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Task A
Flywheel energy storage systems are one of the oldest mechanical energy storage methods. These machines store energy as rotational kinetic energy, and the amount of energy stored is proportional to the moment of inertia and the square of the angular velocity (Amiryar and Pullen, 2017). This research paper follows the history of the flywheel technology since ancient times up to modern times, when flywheels have found usage in regenerative braking systems and grid-scale energy storage with specific reference to Kinetic Energy Recovery Systems (KERS) and the idea of mechanical batteries.
[bookmark: _Toc215430052]Ancient Origins and Early Applications
Over thousands of years, humans have exploited the basic principle of the flywheel. The potter’s wheel was one of the first known applications of this principle, where a rotating mass was used to sustain its momentum under its own inertia (Amiryar and Pullen, 2017; Nkomo and Alugongo, 2024). In the Medieval period, water wheels, lathes, and hand mills were similar rotary devices.
The Industrial Revolution came with substantial scientific advancements. The 18th century was marked by the substitution of wood with metals and the introduction of flywheels into steam engines (Buchroithner, 2023). The term ‘flywheel’ was first used in 1784, when its principles were applied to steam boats, trains, and factory machines. The production of cast iron and steel allowed for the production of flywheels as complete components with higher moments of inertia (Amiryar and Pullen, 2017). By the mid-19th century, larger flywheels were made, such as those employed in the first three-wheeled vehicle by Benz in 1885 (Buchroithner, 2023).
[bookmark: _Toc215430053]Theory and Contemporary Evolution
The first half of the 20th century was a milestone with a strict examination of rotor shapes and rotating stresses. Dr. A. Stodola's seminal work, which was first translated into English in 1917, gave the first thorough treatment, in theory, of stress limits in rotating isotropic disks (Bitterly, 1998). The highest stress in a thin rotating ring is expressed as here  the maximum stress,  is the density of the material,  is the outer radius, and  is the angular velocity (Amiryar and Pullen, 2017).
In the 1960s and 1970s, NASA-funded programs suggested the use of flywheel energy storage in space missions (Bitterly, 1998). It was not until the 1980s, with the maturity of microelectronics, magnetic bearing systems, and high-power-density motor-generators, that commercial viability was achieved (Buchroithner, 2023).
[bookmark: _Toc215430054]Kinetic Energy Recovery Systems (KERS)
KERS are one of the most successful recent uses of flywheel technology (see Figure 1). During deceleration of the vehicle, these systems absorb the kinetic energy that would otherwise be lost as heat and store it temporarily to be used later when acceleration takes place (Buchroithner, 2023).

Figure 1: Mechanical flywheel energy storage module of a racing car, a KERS
[image: A car in a workshop
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Source: Buchroithner (2023)
Volvo S60 Flywheel KERS is another example of this technology. The flywheel energy storage system works on the rear axle, and the front axle possesses a standard drive mechanism (Buchroithner, 2023). As the car is decelerating, the kinetic energy is passed to the flywheel by the regenerative braking process, increasing its rotation, usually measured in rotations or revolutions per minute (rpm).
Figure 2: A hybrid drive system; A prototype of the Volvo S60 Flywheel KERS
[image: A diagram of a power plant
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Source: Buchroithner (2023)

[bookmark: _Toc215430055]KERS Design Implications
There are a number of design challenges that KERS implementations should overcome. High-speed operation requires precision balancing because such factors as setting and creep of composite matrix materials can change the quality of balancing over time (Buchroithner, 2023). In the case of composite flywheels, balancing is possible only in the metallic shaft component.
Safety containment is one of the basic requirements. The housing offers a low pressure to minimise aerodynamic loss of drag, and holds the rotor together in case of a failure (Amiryar and Pullen, 2017). Composite rotors normally disintegrate into many little fragments when they fail, and the energy is lost through friction. Nonetheless, dust-type explosions may occur due to air ingress, and thus, much more powerful containment is needed (Amiryar and Pullen, 2017). Rotors made of single pieces of steel may explode into huge pieces, but the use of rotors made of discs made of several layers reduces the probability of this happening (Buchroithner, 2023).
Modern flywheel systems use two main types of rotor materials: steel (low-speed, up to 10,000 rpm) and composite materials (high-speed, up to 100,000 rpm). (Amiryar and Pullen, 2017; Nkomo and Alugongo, 2024). The equation determines the specific energy, with K being the shape factor (Amiryar and Pullen, 2017).
There are specific benefits of composite rotors. Dominating tangential stresses are absorbed by the high specific strength of the fibers, using the anisotropic characteristics of the material optimally. They demonstrate positive burst behaviour whereby there are progressive failure modes that enable safe system shutdown in cases where imbalance is realised in time (Buchroithner, 2023).



