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[bookmark: _Toc213792021]Introduction
Mechanical energy storage has been instrumental across the development of engineering systems for many centuries. One type of mechanical storage device is the flywheel, which stores kinetic energy using a mass that is in motion and releases that energy when needed (Hagler, 2019). Over time, the concept has evolved from its early use in potter’s wheels to its modern use in compact devices such as in kinetic energy recovery systems (KERS) (Etpa, n.d.). Flywheels serve as a mechanical buffer, absorbing energy changes while supplying short bursts of power, and enabling system efficiency and effectiveness (Etpa, n.d.). In this assignment, the history of flywheels and their transition from potter’s wheels to current applications in regenerative braking and storage of energy on the grid, will be analysed. Additionally, the assignment will discuss KERS as an application in road vehicles, while considering engineering challenges such as rotor balance, materials selection, and containment with high rotational speeds. Finally, a critical comparison will be conducted between chemical batteries versus mechanical batteries (flywheels), analysing their relative advantages and limitations. 
[bookmark: _Toc213792022]Energy Storage in Flywheels
A flywheel stores energy in the form of rotational kinetic energy, and this is expressed by , where I is the moment of inertia and ω is the angular velocity of the flywheel (The Engineering ToolBox, 2005). The amount of energy stored increases with both mass and the rotational speed; however, this is limited by the centrifugal stresses present in the flywheel's material, given by  , (Nagali, 2024). Modern carbon-fibre composites can be run at higher rotational speeds than traditional steel flywheels due to their superior ratio of strength (tensile strength) to density (Nagali, 2024). When torque is applied to the flywheel, it accelerates and stores energy, and when the torque is reversed, the flywheel releases that energy back through a generator or drivetrain (Schaper, 2021).
[bookmark: _Toc213792023]Historical Development of Flywheels
The flywheel, one of the earliest mechanical energy storage devices known, has ancient roots. Early civilisations in ancient China, adopted mechanical energy storage forms in potter's wheels (Bender, 2016) illustrated in Figure 1 below. They were highly effect for potters, as they maintained consistent rotational motion (Hagler, 2019), which meant their hands were free to shape clay. 
[image: simple potters wheel] [image: James Watt: Britain's head of steam   ]As mechanical systems progressed, flywheels became an important part of engines and machinery during the Industrial Revolution, where their ability to stabilise rotational speed and store excess energy was valuable for steam engines in minimising torque fluctuation and ensuring smooth, consistent motion (Sousa, 2011). James Watt's Steam Engine (shown in Figure 2) was one of the first to incorporate this design. [bookmark: _Toc213792058]Figure 1 – Potter’s Wheel (Lesley, 2021)
[bookmark: _Toc213792059]Figure 2 - James Watt's Steam Engine (Davies, 2011)

By the 19th and early 20th centuries, the flywheel design had evolved right along with increased capabilities of materials and manufacturing. The addition of steel rims and later formed laminated composites allowed for higher rotational speeds and greater storage density while also being substantially lighter in overall weight (Etpa, n.d.). This was a shift from a principal reliance on mass-based energy storage to systems based on engineered structures with several advantages in performance and reliability.
By the mid-20th century, flywheels were surrounded by high precision device engineering with specific usages in power smoothing, energy buffering, and later, high-speed storage systems (Etpa, n.d.). These early stages of development demonstrated the transition into the present form of flywheels now used in hybrid vehicles, renewable energy systems, and kinetic energy recovery systems.
[bookmark: _Toc213792024]Modern Applications of Flywheels
Originally, flywheels were primarily designed for stabilisation of rotational motion. Whereas modern applications include high-efficiency energy storage and recovery.
[bookmark: _Toc213792025][image: A group of blue containers on a trailer

AI-generated content may be incorrect.]Power grid and renewable integration[bookmark: _Toc213792060]Figure 3 - Flywheel Energy Storage System (LaMonica, 2011)

Flywheels are now being used as grid-stabilisation devices, especially in systems that depend on intermittent renewable energy sources which rely on short-duration storage. For example, modern flywheel energy storage systems (FESS) such as Beacon Power's installations in the United States, illustrated in figure 3, provide short-duration energy storage to match supply and demand (Beacon Power, n.d.). They can deliver megawatts of power in seconds and serve as a perfect solution for frequency regulation (Beacon Power, n.d.).

