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1 Abstract
This report investigates the use of flywheels as mechanical energy storage devices, tracing their evolution from early industrial applications to modern implementation in Kinetic Energy Recovery Systems (KERS). The study combines theoretical analysis and numerical simulation to evaluate energy transfer between a vehicle and a flywheel-based KERS, using given system parameters. Through analytical modelling and computer-based calculations through use of Microsoft Excel, relationships between braking speed, stored energy, and re-acceleration performance are examined. The findings highlights the advantages of mechanical energy storage in efficiency, responsiveness, and sustainability compared to traditional chemical batteries.
1.1 Introduction
Energy recovery is increasingly important in modern engineering as demand grows for efficient and sustainable technologies. In road vehicles, much of the energy generated during motion is lost as hear during braking. Recovery systems aim to convert this otherwise wasted kinetic energy into a useable form, improving efficiency, reducing fuel consumption, and lowering emissions.
Flywheels are one of the earliest forms of mechanical energy storage, they have evolved from simple rotational stabilisers into advanced high speed devices capable of rapid charge-discharge. Their application in Kinetic Energy Recovery Systems (KERS) has been proven in motorsport and is becoming more relevant in road vehicles and stationary storage due to their high power density, long lifespan, and low environmental impact.
This report examines the role of flywheel-based energy recovery systems in modern engineering. Task A reviews the development of flywheels, their use in regenerative braking and off-grid storage, the principles of KERS, and a comparison against chemical batteries. Task B then applies engineering principles to calculate system performance and simulate the behaviour of a flywheel KERS in a hybrid vehicle. Togetherm these tasks provide both theoretical understanding and practical analysis of mechanical energy recovery systems.













2 Task A
2.1 Introduction to Flywheels
Flywheels are mechanical devices that store energy as rotational kinetic energy, which can later be released to perform useful work. Energy is stored by accelerating a rotating mass and recovered by decelerating it, with the stored energy given by , where I is the moment of inertia and  the angular velocity (Genta, 2009). This principle has been used centuries, beginning with early potter’s wheels in Mesopotamia and Egypt, which relied on rotational inertia to stabilise motion. During the Industrial Revolution, flywheels became essential components in smoothing torque fluctuations in reciprocating engines and early mechanical machinery (Chien, 2011).
Modern flywheels benefit greatly from advances in materials, balancing techniques and containment systems. High-strength steel and composite rotors, combined with precision balancing, vacuum housings, and low-friction bearings, enable significantly higher rotational speeds and improved energy storage efficiency (Bolund, Bernhoff and Leijon, 2007). Today, flywheels are used in applications such as automotive Kinetic Energy Recovery Systems (KERS), uninterruptable power supplies (UPS), and renewable energy stabilisation. Their advantages include high power density, rapid charge-discharge capability, and long operational life. However, challenges remain regarding safe containment and efficiency at extreme rotational speeds (Ritchie and Loth, 2021).
2.2 Evolution & Modern Application of Flywheels
Historically, flywheels were large steel or cast-iron rotors used to stabilise mechanical power delivery in early industrial systems such as steam engines and waterwheels (Genta, 2009; Chien, 2011). Modern developments in materials engineering have transformed them from passive regulators into high-speed energy storage devices. Composite materials such as Carbon Fibre & Kevlar allow significantly higher rotational speeds due to their superior tensile strength-to-weight ratios (Bolund, Bernhoff and Leijon, 2007). Magnetic bearings and vacuum enclosures minimise friction and aerodynamic drag, improving round-trip efficiency (Ritchie and Loth, 2021).
Flywheels are now widely used in automotive KERS, where they recover braking energy and release it during acceleration. Companies such as Flybrid Systems, GKN Hybrid Power and Torotrak have developed compact carbon-composite flywheels capable of operating at up to 60,000rpm (Hebner, Beno and Kiehne, 2002). Beyond automotive applications, flywheels are deployed in renewable energy grids to stabilise power output and smooth fluctuations in generation (Ibrahim, Ilinca and Perron, 2008). In remote or off-grid systems, they provide a clean, low maintenance alternative to batteries. Continued improvements in materials, control systems and manufacturing strongly position flywheels as a viable technology for future sustainable energy storage solutions (Ritchie and Loth, 2021).
2.3 Kinetic Energy Recovery Systems (KERS)
Kinetic Energy Recovery Systems (KERS) capture vehicle kinetic energy during braking and store it for later use during acceleration, improving overall system efficiency (Bolund, Bernhoff and Leijon, 2007). In mechanical KERS, this energy is stored in a high speed flywheel operating under controlled conditions that allow rapid charge-discharge cycles with minimal degradation (Ritchie and Loth, 2021). Energy transfer is achieved through a continuously variable transmission (CVT) or clutch systems, which accelerates the flywheel during braking and decelerates it during acceleration. The stored energy is determined using  (Genta, 2009).
One of the main engineering challenges in KERS design is precision balancing. At speeds exceeding 60,000rpm, even small mass asymmetries produce significant centrifugal forces and vibration, increasing the risk of bearing wear and structural failure (Ritchie and Loth, 2021). To address this, modern systems use composite flywheels with high strength-to-weight ratios that allow higher rotational speeds with improved mechanical safety (Bolund, Bernhoff and Leijon, 2007). The combination of high power density and rapid discharge capability makes mechanical KERS highly effective for motorsport and hybrid-vehicle applications (Hebner, Beno and Kiehne, 2002).
2.4 Mechanical vs Chemical Batteries
Mechanical batteries, such as flywheel energy storage systems, differ fundamentally from chemical batteries in how they store and deliver energy. Flywheels store energy mechanically as angular momentum, whereas chemical batteries rely on electrochemical reactions (Ibrahim, Ilinca and Perron, 2008). Flywheels offer high power density, rapid charge-discharge capability, and long operational life with minimal degradation, making them suitable for high power and short duration applications (Bolund, Bernhoff and Leijon, 2007). Chemical batteries, however, provide higher energy density and are more appropriate for long duration energy storage,
Flywheels can achieve round-trip efficiencies of 80-95% and are environmentally benign due to their recyclability and lack of toxic materials (Ritchie and Loth, 2021;Ibrahim, Ilinca and Perron,2008). Chemical batteries face issues related to material extraction, degradation, and end-of-life disposal. However, flywheels require vacuum enclosures, magnetic bearings, and robust containment structures, increasing system cost and complexity, They also exhibit higher self discharge rates, making them less suitable for long term storage (Hebner, Beno and Kiehne, 2002). Overall, the two technologies should be viewed as complementary, with flywheels excelling in power applications and batteries in high energy, long-duration roles.













