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[bookmark: _Toc214097644]Introduction 
A flywheel is a mechanical device engineered to store rotational kinetic energy through the conservation of angular momentum (Sabhadiya, 2024). Typically constructed as a heavy metal wheel mounted on a rotating shaft, the flywheel plays a crucial role in ensuring a smooth transmission of power between the engine and its load (Sabhadiya, 2024). Historically, flywheels were used in simple mechanical tools such as pottery wheels and spindles. However, they became much more significant during the industrial revolution, when they became integral components of steam engines for energy storage (Malex Europe, 2023). In modern applications, flywheels have evolved into advanced energy storage systems utilised in the automotive industry, particularly in regenerative braking systems and kinetic energy recovery systems (KERS) as well as off-grid storage and electrical utilities (Crescent , 2023). These modern implementations highlight the flywheels versatility and their ability to store kinetic energy efficiently, making them a core component of both conventional and modern engineering applications (How engineering works, 2017). 
[bookmark: _Toc214097645]Historical Origin of Flywheels 
There is no specific evidence indicating exactly when a flywheel was invented, although the concept of mechanical energy storage has existed for thousands of years and is regarded as one of the earliest forms of mechanical energy storage systems (Pullen, 2017). Having two circular objects joined by a bar through the centre to enable rotation movement may be one of the most important inventions in early engineering (Yashuv, 2024). Historically, the flywheel concept has ancient applications such as pottery wheels and spindles (Malex Europe, 2023). Mesopotamia is associated with the development of several technological advancements and is often referred to as the “cradle of civilisation”. This is where evidence of flywheels has been found, from using sticks and weighted rocks to create spindles and the same principles to be later used for pottery wheels. Twelve thousand years ago, stone weights and sticks were initially used as hand spindles, this technique of using the added mass of the rocks to increase the spindles moment of inertia allowed thread to be spun faster and more steadily (Smith, 2024). This is the earliest example of stored mechanical energy with a simple weighted spindle being turned. This principle directly reflects mechanical definition of a flywheel, as a rotating mass that stores kinetic energy due to its moment of inertia. Overtime this concept evolved into machinery which resulted in continuous manual turning to no longer be required. This is because a higher moment of inertia allowed the system to maintain rotational speed even after the external force was reduced. As shown in figure 1 the left side shows a historical spindle which were often used for creating simple clothing, whilst the right-hand side shows a modern “drop spindle” illustrating how design changes improved usability and standardisation (Cleaton, 2021).  
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[bookmark: _Toc214095362][bookmark: _Toc214096708][bookmark: _Toc214097595]Figure 1 – European spindle and Drop spindle 
Early flywheels improved energy efficiency and mechanical stability when creating pottery (Potterydayz, 2025). Pottery wheels, often referred to as “slow wheels” were simple turntable that were manually rotated to assist in the creation of ceramic pottery (Potterydayz, 2025). The first pottery wheels were discovered in ancient Mesopotamia dating back to 4500-3500 BCE (Davy, 2025). The earliest examples of these wheels were rudimentary platforms spun by hand or foot, as shown in figure 2. The wheel was initially invented as a device to improve efficiency and symmetry in pottery production but later evolved into a fundamental mechanical component (HistoryX, 2025). The flywheel concept continued to evolve throughout history with many adaptions such as industrial sewing spindles, hand spun lathes and grind stones (Tech Explorist, 2024). Further developments occurred during the industrial revolution, when flywheels became essential for smoothing power engines and machinery. 
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[bookmark: _Toc213677706][bookmark: _Toc213751104][bookmark: _Toc213874487][bookmark: _Toc214095363][bookmark: _Toc214096709][bookmark: _Toc214097596]Figure 2 – Pottery wheels 
The term “flywheel” was coined during the Industrial Revolution, when these mechanical energy storage systems became more significant (Pullen, 2017). Rotational motion technologies which have been used around the world since ancient times were at the forefront of the innovation and extension of these ideas during the industrial revolution (Yashuv, 2024). During this period, flywheels were large heavy metal wheels that required significant force to spin and were commonly used in steam engines and traction engines. The high availability of iron and steel during this period made it possible for engineers to manufacture flywheels with high precision, allowing engines and machines to operate smoothly during starting and stopping phases (Woodford, 2023). As shown in figure 3 the initial power stroke where steam enters the cylinder and the piston pushes the connecting rod that turns the flywheel allowing it to accelerate and store kinetic energy. Whilst in the return stroke the piston returns as the steam pressure decreases, the flywheel’s stored energy is released allowing the crankshaft to continue moving. This prevents stalling and a smooth rotational motion. 
[image: Steam Engine Definition & Meaning]