[bookmark: _Toc213792026]Industrial applications 
In manufacturing settings, flywheels can provide back-up power and regulate spikes in voltage. For example, uninterruptible power supply (UPS) systems with flywheels allow for instantaneous power while the diesel generator starts and eventually takes over (Active Power, 2024). Unlike chemical batteries, these flywheels will charge and discharge thousands of times without degradation (Active Power, 2024).
[bookmark: _Toc213792027]Transportation
Flywheel energy storage system technology is also applied to modern rail and road transport. The British Rail Class 139, shown in Figure 4, incorporates a compact steel flywheel to recuperate kinetic energy from braking and enhance fuel efficiency on short-distance routes (WDB Group, n.d.). In a similar manner, the Volvo Flybrid system used in their S60 model, employs a carbon-composite flywheel that provides instantaneous power during accelerations and leads to reduced fuel consumption and emissions during stop/start driving (Vittala, 2014). These examples show how flywheels can provide efficient and high-power energy recovery systems in transport systems.
[image: The two unique Class 139 Parry People Movers which serve the Stourbridge town branch line]
[bookmark: _Toc213792061]Figure 4 - British Rail Class 139 (Network Rail, 2021)
[bookmark: _Toc213792028]Safety and engineering challenges
As modern flywheels frequently operate at very high speeds (20,000–50,000 rpm) to increase energy density (Christian.M, n.d.), advanced containment systems must be built and rigorously tested in the event of mechanical failure due to fractures of the rotor (Etpa, n.d.). These advanced containment structures typically use steel or a carbon-fibre composite for housing (Pichot, 1997) (Green Car Guide, 2019). Therefore, precision balancing, along with minimal friction bearings are crucial to reduce energy losses and increase lifespan (Olabi, 2021).
[bookmark: _Toc213792029]KERS (Kinetic Energy Recovery Systems) in Road Vehicles 
[image: Volvo flywheel Kinetic Energy Recovery System (KERS)]A common use for flywheels is in Kinetic Energy Recovery Systems (KERS). KERS systems capture energy generated when a vehicle decelerates (brakes), store that energy in a flywheel, and release it back into the vehicle's drivetrain when the vehicle accelerates (Bai, 2021). An example of a flywheel KERS module used in Volvo vehicles can be seen in Figure 5 below.[bookmark: _Toc213792062]Figure 5 - Flywheel KERS Module (Vijayenthran, 2013)

 



[bookmark: _Toc213792030]Operating Principles in KERS
[image: Volvo flywheel Kinetic Energy Recovery System (KERS)]KERS systems capture kinetic energy that would otherwise be lost as heat via braking (Bai, 2021). They do this via a continuously variable transmission (CVT) that connects the flywheel to the vehicle's drivetrain, allowing energy to flow in both directions (Collins, 2011), this is demonstrated in Figure 6. When a vehicle brakes, the torque produced by the vehicle's wheel accelerates the flywheel, and when the vehicle re-accelerates, the process is reversed (Bai, 2021) (Ingram, 2013). A typical flywheel- based KERS will store approximately 150Wh which allows you to accelerate the vehicle at 60 kW for about 6 seconds (Green Car Guide, 2019). KERS theoretically can recover about 80% of the energy, but this recovery is limited by drivetrain and bearing losses (Etpa, n.d.).[bookmark: _Toc213792063]Figure 6 - Flywheel KERS System Layout (Vijayenthran, 2013)