3 Analytical & Simulation Work (Task B)
3.1 Introduction to the analysis
This section presents the analytical and computational assessment of a mechanical Kinetic Energy Recovery System (KERS) fitted to a high performance hybrid vehicle. The objective is to quantify the kinetic energy available during braking, determine the portion of that energy storable in a thin-ring flywheel (given a combined system efficiency), compute the resulting flywheel rotational speeds and evaluate the vehicle re-acceleration achievable using only the recovered energy. Calculations were automated in Microsoft Excel to ensure reproducibility across a range of braking speeds (20-60mph, 5mph increments) and to perform a geometric sweep for a smaller vehicle configuration. All results are expressed in SI unites with conversions documented. Graphical outputs are included to illustrate trends and support engineering interpretation.
3.2 Calculation Methodology
The analytical procedure followed in this section is based on standard vehicle dynamics and rotational energy-storage principles. All calculations were performance using Microsoft Excel, enabling formula driven evaluation across multiple braking speeds and design variations. Vehicle kinetic energy prior to braking was determined using the translational kinetic energy expression , where vehicle speed in miles per hour was first converted into meters per second using the factor 1mph = 0.44704 m/s. The recoverable energy stored in the flywheel was then obtained by applying the system’s combined efficiency, given as  = 0.8, such that . This efficiency is applied once because the assignment specifies a combines charge-discharge value.
The flywheel was modelled as a thin ring, which is appropriate to high speed composite flywheels, giving a moment of inertia of. The resulting angular velocity after energy transfer was computed from the conservation of energy relationship , Rearranged to . Angular speed was converted to revolutions per minute using rpm= . To determine the vehicle’s re-acceleration capability, the stored energy was equated back to translational kinetic energy, producing , which was subsequently converted to miles per hour for comparison with the initial braking speed.
A parametric sweep was then completed for braking speeds from 20 to 60 mph in 5 mph increments using the same Excel formulas. A second sweep was performed for a smaller vehicle configuration, varying flywheel diameter between 120-240mm. Both sweeps were used to generate the graphical trends included later in this section. All calculations incorporated consistent SI units, and key assumptions are detailed in section: 4 Assumptions & Limitations.
3.3 Results for the 55 mph & 60 mph Braking Cases
The first part of the analysis examined the behaviour of the KERS flywheel for two key braking conditions: 55mph (the baseline specified) and 60mph (used to subsequently determine re-acceleration). For the 55mpg case, the vehicle speed converts to 24.587 m/s, resulting in an initial kinetic energy of approximately 6.29 x  J. Applying the combined system efficiency of 0.8 yields a recoverable flywheel energy of 5.03 x  J. Modelling the flywheel as a thin ring with a mass of 6.5kg and radius of 0.15m gives a moment of inertia of 0.14625 . Using the rotational energy balance, the resulting angular speed is 2,662.6 rad/s, corresponding to approximately 25,044 rpm, well within the system’s 50,000 rpm maximum operating limit. When this stored energy is returned to the drivetrain, the vehicle achieves a theoretical re-acceleration speed of 21,99 m/s, equivalent to 49.19 mph.
For the 60 mph case, the initial kinetic energy increases to 7.48 x  J, with 5.99 x  J stored after applying efficiency. This produces a flywheel speed of 2,861.1 rad/s or 27,321 rpm, again comfortably below the maximum permissible rotational speed. The corresponding re-acceleration speed is 23.99m/s (53.67mph). When using the provided re-acceleration duration 6.5 seconds, the average vehicle acceleration is calculated as 3.68 . This value is realistic for a high-performance hybrid vehicle recovering and re-deploying energy through a well-designed flywheel KERS. These initial results highlight the quadratic increase in stored energy with braking speed and provide a foundation for wider parametric studies presented in the next sections.
3.4 Speed sweep 20-60 mph & Interpretation of System Behaviour
A wider simulation was performed using braking speeds from 20 to 60 mph in 5mph increments to investigate how the recoverable energy and resulting re-acceleration capability vary across realistic driving conditions. The same Excel model used in earlier calculations was extended to populate a full dataset including vehicle kinetic energy, stored flywheel energy, corresponding flywheel rotational speeds, and the final achievable vehicle speed after deploying the stored energy. This dataset was to produce Figure 1, which plots initial braking speed against the final re-acceleration speed.
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Figure 1 – Initial Speed vs Final Speed (mph)
