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ABSTRACT

Mechanical energy storage technologies are gaining interest as a result of the rising demand
for efficient and sustainable energy systems, and in particular, flywheels and springs. This
paper focuses on a complete electrical engineering analysis of mechanical energy storage
systems using spring and flywheel systems, including principles of operation, methods of
energy production, efficiency limits and how small systems can grow to larger applications.
The paper provides an evaluation of flywheel systems based on kinetic energy storage, high-
speed operation, motor-generator integration and power electronics, while spring-based
systems are evaluated based on elastic potential energy storage and different methods of
converting mechanical energy to electrical energy, including both rotational and linear
generators. The paper presents a comprehensive discussion of the energy losses associated
with flywheel and spring systems due to friction, aerodynamic drag, electrical resistance,
magnetic effects and material damping. Importantly, the author also provides a critical review
of the "free energy" concept, and restates that flywheel and spring energy storage systems
operate according to the first and second laws of thermodynamics, and therefore cannot
produce energy unless there is an energy source for inputting energy into the system. In
conclusion, the author states that flywheel technology is an established technology that has
the capacity to support high-power short-duration energy storage applications; however, due
to many limitations, spring systems are not currently able to support large-scale generation of
electricity. Thus, flywheel and spring systems should be seen primarily as technologies for

storing and managing energy.
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1. INTRODUCTION

The escalating global demand for sustainable and efficient energy storage solutions has
spurred extensive research into various mechanical energy storage methods, among which
flywheels and springs have garnered significant attention. These systems can store energy in
kinetic and potential forms, respectively, and convert it back into electricity. This report aims
to provide a comprehensive analysis of the electrical engineering aspects associated with
utilising flywheels and springs for electricity generation, both as individual components and
in combined configurations. It is crucial to address upfront a common misconception
surrounding the term "free energy.” Within the framework of established thermodynamics,
the creation of energy from nothing is not possible. Therefore, this report will operate under
the fundamental laws of physics, focusing on the principles of energy storage, conversion,
efficiency, and the inherent thermodynamic limitations of these mechanical systems when

viewed from an electrical perspective [1].

2. PRINCIPLES OF ENERGY STORAGE

2.1. Flywheel Energy Storage

Flywheel Energy Storage Systems (FESS) operate on the principle of storing Kinetic energy
in a rapidly rotating mass known as a rotor. These systems are designed to minimize
frictional losses, allowing for efficient energy storage and retrieval. The process begins with
the charging phase, where electrical energy is supplied to an integrated motor generator. This
device functions as a motor, accelerating the flywheel to a high rotational speed. During this
acceleration, electrical energy is effectively transformed into the kinetic energy of the
spinning rotor [2].

When energy is required, the FESS enters the discharge phase. The kinetic energy stored in
the rotating flywheel is then used to drive the same motor-generator, which now operates as a
generator. This process converts the rotational mechanical energy back into electrical energy,
which can then be supplied to a load or the electrical grid [3]. The amount of kinetic energy
(E) stored in a flywheel is directly proportional to its moment of inertia (I) and the square of

its angular velocity (®), as described by the equation.

E = Vilo?
(1)
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The moment of inertia is influenced by the mass and its distribution around the axis of
rotation; a heavier mass concentrated further from the center of rotation yields a higher

moment of inertia [4].

Modern FESS often employ advanced materials such as carbon composites and ceramics in
their rotor construction. These materials offer high strength-to-weight ratios, enabling the
flywheel to withstand the significant centrifugal forces generated at very high rotational
speeds, which can exceed 60,000 or even 100,000 revolutions per minute (RPM). The use of
a single integrated motor-generator for both charging and discharging streamlines the system
design and can lead to reduced costs and improved efficiency by avoiding the need for

separate components and complex switching mechanisms [5].

The non-linear relationship between stored energy and angular velocity, where energy storage
increases with the square of the speed, highlights a critical advantage of pursuing high
rotational speeds. Even with relatively lighter rotors made from advanced materials,

significant increases in energy density can be achieved [6].

2.2. Spring Energy Storage

Springs store energy in the form of elastic potential energy when they are deformed, either by
compression or stretching, from their equilibrium position. The fundamental principle
governing this behavior is Hooke's Law, which states that the force (F) required to deform a
spring is directly proportional to the displacement (x) from its resting position. This
relationship is expressed by the equation F = -kx, where k represents the spring constant, a
measure of the spring's stiffness. The negative sign indicates that the restoring force exerted
by the spring is in the opposite direction to the applied force [7].