[bookmark: _Toc213792031]Design Considerations
Precision balancing
Flywheels for KERS typically rotate in excess of 50,000 rpm (Christian.M, n.d.). At those speeds, even a minor degree of imbalance will result in significant centrifugal forces, and therefore it is necessary to machine tolerances to nanometre level to ensure perfect rotor symmetry, minimise vibration, and prevent failure (Nagali, 2024) (Etpa, n.d.).
 Containment
Due to such high rotational speeds, the flywheel should be sufficiently contained in high-strength composite or steel enclosures in order to withstand the potential rotor disintegration, which may release forces to those comparable in explosive devices (Green Car Guide, 2019). 
Materials
Traditional steel flywheels are very heavy and therefore have limited maximum speed (Etpa, n.d.). Whereas modern KERS utilise carbon-fibre composites which preserve high tensile strength while reducing density, this therefore allows them to yield more stored energy per unit of mass (Green Car Guide, 2019).
[bookmark: _Toc213792032]Automotive Adoption
Formula 1
In 2009, FIA permitted the use of KERS, and teams such as Williams began developing flywheel-based systems (BBC, 2024) (Sousa, 2011). Most teams opted for battery-electric storage for KERS, but the flywheel KERS created by Williams went on to be used in hybrid buses and vehicles.
Road Vehicles
The Porsche 911 GT3 Hybrid (2010) was fitted with a flywheel KERS to allow bursts of power to be used during racing (Sousa, 2011). Additionally, both Volvo and Jaguar Land Rover have been trialling these systems in passenger vehicles, which have demonstrated fuel savings of 15–20% (Adcock, 2014).
Public Transport
Buses equipped with flywheel KERS reduce fuel consumption and emissions, especially during stop and go driving cycles in urban environments. According to Epta, (Etpa, n.d.) these are also employed in Subway systems in Rennes, France, which yield the same benefits. 
[bookmark: _Toc213792033]Mechanical Batteries
[bookmark: _Toc213792034]Fundamentals of Mechanical Batteries
Mechanical batteries (Flywheels) accumulate energy using motion or potential energy as previously described, they do this instead of relying on any kind of chemical reaction, converting mechanical work into kinetic energy before releasing the energy when needed to produce fast, effective energy use and delivery (Ufine, 2025) (Etpa, n.d.).
[bookmark: _Toc213792035]Mechanical vs Chemical Batteries
[bookmark: _Toc213792075]Table 1 – Mechanical vs Chemical Batteries (Ufine, 2025) (The Engineering ToolBox, 2005) (Schaper, 2021) (Epectec, n.d.) (Kesgin, n.d.) (Muelaner, 2022) (Etpa, n.d.)
	Characteristic
	Flywheel (Mechanical)
	Lithium-Ion (Chemical)

