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The concept of storing energy in rotating masses has been present in human technology dating back several millennia. These early systems embodied the fundamental principles of mechanical energy storage, converting inputted work to kinetic rotational energy and releasing its energy as needed (Bender, 2015). Over centuries, this simple but effective mechanism evolved through applications in engines, manufacturing and power regulation systems, forming the basis for modern high-speed flywheel energy storage systems.

The interest of flywheels arises from their potential to address critical challenges in energy efficiency and sustainability. Flywheels can store and release energy rapidly hence the use of regenerative braking, and off-grid energy storage systems. Compared to electrochemical batteries, mechanical fly wheels offer numerous advantages which position flywheels as viable (New Jersey Government, 2019).

A particular significant modern application is the Kinetic Energy Recovery System (KERS), first popularised in motorsport and later adapted to road vehicles. KERS captures the kinetic energy lost during application of the braking system, storing it mechanically via a flywheel and redeploys the stored energy during acceleration (Hamada and Orhan, 2022).

This report investigates the evolution of flywheels, from their origins to modern applications, analysing their role in energy recovery and power management. It explores the design and material considerations critical to their efficiency and safety. It examines the operation of KERS in automative systems and evaluates the fundamentals of mechanical batteries in comparison with the chemical counterparts. Throughout, emphasis is placed on applying mechanical and material engineering principles to real world applications with supporting data and diagrams to demonstrate understanding and critical thinking. Calculations will be applied to the principles of flywheel energy storage to a practical KERS-equipped hybrid vehicle. The analysis quantifies recovered braking energy, flywheel rotational speed, re-acceleration performance and design sensitivity, using a thin-ring model. This enables a detailed evaluation of KERS efficiency, vehicle dynamics and flywheel geometry.
[bookmark: _Toc214231820]Literature Review and Historical Background
Theory of Flywheels

Literature identifies that a flywheel is a mechanical device specifically designed to retain rotational energy effectively. The fundamental relationship that governs the function of flywheel is 


where is the rotational kinetic energy, the moment of inertia, and the angular velocity (Collins, 2025). The moment of inertia depends on the flywheel’s mass distribution and geometry, determining how effectively it can store rotational energy. Angular velocity represents how fast the wheel rotates, measured in radians per second. The stored energy increases linearly with mass through () and quadratically with rotational speed (), meaning that doubling the rotational speed increases the stored energy fourfold (Collins, 2025).
[image: A simple example of the components in a flywheel energy storage system. |  Download Scientific Diagram]
[bookmark: _Toc214231055]Figure 1. Simple diagram of flywheel system.
The flywheels’ ability to resist change of rotational speed makes it invaluable for smoothing power fluctuations and storing short term mechanical energy. To release the stored energy the flywheel transfers its torque to its connected load as it decelerates into mechanical or electrical power (Koohi-Fayegh and Rosen, 2020).



Flywheels Through the Ages
Historically, early examples of flywheel principles appear in Potter’s wheel dating around 6000 BCE in China and Mesopotamia (Michael, 2025), where stored rotational energy, initially generated by the user allowed continuous, unform motion of the spinning table to assist in clay shaping or extracting thread from fibre crop (Bender, 2015).

[image: Potter's Wheel History | How Ancient Pottery Wheels Evolved]
[bookmark: _Toc214231056]Figure 2. Potter's Wheel.

Flywheels remained human-powered until the steam engines of Watt, Boulton and Picard in the 1780s. these machines used cranks and flywheels to convert a reciprocating force into uniform rotary motion (Bender, 2015).
[image: A drawing of a steam engine
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[bookmark: _Toc214231057]Figure 3. Watt's rotative engine.
The ‘wagon wheel’ configuration and geometry found in these early engines was staple, up until the 20th century and are still use today. In the embodiment of this era, machines employing flywheels increased dramatically in both power and scale, culminating in the large stationary steam engines of the late nineteenth century. However, Flywheel failures were not uncommon in the steam-engine era; malfunctioning governors or material fatigue occasionally caused catastrophic failures. With, the development in material sciences modern high-speed composite flywheels can safely exceed 500 m s⁻¹, resulting in far greater energy densities. Because stored kinetic energy increases with the square of rotational speed, a 50-tonne nineteenth-century flywheel would have stored only around 5 kWh, whereas a contemporary 1-tonne carbon-fibre flywheel can store more than 25 kWh of usable energy (Bender, 2015).

