheels with varying wheel diameters were investigated and the results were key to the definition of equation 3. Emphasising the importance of radius on inertia. Due to the fact that mass was kept at 4.5kg, the significane of radius was shown in figures 6-8. With the smaller diameter achieving a larger rotational speed of 69,943.12 rpm compared to that of larger diameters 0.24m achieving a speed of 34,971.56 rpm. Therfore with the mass of flywheel being closer to the axis of rotation a higher rotational value is produced (Milica and Andrei, 2020). This was also related to the assumption that the flywheel would be a thin ringed design therefore governing the correct equation to be used in order to determine inertia, and thus rotational speed.
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[bookmark: _Toc213956167]Table 3 - Results from Increase of Braking Speed vs Final Speed[image: ]

[bookmark: _Toc213956147]Results from Increasing Diameter of Flywheel vs Rotational Speed

[bookmark: _Toc213956168]Table 4 - Results from Increasing Diameter of Flywheel vs Rotational Speed[image: ]

Effect of Braking Speed on Re-acceleration Speed

Braking Speed (mph)	20	25	30	35	40	45	50	55	60	17.888543819998318	22.360679774997902	26.832815729997478	31.304951684997061	35.777087639996637	40.249223594996216	44.721359549995803	49.193495504995369	53.665631459994955	Braking Speed (mph)


Final  Speed (mph)



Relationship between External Diameter and Rotational Speed

Rotational Speed (rpm)	0.12	0.14000000000000001	0.16	0.18	0.2	0.22	0.24	69943.116044911294	59951.242324209663	52457.337033683456	46628.744029940863	41965.869626946769	38150.790569951612	34971.558022455647	External Diameter (m) 


Rotational Speed (rpm)



Relationship between External Diameter  (0.20-0.24 m) and Rotational Speed

Rotational Speed (rpm)	
0.2	0.22	0.24	41965.869626946769	38150.790569951612	34971.558022455647	External Diameter (m) 


Rotational Speed (rpm)



Relationship between External Diameter  (0.12-0.16 m) and Rotational Speed

Rotational Speed (rpm)	
0.12	0.14000000000000001	0.16	69943.116044911294	59951.242324209663	52457.337033683456	External Diameter (m) 


Rotational Speed (rpm)
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