[image: A close-up of a machine

AI-generated content may be incorrect.]Nevertheless, composite rotors are problematic. The winding process is very precise, and fiber pretension, resin content, and curing parameters are closely monitored. The amount of thermal energy emitted during the resin curing process restricts the possible wall thickness, so it has to be fabricated as concentric rings that are conically ground and pressed into place (Buchroithner, 2023). There is still the issue of reproducibility, where burst tests have a high degree of dissimilarity in bursting speed across identically designed specimens.Figure 3: NASA's G2 Flywheel
Source: Buchroithner (2023)











[bookmark: _Toc215430056]Off-Grid Applications and Grid-Scale Energy Storage
The flywheel energy storage system has also been widely used in fixed installations for grid stabilization and power quality control. These systems have two main purposes: to reduce the voltage fluctuations and to provide an uninterruptible power supply (UPS) (Buchroithner, 2023).
A 20 MW frequency regulation plant was built by Beacon Power in Stephentown, New York, with 200 flywheels with a storage capacity of 100 kW each. Experiments showed that 1 MW of fast-response flywheel storage had the potential to generate up to 30 MW of regulation service, which is two to three times higher than a typical generator (Amiryar and Pullen, 2017). The system is capable of operating for over 20 years as well as undergoing at least 100,000 full-depth discharge cycles with a response time of less than 2 seconds.

[bookmark: _Toc215430057]Mechanical Batteries
Mechanical batteries are called flywheel energy storage systems that interchange electrical energy and mechanical energy via an integrated unit of generator and motor (Amiryar and Pullen, 2017).
Flywheel systems have large cycle life (hundreds of thousands of cycles), large calendar life (more than 20 years), rapid response time, high round-trip efficiency (90-95%), and high charge and discharge rates (Amiryar and Pullen, 2017; Nkomo and Alugongo, 2024). Rotational speed can be used to measure the state of charge accurately, which is not affected by temperature or by degradation.
More importantly, the flywheels are able to cycle from full charge to full discharge without degradation, as compared to the chemical batteries, where the depth of discharge has a great influence on the lifespan (Bitterly, 1998). Present rotor designs can have usable rotor energy densities of 45 to 90 Wh/kg, and net system energy densities of 28 to 69 Wh/kg, taking into consideration the full system weight (Bitterly, 1998).
Flywheel systems are almost maintenance-free and entirely environmentally friendly, with no hazardous chemicals, and can be recycled easily. Flywheels respond better in power-quality improvement applications, where electrical disturbances typically last no more than five seconds by responding instantaneously (Amiryar and Pullen, 2017). Unlike electrochemical batteries, which cannot last 10 years (3,650 cycles) even with a single deep discharge cycle per day, flywheels may have over 40,000 cycles of deep discharge without getting degraded (Buchroithner, 2023).
The primary weakness of flywheels is the high self-discharge rate. There are also other losses, such as mechanical parts (drag, bearing friction), electrical (hysteresis, eddy current, copper losses), and power converter-related losses. Nevertheless, with proper maintenance of around 10-20 percent run-down per day by using vacuum enclosures, passive magnetic bearings, and well-designed electrical machines, the technology is very competitive (Amiryar and Pullen, 2017).

[bookmark: _Toc215430058]Conclusion
The development of flywheel energy storage systems can be traced back to the primitive potter wheels, to advanced mechanical batteries that are able to sustainably and reliably supply power to the current electricity grids and transport systems. The technology presents some unique benefits, such as high-power density, speedy response, long lifecycle, and environmental sustainability. Flywheel systems are best suited to applications that need a high frequency of cycling, and in applications that have high power outputs, and in frequency regulation plants on the grid scale, as is shown by KERS applications in both motorsport and public transport. Although there are still some challenges with making this sustainable energy storage technology precise, with containment design, and with self-discharge rates, continuous advancements are making the use of this technology more viable in various applications.


[bookmark: _Toc215430059]Part B
[bookmark: _Toc215430060]Question 1
Initial breaking speed is 55 mph
Gross mass is 2,080 kg
Convert the initial speed to SI units
1 mph = 0.44704 m/s
Speed = 55 mph =  m/s
The kinetic energy of the vehicle, 
Where  kg,  m/s

KE = 628.71 kJ

[bookmark: _Toc215430061]Question 2
Combined system efficiency is 80%.
This accounts for both braking and acceleration phases. 
During braking, the energy is captured and stored in the flywheel. 

Energy stored = 502.97 kJ

[bookmark: _Toc215430062]Question 3
For a thin ring design, the moment of inertia, 
Where;
 kg


The rotational kinetic energy stored in the flywheel, 
Rearranging for angular velocity:

Converting to rpm:

N = 25,045 rpm

[bookmark: _Toc215430063]Question 4
When the stored energy is released back to accelerate the vehicle, the 80% efficiency applies again. The energy available to the vehicle is:

Using the kinetic energy equation:



Converting to mph:

v = 44.0 mph
[bookmark: _Toc215430064]Question 5
[bookmark: tab_braking_speed]Figure 1 shows the final speed of the vehicle after re-acceleration for different initial braking speeds.
Figure 4:  Final vehicle speed versus braking speed
[image: ]
The relationship between braking speed and final re-acceleration speed is linear due to the square relationship in the kinetic energy equation, combined with the constant efficiency factor. As the braking speed increases, more energy is available for storage in the flywheel, which directly translates to higher re-acceleration speeds.