[bookmark: _Toc214095364][bookmark: _Toc214096710][bookmark: _Toc214097597]Figure 3 – Piston flywheel in steam engines 
Once electrical power was introduced, the need for large metal flywheels declined as smaller more efficient components were required for vehicles and other modern modes of transport. Although flywheel technology stagnated for much of the 20th century, is has experienced renewed innovations in recent decades. The ability to efficiently transfer and store energy rather than waste it is now seen as a key factor in reducing negative environmental impacts and promoting sustainable engineering solutions. 
[bookmark: _Toc214097646]Modern applications of flywheels 
[bookmark: _Toc214097647]Off-Grid and Grid-Support Energy Storage
Flywheel energy storage systems are among the most reliable solutions to stabilise power grids (Huijue , 2024). Flywheel technology is now being used as a grid-stabilisation device especially within renewable energy systems that rely on short-duration energy storage. Allowing energy to be delivered reliable when required. An example of grid and off-grid support is Beacon Power as their flywheels have the durability to tackle sudden grid problems and improve the overall performance of the grid (Beacon Power , 2025). Beacon flywheels operate in a vacuum without any significant thermal stress, and they can respond to imbalances on the grid and provide 30minutes of power (Beacon Power , 2025). The enclosed sealed vacuum chamber is frictionless and eliminate exposure to oxygen which extends the life of internal components (Beacon Power, 2024). Figure 4 illustrates the beacon power carbon fibre flywheel which has a carbon fibre composite rim supported by a hub and shaft with an attached generator. 
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[bookmark: _Toc214095365][bookmark: _Toc214096711][bookmark: _Toc214097598]Figure 4 – Beacon Power flywheel
[bookmark: _Toc214097648]Regenerative Braking System 
A regenerative braking system is an innovative technology that converts the energy produced during vehicle deceleration into electrical energy, which is stored in the vehicle’s battery (KIA , 2025). In conventional braking systems the vehicles kinetic energy is lost as heat through friction between the brake pads and discs, resulting in a loss of energy. A regenerative braking system captures this kinetic energy that would otherwise be lost and converts it into electrical energy through the vehicles electric motor (What is regenerative braking?, 2025). 
This system ensures that a vehicle operates more efficiently by recycling energy, and it plays an important role within modern electric and hybrid cars (What is regenerative braking?, 2025). The recovered electrical energy is stored within the vehicles battery and when energy is required it is released and “regenerated” into kinetic energy to power the vehicle (Rendle, 2024). In addition to enhancing the efficiency of the vehicle, regenerative braking reduces mechanical brake wear and heat generation which contributes to lowering maintenance costs and improves sustainability. Regenerative braking has become essential within modern electric vehicles and formula one, with the efficiency of using this system can recapture up to 70% of the kinetic energy typically lost during braking (Bogna, 2022). 
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[bookmark: _Toc213874488][bookmark: _Toc214095366][bookmark: _Toc214096712][bookmark: _Toc214097599]Figure 5 – Energy flow diagram of a regenerative braking system 
Figure 5 illustrates the structural diagram of a regenerative braking system in a front-wheel drive electric vehicle. As the vehicle begins to break the front wheels which are connected to the final drive continue to rotate due to the vehicle’s inertia. This rotational motion is transmitted through the mechanical drivetrain to the electric motor. Acting as a generator in reverse the motor converts the vehicles kinetic energy into electrical energy, which is stored within the battery for later use. 
[bookmark: _Toc214097649]KERS in Road Vehicles 
While regenerative braking systems convert kinetic energy into electrical energy, kinetic energy recovery systems extend the concept by allowing the recovered energy to be reused in mechanical form. Kinetic energy recovery systems capture and store the energy generated during deceleration and the system then releases this stored energy through the drivetrain to provide a temporary power boost for acceleration (Cope, 2025). Its and automotive system for recovering kinetic energy from braking and is used within formular one (Lohar, 2025). There are two basic types of KERS technologies that capture and store recovered energy, electrical systems which use batteries or supercapacitors and mechanical systems which use high-speed flywheels. Both systems operate on the same principles, to improve the overall energy efficiency of road vehicles by reducing waste and enhancing performance. 
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[bookmark: _Toc214095367][bookmark: _Toc214096713][bookmark: _Toc214097600]Figure 6 – KERS layout withing formula one
[bookmark: _Toc214097650]Electrical KERS 
In electrical KERS the braking rotational force is captured by the electric motor which acts in reverse as a generator. During breaking the motor converts the vehicles kinetic energy into electrical energy and stores it within the vehicle’s battery. When the driver activates the boost button, the battery delivers the stored electrical energy back to the motor providing an additional power output of up to 80 horsepower for approximately 7 seconds per lap (Racecraft, 2025).  
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[bookmark: _Toc214095368][bookmark: _Toc214096714][bookmark: _Toc214097601]Figure 7 – Electrical KERS 