Modern Flywheel energy storage systems (FESS) are feasible due to the advances in material science and control systems leading to high performance energy systems capable of operating safely at high rpm, the principle hasn’t changed as the energy stored is rotational kinetic energy, but the developments have allowed for far greater energy densities. The modern systems employ composite rotors made from carbon-fibre or glass-fibre reinforced polymers, replacing steel and cast iron (Hu et al., 2023). The material properties drive their use for selection as they possess higher tensile strength to density ratios than their predecessors allowing for speeds above 500ms-1 as the higher strength to weight ratio raises the maximum angular velocity without structural failure (Eltaweel and Herfatmanesh, 2024). The next beneficial development in FESS systems is the use of magnetic or electromagnetic bearings used to virtually eliminate mechanical friction reducing the energy loss due to non-contact between rotor and bearings. 
[image: A diagram of a mechanical system
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[bookmark: _Toc214231058]Figure 4. Principle set up and mode of operation of an active magnetic bearing (AMB)

Due to the shaft coupling directly to a bidirectional motor-generator, mechanical energy can be converted to electrical energy instantaneously (Eltaweel and Herfatmanesh, 2024). Finally, the flywheel is housed in a vacuum chamber to minimise the aerodynamic drag of the rotating mass (Tie and Tan, 2013). Accumulatively, these innovations enable efficiencies above 90% and far greater cycle lives.
Although modern FESS applications demonstrate impressive efficiency, responsiveness, and versatility across multiple sectors, the literature also identifies key technical and economic constraints that continue to limit their widespread adoption. These challenges are explored critically in the following section. Modern flywheel systems have achieved near no loss efficiency and durability; the literature highlights several ongoing technical and economic limitations that constrain their broader development. One implication is the cost which is affected using advanced composite materials that require high precision manufacturing. Crack (2025) states that carbon fibre rotors can account for up to half of the system costs. Moreover, the need for vacuum housings and magnetic bearings adds complexity to the assembly of the system but also the maintenance. These requirements are essential to reduce frictional losses and ensuring safety but increases the cost (Hu et al., 2023). Another aspect that needs to be considered is the precision balancing of a high-speed flywheel because even minute mass asymmetries can generate large dynamic forces when the rotor spins at high angular speeds. Any deviation from perfect symmetry such as uneven mass distribution, eccentricity or manufacturing defects creates unbalanced centrifugal force (Tie and Tan, 2013). Using  a mass (m) imbalance of 0.1grams at a radius of 0.15m (r) at 5236 rad/s () produces approximately 4110N (F) that will be applied to the bearing during every rotation leading to bearings deteriorating, shafts deforming and can lead to catastrophic rotor failure. Systems utilise high precision sensors, vibration monitoring and imbalance detection algorithms to track the rotors behaviour to identify rotor speeds, vibrations and temperatures which can help identify an imminent damage before escalation (Hamisu, Umar and Sa'ad, 2020). Finally, due to kinetic energy stored in the flywheel Eltaweel and Herfatmanesh, (2024) emphasise that the containment of the flywheel must withstand a failure which significantly increases the costs and increase in size of system.
Overall, the literature reflects a technology at an advanced but not perfect stage as its highly effective for dynamic, high cycle systems but is challenged by cost, containment and scalability. 