The results from Figure 1 demonstrate a clear non-linear relationship between braking speed and the recovered performance. Because kinetic energy is proportional to the square of velocity, even modest increases in braking speed generate disproportionately larger increases in recoverable energy. For example, increasing the braking speed from 20mph to 40 mph roughly quadruples the available energy, which is reflected in the rise of final vehicle speed from approximately 17.9mph to 35.8mph. This quadratic trend is also visible in the shape of the plotted curve, which steepens progressively as braking speed increases.
The simulation also indicates that, within the tested range, all corresponding flywheel rotational speeds remain comfortably below the system’s 50,000rpm operational limit. This suggests that for the given flywheel geometry and mass, the system is well within safe mechanical bounds for typical road-vehicle deceleration conditions. However, the analysis assumes idealised conditions, with efficiency fixed at 0.8 and no aerodynamic or rolling resistance considered during the re-acceleration phase. In practical operation, real-world losses would reduce the final vehicle speed slightly compared with the theoretical values. 
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Figure 2 – 20-60mph Speed Sweep KERS
Overall, the speed sweep in Figure 2 highlights the capability of a flywheel KERS to recapture significant energy at higher braking speeds and shows how this translates into meaningful short-duration power support during subsequent acceleration events.
 3.5 Small vehicle analysis and Flywheel diameter sweep
To assess the influence of flywheel geometry on system performance, a second analysis was carried out using a smaller vehicle configuration. The revised parameters were a vehicle mass of 1,510kg and a flywheel mass of 4.5kg, with the system recovering energy from a braking event at 60mph. These values were input into the same Excel framework used previously. The kinetic energy available at this braking speed was computed and multiplied by the combined efficiency to obtain the fixed amount of energy that the flywheel must store for all diameter variations.
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Figure 3 – Speed in mph in respect to varied flywheel diameter
As shown from Figure 3 a diameter sweep from 120mm to 240mm was then completed to examine how flywheel rotational speed varies with size. For each diameter, the radius and corresponding moment of inertia were calculated using the thin ring approximation .  The required angular velocity to store the fixed energy was then determined using   and converted into revolutions per minute. These results were plotted to produce Figure 4: Flywheel Diameter in respect to Flywheel RPM.
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Figure 4 – Flywheel Speed (rpm) in respect to the Flywheel diameter
The plotted results from Figure 4 show a strong inverse relationship between flywheel diameter and required rotational speed. Smaller diameters, and therefore smaller radii, reduce the moment of inertia, meaning the flywheel must rotate at significantly higher speeds to store the same amount of energy. For instance, at the smallest diameter considered (120mm), the required rotational speed exceeds 69,950rpm, which is well above the 50,000rpm operational limit specified for the system. Conversely, increasing the diameter reduces the required rotational speed, with the 240mm configuration requiring approximately 34,900rpm, comfortably within the safe operating region.
This behaviour highlights a crucial design consideration, while smaller flywheels may offer packaging advantages, they demand extremely high rotational speeds that may challenge material strength, containment design, and safety. Increasing flywheel diameter can therefore improve the feasibility and structural integrity of the system, albeit at the cost of increased mass and space requirements.
3.6 Assumptions & Limitations
A number of assumptions were required to complete this analysis, consistent with typical modelling approaches for conceptual KERS design. The flywheel was treated as a thin ring, which is appropriate for high speed composite flywheels but neglects any variations in material distribution or hub mass. The assignment specifies a combined efficiency of 0.8, which was applied once to represent both charging and discharging losses, additional losses such as bearing friction and aerodynamic drag were omitted on the basis that the flywheel operates in a vacuum enclosure with magnetic bearings. Vehicle deceleration and re-acceleration phases were modelled using idealised energy transfer with no rolling resistance, aerodynamic drag, tyre slip, or drivetrain inefficiencies beyond the stated efficiencies.
All results assume uniform material strength, constant moment of inertia, and no structural deformation at high rotational speeds. Similarly, the re-acceleration stage assumes flat terrain and consistent load conditions. These simplifications mean that real world performance would be marginally lower than the theoretical values predicted here. Nevertheless, the assumptions are appropriate for early stage design analysis and allow clear comparison across the different braking speeds and flywheel geometries considered.





