[bookmark: _Toc215430065]Question 6
When braking occurs at 60 mph, the final speed achieved, as calculated in the Excel spreadsheet, is 50.75mph (22.69 m/s).
The acceleration is calculated using:

Where:
 m/s (starting from rest)
 m/s
 s

a = 3.49m/s²
[bookmark: _Toc215430066]Question 7
For the smaller vehicle (mass = 1,510 kg), braking from 60 mph with a 4.5 kg flywheel:


Figure 5: Flywheel rotational speed versus diameter
[image: ]
Figure 2 below shows that the larger the diameter of the flywheel, the lower the rotational speed. This relationship is brought about by the fact that the moment of inertia is proportional to the square of the radius (). A large-diameter flywheel needs less rotational speed at the same level of stored energy. The 120 mm flywheel surpasses the maximum limit of 50,000 rpm, going at 69,943 rpm, and this would be unsafe. The most suitable flywheel design is one with a diameter of 160-180 mm.

[bookmark: _Toc215430067]Question 8

[bookmark: _Toc215430068]Assumptions of Energy and Efficiency
The mentioned 80% efficiency was considered the round-trip (braking and acceleration) efficiency. In case of question 2, 80 percent was simplified to be the charging efficiency. Assuming that 80 percent of them were truly round-trip with distinct charge and discharge efficiencies,  and  such that , then:
Part 4 would have the same results; part 2 would vary in case of c[?]0.8.
Stored energy: 
Returned vehicle energy: 
Part 4 would have the same results; part 2 would vary in the case of .

The CVT and the drive train are supposed to be able to transfer energy at an ideal rate and slip without rate limits, torque constraints, or slip. Re-acceleration utilizes only energy, and no power curve shape is taken into account. Friction, windage (the vacuum shell prevents this), CVT mechanical losses outside the efficiency lump, and thermal losses in parts are all ignored.

[bookmark: _Toc215430069]Flywheel and Mechanical Assumptions
The flywheel is considered to be a thin ring. The factors of structural compliance, stress limits, and the material safety conditions are disregarded unless rpm maxima are indicated. In the case of the original flywheel, there is a 50,000 rpm limit that is observed. In the smaller flywheel, there was no restriction on the limit, and thus, the results can be higher than realistic material limits at smaller dimensions.
[bookmark: _Toc215430070]Assumptions on Vehicles and Motion
The car is considered to be a point mass. Both braking and re-accelerating ignore the rotational inertias of wheels and ancillary drive train, rolling resistance, and aerodynamic drag. This is slightly an overestimation of recovered and delivered speeds. The gross mass is the vehicle mass, which is fixed. Impacts of payload variations or gradients are not taken into consideration. In part 6, acceleration is assumed to be the mean acceleration of 6.5s, assuming a constant thrust of the KERS. 


References
Amiryar, M. and Pullen, K. (2017). A Review of Flywheel Energy Storage System Technologies and Their Applications. Applied Sciences, [online] 7(3), p.286. doi:https://doi.org/10.3390/app7030286.
Arani, A.A.K., Karami, H., Gharehpetian, G.B. and Hejazi, M.S.A. (2017). Review of Flywheel Energy Storage Systems Structures and Applications in Power Systems and Microgrids. Renewable and Sustainable Energy Reviews, 69, pp.9–18. doi:https://doi.org/10.1016/j.rser.2016.11.166.
Bitterly, J.G. (1998). Flywheel technology: past, present, and 21st Century Projections. IEEE Aerospace and Electronic Systems Magazine, [online] 13(8), pp.13–16. doi:https://doi.org/10.1109/62.707557.
Buchroithner, A. (2023). Flywheel Energy Storage in Automotive Engineering. Wiesbaden, Germany: Springer.
Nkomo, N.Z. and Alugongo, A.A. (2024). Flywheel Energy Storage Systems and Their Applications: A Review. International journal of engineering trends and technology, 72(4), pp.209–215. doi:https://doi.org/10.14445/22315381/ijett-v72i4p122.

2

image3.png
Serial hybrid drivetrain

IEE e





image4.png




image5.png
55.00

50.00

45.00

Final Speed (mph)
oW oW s
58 & 8
o o o o
s 3 8 8

20.00

15.00

10.00

20

25

30

35 40 45
Braking Speed (mph)

50

55

60

65




image6.png
80.000

70.000

60.000

= o
e L4
°
s g
s 8

30.000

Rotational Speed (rpm)

20,000

10,000
100

120

140

160 180 200
Diameter (mm)

220

240

260




image1.jpg
Prifysgol Cymru
5N Y Drindod Dewi Sant
" University of Wales
Trinity Saint David

%




image2.png