[bookmark: _Toc214231821]Modern Applications of Flywheels
Modern flywheels are used in a wide range of applications where rapid energy exchange, reliability and high cycle efficiency are deemed necessary. The instant release of kinetic energy has positioned flywheels as a staple in dynamic and stationary energy systems (Koohi-Fayegh and Rosen, 2020).
In power networks, the flywheels are used for grid frequency regulation, providing the energy needed to respond to changes to stabilise voltage and frequency deviations. Due to the speed a flywheel can alternate between charging and discharging it helps maintain the grid’s stability more effectively than alternatives by providing synthetic inertia as they act as rotating masses that receive or deliver power when the frequency alters (when grid frequency increases FESS converts electrical power into rotational energy known as charging, when the frequency drops the system discharges the energy by spinning down helping restore the balance) (Lazarewicz, 2002). 
[image: Flywheels Get Their Spin Back With Beacon Power's Rebound]
[bookmark: _Toc214231059]Figure 5. Beacon Power's 20 MW FESS plant in America
In transport and rail systems, FESS technology captures kinetic energy during braking and returns the energy during acceleration reducing the energy consumption and mechanical wear. When the train decelerates the traction motors function as generators converting the trains kinetic energy into electrical energy which rotates the flywheel and storing the captured energy as rotational kinetic energy. When the train begins to accelerate the flywheels motor generator reverses operation, the rotational stored energy is converted back into electrical power and is fed into the trail traction to assist in accelerating the train (Gubert, 2013). An example of this is the London Underground’s flywheel installation to metro trains which demonstrated energy savings of over twenty percent while improving the network systems reliability (Transport for London, 2023).




[bookmark: _Toc214231822]Kinetic Energy Recovery Systems (KERS)
Kinetic energy recovery systems (KERS) are designed to store the kinetic energy generated through braking and later storing it for later use during acceleration. It works on the principle that during braking, a continuously variable transmission or clutch mechanism connects the drive train to the flywheels motor-generator resulting in the flywheel to spin and accumulate rotational kinetic energy. Alternatively, when subsequent acceleration occurs the CVT reverses the power flow allowing for the flywheel to discharge its stored energy as torque back to the drivetrain (Eltaweel and Herfatmanesh, 2024).
[image: Schematic of motor-assisted CVT. | Download Scientific Diagram]
[bookmark: _Toc214231060]Figure 6. CVT Diagram
These systems have significant advantages over electrochemical alternatives in high frequency stop start conditions because they exhibit low round-trip degradation can receive high power in short durations. Formula 1 ‘flybrid’ system has demonstrated up to 400kJ of recoverable energy per lap (Racecar Engineering, 2011) while commercial trials such as Volvo’s system reported fuel savings of up to twenty percent (Volvo Cars, 2011). The main engineering challenges are those like the issues described in the literature review of precision rotor balancing, high strength composite materials which are expensive and difficult to manufacture. Nevertheless, mechanical KERS remain highly effective method for maximising energy utilisation.


[bookmark: _Toc214231823]Fundamentals of Mechanical Batteries and Advantages over Chemical Batteries
A mechanical battery is an energy storage device that stores energy in the form of rotational kinetic energy in a flywheel, rather than through electrochemical reactions. The stored energy is governed by meaning capacity increases with both the moment of inertia and rotational speed. Unlike chemical batteries, mechanical batteries do not rely on degradation-prone chemical processes, giving them exceptionally long cycle life greater than 100,000 cycles (one cycle being the energy stored and then discharged) (New Jersey Government, 2019).
Mechanical batteries offer several advantages such high power density, near-instantaneous charging and discharging rates, and the ability to charge and discharge repeatedly without loss of capacity. They also operate over a wide temperature range and contain no hazardous materials, simplifying thermal management and end-of-life recycling. While their energy density is lower than lithium-ion alternatives, their durability and power capability make them valuable for applications requiring rapid energy exchange, such as regenerative braking, and grid stabilisation (Hebner, Beno and Walls, 2002). Mechanical batteries therefore complement rather than replace chemical storage in modern energy systems.



[bookmark: _Toc214231824]Calculations and Assumptions
[bookmark: _Toc214231825]Given Data
Vehicle Specification:
· Vehicle mass 
· Initial braking speed 
· Re-acceleration occurs from rest using only the stored KERS energy

Flywheel Specification:
· Flywheel mass 
· External Diameter 
· Thin-ring inertia 
· Max flywheel speed 
· “Combined efficiency (braking × acceleration) = 80% = 0.8
· Enclosure is vacuum sealed.
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Stored energy is transferred back to the vehicle:



Vehicle kinetic energy after acceleration:
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[bookmark: _Toc214231061]Figure 7. Graphical data of KERS system.