	Energy Density
	5-100 Wh/kg
	150 Wh/kg

	Power Density
	400-30,000 W/kg
	200-900 W/kg

	Efficiency
	85%-95%
	90%-95%

	Cycle Life
	10,000-100,000 cycles
	500 – 3,000 cycles

	Response Time
	Milliseconds
	Seconds

	Sustainability
	Recyclable
	Toxic metals, poor recyclability



As shown in Table 1 above, Mechanical batteries such as flywheels, offer several distinct advantages over chemical batteries. Firstly, mechanical systems demonstrate extreme durability and longevity, achieving often over 20 years and tens of thousands of cycles without loss of performance due to not depending upon any chemical reactions that degrade over time (Active Power, 2024). Mechanical systems are therefore very well suited for long-term reliable applications and require minimal maintaining over long periods. Secondly, mechanical storage devices provide instantaneous energy delivery and recovery. They can rapidly charge and discharge, allowing fast charge-discharge cycles which chemical batteries cannot deliver. 
Furthermore, as mechanical batteries have a high-power density, it means they are better suited for applications that need short powerful bursts of energy, such as grid stabilisation or regenerative braking. Mechanical batteries are also environmentally sustainable, in that they would not use any toxic or rare materials, creating no chemical waste, thus reducing lifecycle environmental impacts compared to lithium batteries. Additionally, although energy density is lower, mechanical systems can offset this through high round trip efficiencies (85-95%), quick responses to demand or dispatch, and scalability for large-scale energy storage. Therefore, combining all these features, flywheels and other mechanical batteries can provide a substantial option for environmentally responsible energy systems where rapid response and long lifespan is more critical than size.
[bookmark: _Toc213792036]Conclusion
The flywheel is among the oldest and most primitive forms of mechanical energy storage, having developed from use in pottery, into hybrid road vehicles, formula 1 racing and renewable energy integration. While the principle has remained the same, storing energy through rotational motion energy, technological development in materials, containment and precision manufacturing has allowed the flywheel to be recognised as a viable option in energy storage. Within the transport sector, flywheel based kinetic energy recovery systems (KERS), have demonstrated an ability to provide a meaningful efficiency increase within motorsport, bus transport, and passenger vehicles. Whereas in larger scale systems, flywheels provide significant support in renewable energy grids by supplying fast-acting power. When comparing to chemical batteries, flywheels have unique characteristics such as extremely long cycle life, high efficiency, fast-acting power and lower environmental implications. Current limitations with flywheels preventing widespread use include the high containment costs associated, with also a relatively low energy density. In time, however, it is likely that the future systems of storage will utilise flywheels, in conjunction with batteries, in a more hybrid approach. The flywheel, therefore, stands as both an ancient invention and a modern engineering solution and is the perfect example of how mechanical principles continue to shape technological advancements. 
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[bookmark: _Toc213792038]Question 1 
Vehicle Mass = 2080kg
Initial Braking Speed = 55mph



[bookmark: _Toc213792039]Question 2 
Combined Efficiency = 80%



Therefore, Energy Stored in the flywheel when the vehicle brakes from 55mph to rest = 
[bookmark: _Toc213792040]Question 3 
Flywheel mass = 6.5kg
External  = 300mm  







Therefore, Rotational Speed of the flywheel after braking = 
[bookmark: _Toc213792041]Question 4
Assuming stored energy is used to re-accelerate the flywheel, E = 502961.114 J



Therefore, final speed of the vehicle using only the KERS flywheel = 21.991 m/s



[bookmark: _Toc213792042]Question 5
[bookmark: _Toc213792076]Table 2 – Constants from Previous Questions used (Question 5)
[image: A table with text and images
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Given the constants from previous questions and the vehicle specification, shown in Table 2 above. These values were used in different equations to find the final speed after re-acceleration using the KERS, these calculations are displayed in Table 3. To streamline calculations, formulas were used in excel. These calculations and formulas were first proved manually using braking speed of 20 mph, before applied through the braking increments, these calculations/formulas can be found in Appendix A. 

[bookmark: _Toc213792077]Table 3 – Question 5 Calculations
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The braking speed was then plotted against final speed after re-acceleration, which can be seen in Figure 7 below. 