The elastic potential energy (PEs) stored within a deformed spring is given by the formula.
PEs = %2kx2

(2)

This energy is equivalent to the work done in deforming the spring by a distance x. Various
types of springs exist, each designed to store potential energy through different modes of
deformation. Compression springs resist being compressed, extension springs resist
stretching, torsion springs store energy through twisting, leaf springs flex under load, and disc

springs deform elastically when compressed. When the force causing the deformation is
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removed, the spring releases its stored potential energy, converting it back into mechanical

motion as it returns to its original, undeformed shape [8].

Similar to flywheels, the potential energy stored in a spring is proportional to the square of
the displacement. This implies that achieving larger displacements from the equilibrium
position is crucial for maximizing the amount of energy that can be stored in a spring. The
design of the spring, including its material properties and the maximum displacement it can
accommodate without exceeding its elastic limit, are therefore critical factors in its energy
storage capability. Furthermore, the type of spring employed will significantly influence how
its stored potential energy can be converted into mechanical motion. Compression and
extension springs typically produce linear motion, while torsion springs directly generate
rotational motion. For applications requiring a rotational output, such as driving a
conventional electrical generator, the linear motion from compression or extension springs
would necessitate a mechanism to convert it into rotation, adding complexity and potentially

introducing energy losses [9].

3. CONVERSION OF MECHANICAL ENERGY TO ELECTRICAL ENERGY

3.1. Flywheel to Electricity

The conversion of the flywheel's rotational kinetic energy back into electrical energy is
typically accomplished using the same integrated motor-generator that was employed during
the charging phase. This process relies on the principle of electromagnetic induction. As the
flywheel decelerates, its rotation drives the rotor of the motor generator. The rotating
magnetic field of the rotor then induces an electromotive force (EMF) and subsequently a

current in the stationary windings of the stator, thus generating electrical energy [10].

Various types of generators are suitable for use in flywheel energy storage systems.
Permanent Magnet Synchronous Machines (PMSM) are frequently chosen due to their high
efficiency, high power density, and low rotor losses, making them particularly well-suited for
the high-speed operation characteristic of advanced flywheel systems. Induction motors and
generators are also utilized, offering high efficiencies typically ranging from 91% to 94%.
Switched Reluctance Motors and Generators (SRM) represent another viable option,
providing efficiencies around 90%. The selection of the appropriate motor-generator
technology is crucial as it directly impacts the overall efficiency of the flywheel system

during both the electrical-to-kinetic and kinetic-to-electrical energy conversion processes.
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Higher efficiency in the motor-generator minimizes energy losses and maximizes the round-

trip efficiency of the system [11].

Power electronics, in the form of inverters and rectifiers, play a vital role in controlling the
energy flow in flywheel systems. During charging, a rectifier may be used to convert AC grid
power to DC for the motor, while an inverter converts the DC back to AC during discharge to
supply the grid or AC loads. These power electronic converters also manage the generator's
output frequency and voltage to ensure compatibility with the electrical grid or the intended
load. Given that the rotational speed of the flywheel decreases as it discharges, power
electronics are essential for maintaining a stable frequency and voltage output. In some
systems, mechanical clutches may also be used in conjunction with power electronics to help
match the varying speed of the flywheel with a fixed-frequency electrical system. The power
electronic converter acts as the critical interface between the mechanical energy storage
component and the electrical infrastructure, enabling controlled and efficient energy transfer
and ensuring the quality of the electrical power output [12].

3.2.  Spring to Electricity

Converting the linear motion of a spring into rotational motion suitable for driving an
electrical generator can be achieved through several mechanical linkages. Each of these
mechanisms has its characteristics in terms of efficiency, complexity, and suitability for
different applications. One common method involves a rack-and-pinion mechanism. The
linear motion of a spring, such as during compression or extension, can be used to drive a
rack (a linear toothed bar). This rack then engages with a pinion (a circular gear) that is
connected to the shaft of an electrical generator. As the rack moves linearly, it causes the
pinion to rotate, thereby driving the generator and converting the mechanical motion into
electrical energy [13].