The results show a near linear relationship between braking speed and the final speed attainable during re-acceleration using only the stored KERS flywheel energy. As braking speed increases, the kinetic energy available for recovery rises with the square of velocity (). Because the flywheel stores 80% of this kinetic energy, higher braking speeds result in significantly larger stored energies and consequently greater re-acceleration capability. The system is most effective when high-speed energy can be captured, such as during motorway deceleration. However, in low-speed, urban driving conditions, the energy available is much lower, limiting the re-acceleration benefit.






6. 





	



7.





[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc214231062]Figure 8. Graphical data of Flywheel speed and diameter correlation

The results show a clear inverse relationship between flywheel diameter and required rotational speed. Because stored energy is proportional to , and a thin ring’s moment of inertia is , increasing radius raises inertia quadratically. This means a larger-diameter flywheel can store the same amount of energy at a much lower angular velocity. 



8.
Many key assumptions were made throughout the analyses to enable analytical theoretical focus on the core KERS functionality. 

The combined round-trip efficiency of eighty-percent was applied entirely during the braking phase, such that the energy stored in the flywheel equals eighty-percent of the vehicle’s initial kinetic energy, with all stored energy assumed fully available for re-acceleration without additional losses. 

All translational kinetic energy of the vehicle was considered fully recoverable during braking, neglecting dissipative effects such as rolling resistance, aerodynamic drag, tire slip, and mechanical losses. The Continuously Variable Transmission (CVT) was modelled as ideal in its energy transfer characteristics, with instantaneous and lossless ratio changes and no additional losses or delays beyond the stated eighty percent. 

The flywheel was geometry is a thin ring with all mass concentrated at the outer radius (r = d/2), starting from zero initial rotational speed prior to energy recovery, and operating within a perfect vacuum enclosure that eliminates air friction and bearing losses.

Re-acceleration was assumed to rely exclusively on the energy stored in the KERS flywheel, with no contribution from the vehicle’s primary powertrain (engine or electric motor). 

The vehicle was treated as a single rigid mass, and the rotational inertia of the wheels, tyres, and drivetrain components was ignored.

The model ignores whether the flywheel could resist the speeds calculated. Even though the calculated speeds were below the stated 50,000 rpm limit, the analysis passed over material strength and stress limits that would normally restrict how much energy a real flywheel can store.
For the re-acceleration phase over 6.5 seconds, constant acceleration was assumed, implying linear velocity increase from rest to the final speed. 

All computations were conducted in SI units with standard conversion factors, and energy transfer between the flywheel, CVT, and drivetrain was assumed instantaneous and complete within the efficiency boundary. 

These assumptions collectively simplify the system model to isolate KERS performance but may overestimate real-world energy recovery and redeployment in the presence of unmodeled dynamic and parasitic losses.





[bookmark: _Toc214231826]Conclusion
This report has demonstrated how flywheel-based energy storage has evolved from simple mechanical devices used in ancient machinery to highly technical systems integrated into modern transport and power networks. Historical developments highlight how the fundamental principle of storing energy through rotational inertia has remained unchanged, while advances in materials, rotor dynamics and magnetic bearings have significantly increased operating speeds, safety and efficiency. Applications of the systems include grid-stabilising Flywheel Energy Storage Systems (FESS) and automotive Kinetic Energy Recovery Systems (KERS), show the continued relevance of mechanical energy storage, particularly where high-power density, rapid charge–discharge capability and high cycle life are required.
The analytical work undertaken in Task B demonstrated how the KERS system can recover a substantial proportion of a vehicle’s braking energy and return it during re-acceleration, with energy flows and flywheel speeds calculated for a range of operating conditions in a quantitative manner. Although real world systems would exhibit additional losses, structural constraints and torque limitations, the modelling provides valuable insight into the potential benefits and challenges of mechanical KERS. Overall, flywheel technology remains an important and versatile approach to high-power energy storage across a range of engineering applications.
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