[bookmark: _Toc214097651]Mechanical KERS 
Mechanical KERS system uses flywheels as the energy storage device along with transmissions to control and transfer energy to and from the driveline (Lohar, 2025). During braking kinetic energy is used to spin a small flywheel which can rotate at speeds of up to 80,000 rpm (Ross, 2024). When additional power is required the stored energy in the flywheel is transferred back to the driveline providing a temporary boost of acceleration. 
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[bookmark: _Toc214095369][bookmark: _Toc214096715][bookmark: _Toc214097602]Figure 8 – Mechanical KERS
[bookmark: _Toc214097652]Design Implications
The flywheel which serves as the core energy storage component must be precisely balanced to prevent excessive vibration and mechanical stress during high-speed rotation (Rendle, 2024).  As KERS flywheels rotate at speeds of up to 80,000 rpm, any minor imbalance can generate significant centrifugal forces potentially leading to bearing wear and mechanical failures. To mitigate these faults, KERS flywheels are enclosed within high-strength containment structures, engineered to withstand the energy released in the event of failure (Eureka, 2025). Material selection is also critical for this aspect as lightweight, high-strength composites such as carbon fibre are often used to allow high rotational speeds while minimising stress and weight (Ross, 2024). 
Heat management presents another significant design implication, as rapid energy conversions generate high heat which affects the systems efficiency and components lifespan (Eureka, 2025). Designing effective cooling solutions without adding excessive weight or complexity to the vehicle is challenging. Overall, precision balancing, containment and material selection are the main focuses to consider when designing KERS to ensure safety and efficient operations. 
[bookmark: _Toc214097653]Fundamentals of Mechanical Batteries 
Mechanical batteries are generally referred to as systems that store energy in mechanical form. A mechanical battery uses mechanical components to store and release energy, operating by accelerating a rotor to high speeds and maintaining the energy within the system as rotational kinetic energy (Ufine, 2025). Mechanical batteries can be grouped into three different categories, depending on how the mechanical energy is stored and released (Ufine, 2025). For example, a pumped hydro storage system uses gravitational potential energy by raising a mass to higher surface. When there’s a demand for energy the stored water is released. Resulting water flow drives a turbine generator to produce electricity (US Department of Energy, 2025).  
[image: ]
[bookmark: _Toc213751105][bookmark: _Toc213874490][bookmark: _Toc214095370][bookmark: _Toc214096716][bookmark: _Toc214097603]Figure 9 – Pumped hydro storage system 
Compressed air energy storage (CAES) is a renewable energy storage system in which a surplus of energy is stored by compressed air into unground caverns (Abbie, 2025). When energy is required, the compressed air is released, heated and expanded to drive a turbine that generates electricity (Ufine, 2025). CAES is primarily used for large-scale grid energy storage and renewable energy integration, as it enables the storage of excess energy produced by solar and wind power systems for a later use (Abbie, 2025). 
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[bookmark: _Toc213874491][bookmark: _Toc214095371][bookmark: _Toc214096717][bookmark: _Toc214097604]Figure 10 – Compressed air energy storage 
A flywheel is essentially a mechanical battery, consisting of a rotating mass around an axis that stores energy in the form of rotational kinetic energy (Sabhadiya, 2024). Flywheel energy storage systems (FESS) store energy by spinning a rotor at very high speeds (Ufine, 2025). The system functions as an electromechanical device, converting electrical energy into rotational energy which is then stored as kinetic energy. When energy is required the flywheel device reverses its function by converting the rotational motion back into electrical energy (Cope, 2025). The amount of energy stored within a flywheel is directly proportional to the rotor’s mass and the square of its angular velocity, therefore doubling the speed results in four times the stored energy (Cope, 2025). 
[image: ]
[bookmark: _Toc213874492][bookmark: _Toc214095372][bookmark: _Toc214096718][bookmark: _Toc214097605]Figure 11 – Flywheel energy storage system 
[bookmark: _Toc214097654]Mechanical batteries vs chemical batteries 
Mechanical batteries store energy as rotating kinetic energy, offering faster charging capabilities, longer lifespans and minimal environmental impact (Ufine, 2025). They are ideal for high-power, short-term applications and they play an important role in supporting renewable energy (Ferrell, 2021). In contrast chemical batteries store energy through electrochemical reactions and are better suited for long duration and low powered storage systems. Although they are affected by degradation and have a limited life cycle and are often difficult to recycle. 
Mechanical batteries offer several benefits over chemical batteries such as durability and longevity. Because mechanical batteries are less likely to degrade over time which reduces the environmental impact (Ufine, 2025). Whereas lithium-ion batteries have shorter lifespans and overtime they lose their ability to hold charge because of chemical changes within the cell (Leffer, 2024). 
[bookmark: _Toc214097655]Conclusion 
Initially developed as a simple tool used for pottery wheels and spindles, the fundamental principles of storing rotational energy have proven how significant this engineering breakthrough was for future developments. The industrial revolution created the turning point for flywheels as they became a vital component within steam engine. In the 21st century the evolution of regenerative braking systems and KERS has reinvented the flywheel technology which highlights its potential for energy recover and storage. 
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Initial speed: 55mph = 24.5872 m/s 