Another approach utilizes a crankshaft. The reciprocating linear motion of a spring can be
linked to a crankshaft via a connecting rod. The spring's force causes the connecting rod to
move, which in turn rotates the crankshaft. The rotational output of the crankshaft can then be
coupled to an electrical generator to produce electricity. A scotch yoke mechanism provides
another means of converting linear to rotational motion. In this setup, the linear motion of a
spring is used to move a slotted yoke. A pin attached to a rotating crank arm on the generator

shaft fits into the slot of the yoke. As the yoke moves linearly, it forces the crank arm to
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rotate, thus converting the spring's linear motion into the rotational motion required to drive

the generator [14].

Beyond these mechanisms that convert linear motion to rotation, it is also possible to use the
linear motion of a spring directly to drive a linear generator. A linear generator is designed to
convert linear mechanical motion directly into electrical energy without the need for an
intermediate rotational conversion. This typically involves a magnet moving relative to a coil
(or vice versa) along a linear path. Each mechanism (rack and pinion, crankshaft, scotch
yoke) introduces mechanical linkages, and each linkage has its efficiency considerations.
Factors such as desired speed, torque, and the inherent frictional losses within the mechanism
will influence the selection. Direct linear generators offer a potentially more efficient
conversion by eliminating the rotational intermediary, but the maturity and availability of
linear generator technology for specific power ranges may vary compared to conventional

rotational generators [13].

4. ENERGY LOSSES IN CONVERSION PROCESSES

4.1. Flywheel Systems

Energy conversion in flywheel systems is subject to several sources of loss that can impact
the overall efficiency. Friction is a primary concern, occurring in the bearings that support the
rotating mass. While traditional mechanical bearings introduce frictional losses that require
lubrication and can limit rotational speeds, modern systems often employ magnetic bearings.
Magnetic bearings levitate the rotor using magnetic forces, significantly reducing friction and
enabling much higher rotational speeds. However, even magnetic bearings may have some

minimal energy consumption for control [15].

Aerodynamic drag becomes increasingly significant at the very high rotational speeds
achieved by advanced flywheels. To mitigate this, the rotor assembly is typically housed
within a vacuum enclosure, which greatly reduces air resistance and the associated energy
losses. The motor generator itself is a source of energy loss. Electrical resistance in the
windings leads to IR losses during both the charging (motor mode) and discharging
(generator mode) phases. Additionally, magnetic losses, including hysteresis and eddy
current losses within the magnetic materials of the motor-generator, contribute to energy

dissipation as heat [16].
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Finally, the power electronics used to control the system also introduce losses. Switching
losses occur as the transistors in the inverters and rectifiers are turned on and off, and
conduction losses arise from the resistance of these components when they are conducting
current. Minimizing these various energy losses through careful design, material selection,
and the use of advanced technologies like magnetic bearings and vacuum enclosures is
crucial for achieving high round-trip efficiency in flywheel energy storage systems,

particularly for applications requiring sustained energy storage [17].

4.2. Spring Systems

Energy losses in spring-based systems arise from different mechanisms compared to
flywheels. Internal friction, also known as damping, within the spring material itself causes
some energy to be lost as heat each time the spring is deformed and returns to its original
shape. Materials with low internal damping are preferred for energy storage applications to
minimize this loss. When the linear motion of a spring is converted to rotational motion to
drive a generator, friction in the conversion mechanism becomes a significant factor. Whether
a rack and pinion, crankshaft, or scotch yoke is used, friction between the moving parts will
result in some energy being dissipated as heat, reducing the amount of mechanical energy
available to drive the generator. The efficiency of these mechanisms depends on factors such
as the precision of manufacturing, lubrication, and the magnitude of the forces involved [18].
Similar to flywheel systems, the generator driven by the spring's motion will also experience
losses due to electrical resistance in its windings and magnetic losses in its core. Even in the
case of a direct linear generator driven by the spring's linear motion, losses due to electrical
resistance and magnetic effects within the generator itself will still be present. Therefore,
optimizing the design of the generator to minimize these inherent losses is essential for

maximizing the overall efficiency of a spring-based electricity generation system [19].

4.3. Combined Flywheel and Spring Systems

The concept of combining flywheels and springs in a single energy storage and electricity
generation system presents intriguing possibilities. One potential configuration involves using
a spring mechanism to provide the initial acceleration to a flywheel. The spring, upon release
of its stored potential energy, would impart this energy to the flywheel, bringing it up to a
certain rotational speed. The flywheel would then store this energy as kinetic energy and
subsequently drive a generator to produce electricity. Conversely, another theoretical design

could utilize the rotational energy of a flywheel to periodically recharge a spring system. The
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flywheel could, through a mechanical linkage, compress or stretch a spring, storing energy in
potential form. This stored energy in the spring could then be released to contribute to further

electricity generation, either independently or by transferring it back to the flywheel [20].