4 Conclusion
The analytical and simulation work carried out in this section demonstrates how a flywheel based Kinetic Energy Recovery System can effectively store and return energy during vehicle braking and re-acceleration. The calculations show that the recoverable energy increases rapidly with braking speed due to the quadratic relationship between velocity and kinetic energy. As a result, both stored energy and achievable re-acceleration speed rise non-linearly across the 20-60mph range. For the baseline 55mph case, the flywheel operates well within the maximum permitted rotational speed, while the 60 mph case produces a realistic re-acceleration of 3.69 m/s^2 using the stored energy alone.
The geometry sweep for the smaller vehicle highlights that while compact flywheels may offer packaging benefits, reducing diameter significantly increases the required rotational speed. Designs below approximately 160-180mm diameter exceed the 50,000rpm operational limit, underscoring the importance of balancing size, material strength, and safety considerations. Overall, the results confirm the strong potential of flywheel KERS technology to enhance vehicle performance, while also emphasising the need for careful optimisation of geometry, efficiency, and operating conditions.
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Braking (mph) Braking (m/s) Kinetic Energy E Efficiency Flywheel Speed (rad/s) Flywheel rpm Final Re-acceleration Final mph KERS Acceleration

20 8.9408 83135.42083 66508.33666 953.6853333 9107.024097 7.996894629 17.88854382

25 11.176 129899.095 103919.276 1192.106667 11383.78012 9.996118287 22.36067977

30 13.4112 187054.6969 149643.7575 1430.528 13660.53615 11.99534194 26.83281573

35 15.6464 254602.2263 203681.781 1668.949333 15937.29217 13.9945656 31.30495168

40 17.8816 332541.6833 266033.3466 1907.370667 18214.04819 15.99378926 35.77708764

45 20.1168 420873.0679 336698.4543 2145.792 20490.80422 17.99301292 40.24922359

50 22.352 519596.3802 415677.1041 2384.213333 22767.56024 19.99223657 44.72135955

55 24.5872 628711.62 502969.296 2622.634667 25044.31627 21.99146023 49.1934955

60 26.8224 748218.7874 598575.0299 2861.056 27321.07229 23.99068389 53.66563146 8.256250994

20-60mph KERS System Q1, 2, 3, 4, 5, 6


image4.emf
Flywheel Diameter Braking (mph) Braking (m/s) Kinetic Energy Efficiency Flywheel Speed (rad/s) Flywheel rpm Final Re-acceleration Final mph

0.12 60 26.8224 543178.062 434542.4496 7324.425985 69943.11604 23.99068389 53.66563146

0.14 60 6278.079415 59951.24232 23.99068389 53.66563146

0.16 60 5493.319488 52457.33703 23.99068389 53.66563146

0.18 60 4882.950656 46628.74403 23.99068389 53.66563146

0.2 60 4394.655591 41965.86963 23.99068389 53.66563146

0.22 60 3995.141446 38150.79057 23.99068389 53.66563146

0.24 60 3662.212992 34971.55802 23.99068389 53.66563146

Design Variation - Smaller Vehicle Q7
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