[bookmark: _Toc214097658]2.2 – 
The combination efficiency is 80% at breaking and acceleration. 

ηbrake = 

Therefore 562336.65 Joule of kinetic energy is stored in the flywheel. 
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Moment of Inertia for a thin ring
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	Braking Speed (mph)
	Braking Speed (m/s)
	Vehicle Kinetic Energy (J)
	Stored Energy (J)
	Re-acceleration Speed (m/s)
	Re-acceleration Speed (mph)

	20
	8.9408
	83135.42083
	66508.33666
	7.996894629
	17.88854382

	25
	11.176
	129899.095
	103919.2760
	9.996118287
	22.36067977

	30
	13.4112
	187054.6969
	149643.7575
	11.99534194
	26.83281573

	35
	15.6464
	254602.2263
	203681.781
	13.9945656
	31.30495168

	40
	17.8816
	332541.6833
	266033.3466
	15.99378926
	35.77708764

	45
	20.1168
	420873.0679
	336698.4543
	17.99301292
	40.24922359

	50
	22.352
	519596.3802
	415677.1041
	19.99223657
	44.72135955

	55
	24.5872
	628711.6200
	502969.2960
	21.99146023
	49.1934955

	60
	26.8224
	748218.7874
	598575.0299
	23.99068389
	53.66563146


[bookmark: _Toc213751106][bookmark: _Toc213874493][bookmark: _Toc214095373][bookmark: _Toc214096719][bookmark: _Toc214097606]Table 12 – Braking speeds and re-acceleration speeds 