[bookmark: _Toc213792064]Figure 7 - Final vehicle speed achieved after re-acceleration vs braking speed. Values computed for a 2080 kg vehicle with a 6.5 kg flywheel and 80% combined efficiency: braking speeds 20–60 mph in 5 mph steps.
On the scatter graph, illustrated in Figure 7, it can be seen that as the braking speed rises, the kinetic energy available for energy recovery also increases proportional to the square of the velocity (KE). Therefore, the higher the braking speed, the more energy that can be stored in the flywheel, which in turn allows the vehicle to achieve higher speeds after re-acceleration. However, while this relationship generates greater increases at higher speeds, it is not a linear relationship. This is due to the final velocity being determined by the square root of the stored energy,  (derived from energy equation), therefore the rate of increase in re-acceleration diminishes as braking speed rises. An example of this, is that after braking at 20mph, using the stored energy, re-acceleration will be to 17.9mph a 2.1mph difference. Whereas if braking at 60mph, re-acceleration after using stored energy is 53.7mph, a 6.3mph difference. Additionally, there is greater losses in real systems due to factors like drivetrain losses, bearing friction and drag which restricts the efficiency of energy recovery (Etpa, n.d.), therefore the actual increases will be less than the theoretical increases shown in Figure 7.
In summary, by increasing the braking speed, the vehicle's re-acceleration improves, however with diminishing proportional returns due to efficiency and system losses. This effect explains why hybrid cars better fuel economy in city have driving than on the motorway, due to the fact that slow speeds with frequent braking can take advantage of regenerative energy recovery systems to a much greater extent (Ingram, 2013).
[bookmark: _Toc213792043]Question 6 
Using the 60mph case for the 2080kg vehicle:

If final speed is attained in 6.5 seconds:



Therefore, the average acceleration is 3.69 
[bookmark: _Toc213792044]Question 7
[bookmark: _Toc213792078]Table 4 - Constants from Question used (Question 7)
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Given the constants/vehicle specification given in the question, shown in Table 4 above. These values were used in different equations to calculate the Moment of Inertia, to then subsequently calculate the flywheels angular speed and the flywheels speed in RPM, for the range of different external diameters. These calculations are shown in Table 5. To streamline calculations, formulas were used in excel. These calculations and formulas were first proved manually using external diameter of 120mm, before applied through the diameter increments, these calculations/formulas can be found in Appendix B. 
[bookmark: _Toc213792079]Table 5 – Question 7 Calculations
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The results were then plotted as a scatter graph, Rotational Speed of the Flywheel against the External Diameter of the Flywheel and can be seen in Figure 8 below. 

[bookmark: _Toc213792065]Figure 8 - Required rotational speed (rpm) of a 4.5 kg thin-ring flywheel vs external diameter (mm) for a 1510 kg vehicle braking at 60 mph. Energy required = 80% of vehicle kinetic energy. 
The graph shown in Figure 8 above, demonstrates that as the external diameter of the flywheel varies from 120 mm to 240 mm, the required speed to store the equivalent amount of braking energy becomes significantly less. This is because the moment of inertia increases with the radius squared, as illustrated in Figure 9 below. Therefore, a larger flywheel will store more energy at lower angular velocities. Small flywheels, on the other hand, would need to be spun significantly faster in order to store the same amount of energy as the larger ones. In practice, however, this is limited by the maximum speed of the flywheel, for the larger vehicle (relevant for Questions 1-6), this is 50,000 rpm as stated in the specification. If the flywheel spins beyond its maximum speed, excessive centrifugal stresses develop, and mechanical failure or containment issues would occur (Green Car Guide, 2019) (Bryce, 2024). 
The graph shows that diameters of 120 mm to 160 mm exceed the larger vehicle's maximum allowable speed and therefore are not a suitable option (for the larger vehicle), while flywheels of 170 mm or more will operate at reasonable operational speeds so will be suitable, but will require larger, heavier containment systems. Although smaller diameter flywheels are lighter and more compact, they require much higher speeds that may exceed the safe limits, thus larger diameters would be more practical KERS applications in terms of both materials and safety margins (Bryce, 2024). 
[image: A graph of a graph with numbers and a line
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[bookmark: _Toc213792066]Figure 9 – Scatter plot of Moment of Inertia (I)(kg·m²) vs Diameter (mm) vs Rotational Speed of the Flywheel (RPM) (4.5kg flywheel, 60mph braking)

[bookmark: _Toc213792045]Question 8
In the analyses presented in Questions 1 to 7, several assumptions were made to allow consistent calculations. Firstly, the motion of the vehicle was assumed to occur on a flat surface, with no aerodynamic drag or rolling resistance considered, as well as drivetrain and tyre slip losses also being neglected (Etpa, n.d.). This ensured that any changes in kinetic energy were entirely due to braking and then re-acceleration using the KERS system. Additionally, the KERS energy transfer between the vehicle and the flywheel was treated as ideal, aside from the combined 80% efficiency (the cumulative mechanical and transmission losses during the braking and acceleration). The flywheel was also considered to be of thin-ring shape as stated in the specification and thus, the moment of inertia could be defined as,  for simplified rotational energy calculations.
Furthermore, Material strength limitations were ignored except where the 50,000-rpm design constraint was applied. As the system was assumed to operate in a vacuum chamber (as stated in the specification), Heat loss due to bearing friction, air drag, and electrical conversion were ignored (Bryce, 2024). Similarly, the re-acceleration phase also assumed 100% traction, so there was no wheel slip or loss in the drivetrain efficiency factor, apart from the combined efficiency factor (Bryce, 2024).
Moreover, in all calculations the vehicle mass was assumed constant and that energy storage or recovery took place instantaneously with no time delay. In addition, energy losses related to auxiliary systems were not considered. These simplifications generate an idealistic system performance, as real-world energy recovery would be reduced due to resistive/thermal losses that are not taken into account with the theoretical model.
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[bookmark: _Toc213792048]Appendix A – Question 5 Calculations
[bookmark: _Toc213792049]Braking Speed
Braking speed = 20mph, therefore converted to m/s = 

Excel Formula for calculations is shown in Figure 10 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792067]Figure 10 - Excel Formula for calculations of Braking Speed
[bookmark: _Toc213792050]Vehicle KE 



Excel Formula for calculations is shown in Figure 11 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792068]Figure 11 - Excel Formula for calculations of Vehicle KE
[bookmark: _Toc213792051]Energy Requested/Stored in KERS


Excel Formula for calculations is shown in Figure 12 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792069]Figure 12 - Excel Formula for calculations of Energy Requested/Stored in KERS
[bookmark: _Toc213792052]Final Speed in m/s


Excel Formula for calculations is shown in Figure 13 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792070]Figure 13 - Excel Formula for calculations of Final Speed in m/s
[bookmark: _Toc213792053]Final Speed in mph


Excel Formula for calculations is shown in Figure 14 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792071]Figure 14 - Excel Formula for calculations of Final Speed in Mph
[bookmark: _Toc213792054]Appendix B – Question 7 Calculations 
[bookmark: _Toc213792055]Moment of Inertia


Excel Formula for calculations is shown in Figure 15 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792072]Figure 15 - Excel Formula for calculations of Moment of Inertia
[bookmark: _Toc213792056]Flywheel Angular Speed 


Excel Formula for calculations is shown in Figure 16 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792073]Figure 16 - Excel Formula for calculations of Flywheel Angular Speed

[bookmark: _Toc213792057]Flywheel Speed (RPM)


Excel Formula for calculations is shown in Figure 17 below.
[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.]
[bookmark: _Toc213792074]Figure 17 - Excel Formula for calculations of Flywheel Speed in RPM
Final Speed after re-acceleration using KERS (Mph) vs Braking Speed (Mph)

Final Speed (Mph)	20	25	30	35	40	45	50	55	60	17.886943198682999	22.358678998353749	26.830414798024503	31.302150597695253	35.773886397365999	40.245622197036759	44.717357996707499	49.189093796378259	53.660829596049005	Braking Speed (Mph)


Final Speed after re-acceleration (Mph) 



Flywheel rotational speed (RPM) vs External diameter (mm) (4.5 kg flywheel, 60 mph braking)

Required rpm	120	140	160	180	200	220	240	69936.857713124889	59945.878039821328	52452.643284843667	46624.571808749926	41962.114627874929	38147.376934431755	34968.428856562445	Flywheel External Diameter (mm)


Rotational Speed of the Flywheel (RPM)
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