[bookmark: _Toc213751107][bookmark: _Toc213874494][bookmark: _Toc214095374][bookmark: _Toc214096720][bookmark: _Toc214097607]Figure 13 – Braking speed vv re-acceleration speed graph 
The graph in figure 2 shows a clear positive correlation between braking speed and re-acceleration speed when utilising a kinetic energy recovery system (KERS). As the braking speed increases from 20mph to 60mph, the re-acceleration speed also increases proportionally. This indicates that higher braking speeds allow greater energy recovery, as more kinetic energy is available for conversion and storage. KERS captures the kinetic energy during braking and stores it, which otherwise would be losses due to heat. This makes it ideal for start/stop driving and within race cars, as is reduces the energy demand from the engine and motor which improved fuel efficiency and reduces emissions. 


[bookmark: _Toc214097662]2.6 – 
The final velocity at 60mph = 23.99 m/s = 53.66 mph 

[bookmark: _Toc214097663]2.7 – 
	Diameter (mm)
	Radius (m)
	Moment of Inertia (kgm-2)
	Flywheel Angular Speed (rad/s)
	Flywheel Rotational Speed (RPM)

	120
	0.06
	0.016
	7323.771
	69936.858

	140
	0.07
	0.022
	6277.518
	59945.878

	160
	0.08
	0.029
	5492.828
	52452.643

	180
	0.09
	0.036
	4882.514
	46624.572

	200
	0.1
	0.045
	4394.268
	41962.115

	220
	0.11
	0.054
	3994.784
	38147.377

	240
	0.12
	0.065
	3661.885
	34968.429


[bookmark: _Toc213751108][bookmark: _Toc213874495][bookmark: _Toc214095375][bookmark: _Toc214096721][bookmark: _Toc214097608]Table 14 – Rotational speed for varied diameters

[bookmark: _Toc213751109][bookmark: _Toc213874496][bookmark: _Toc214095376][bookmark: _Toc214096722][bookmark: _Toc214097609]Figure 15 – Re-acceleration curve based on KERS energy
As seen in figure 15 the rpm decreases as the diameter increases, therefor using a smaller diameter flywheel would produce very high rpm. Increasing the flywheels diameter would reduce the rpm and improve mechanical safety and reduces the stress on the flywheel. 
[bookmark: _Toc214097664]2.8 – 
First assumptions would be that the thin-ring flywheel model calculations would be . 
Second assumption that the flywheel is fit for purpose, stated that 50,000 rpm is the maximum and from my calculations the possible maximum speed would be over 26000 rpm therefore the flywheel is fit for purpose. 
Third assumption would be that the all of the vehicles kinetic energy will be captured during braking. 
Fourth assumption would be when I calculated my acceleration is used the average acceleration equation which is . As a more accurate acceleration calculation would consider to torque and speed transfer would not be a constant. 
Fifth assumption would be that there are no other losses during the storage time. 
Sixth assumption would be that the efficiency given of combined efficiency of 80% is equal to the braking and releasing efficiencies. 
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Final Speed After Vehicle Re-Acceleration using KERS vs Braking Speed

Re-acceleration Speed (mph)	20	25	30	35	40	45	50	55	60	17.888543819999999	22.360679770000001	26.83281573	31.304951679999999	35.777087639999998	40.24922359	44.721359550000003	49.193495499999997	53.66563146	Braking Speed (mph)


Re-acceleration Speed (mph)



Flywheel Rotational Speed (RPM) vs External Diameter (mm)
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