The potential benefits of such a combined system could include leveraging the distinct
advantages of each component. Flywheels are known for their high-power density, ability to
deliver energy quickly, and high cycle life. Springs, on the other hand, might offer a simpler
mechanical implementation for capturing energy from certain types of intermittent or cyclical
motion. For instance, a spring could be used to harvest energy from vibrations or linear
movements and then transfer this energy to a flywheel for more stable and high-power output
[21].

However, combining these two energy storage methods also presents significant engineering
challenges. Efficiently synchronizing the energy transfer between the spring and the flywheel
is critical. The mechanical interface and any control systems involved would need to be
carefully designed to minimize energy losses during the transfer process. Mismatches in the
force and displacement characteristics of the spring and the speed and torque characteristics
of the flywheel could lead to inefficient energy transfer and a reduction in the overall system
performance. While theoretical designs exploring such combinations exist, the practical
implementation of highly efficient and scalable combined flywheel-spring systems for
primary electricity generation remains an area requiring further research and development
[22]

5. EFFICIENCY AND SCALABILITY EVALUATION

5.1 Efficiency

Evaluating the overall energy efficiency of using flywheels and springs as primary sources of
electrical energy requires considering the round-trip efficiency, which is the ratio of the
electrical energy output to the electrical energy input. Modern flywheel energy storage
systems can achieve high round-trip efficiencies, often in the range of 85% to 90%,
particularly in advanced systems that incorporate magnetic bearings and operate in a vacuum.
This high efficiency, coupled with their long lifespan and rapid response times, makes

flywheels a viable option for certain energy storage applications [23].

The efficiency of spring-based systems for electricity generation is more variable and

depends significantly on the specific design, the materials used in the spring to minimize
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internal friction, and the efficiency of the mechanical-to-electrical conversion mechanism.
Data on the round-trip efficiency of standalone spring-based electricity generation from the
provided material is limited, suggesting that this might not be the primary application for
spring systems. However, the efficiency of the individual conversion mechanisms, such as
the rack and pinion or crankshaft, would contribute to the overall efficiency [24]. In a
combined flywheel-spring system, the overall efficiency would be the product of the
efficiencies of each energy conversion and transfer stage. This cumulative effect would likely
result in a lower overall efficiency compared to a highly optimized standalone flywheel

system, as each additional step in the energy pathway introduces some level of loss.

5.2 Scalability

The scalability of both flywheel and spring technologies for primary electricity generation
faces certain limitations. Flywheel scalability is influenced by the strength of the materials
used for the rotor, which limits the maximum achievable rotational speed and size. The
manufacturing costs of advanced composite rotors and the sophisticated magnetic bearing
systems also play a role in the economic scalability. While large-scale flywheel projects exist,
they are often geared towards short-duration, high-power applications such as grid
stabilization [25].

Spring-based systems, particularly for large-scale energy storage and electricity generation,
face challenges related to the physical size and weight of the very large springs that would be
required to store significant amounts of energy. Material fatigue under repeated cycling over
extended periods is another factor to consider for the long-term scalability and reliability of
such systems. Springs are more commonly utilized in smaller-scale applications, such as

shock absorption, force exertion, or energy harvesting from localized motion [26].

The scalability of combined flywheel-spring systems would inherit the limitations of both
individual technologies, potentially compounded by the increased complexity of integrating
and controlling the two subsystems. While the complementary characteristics of flywheels
and springs might be beneficial in specific niche applications, achieving large-scale, cost-
effective electricity generation from such hybrid systems presents considerable engineering
hurdles [27].

Currently, flywheel energy storage technology is more mature and commercially established

for applications requiring high power and fast response, such as grid frequency regulation and
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uninterruptible power supplies (UPS). Springs, while fundamental components in numerous
mechanical systems, are not typically considered a primary means for large-scale electrical
energy generation due to limitations in energy density and overall efficiency compared to
other energy storage methods [28].

5.3. Thermodynamic Implications

The operation of any energy storage and conversion system, including those based on
flywheels and springs, is fundamentally governed by the laws of thermodynamics. The first
law of thermodynamics, the law of conservation of energy, states that energy cannot be
created or destroyed; it can only be transformed from one form to another. This means that
any energy output from a flywheel or spring system must originate from an energy input [29].
The second law of thermodynamics introduces the concept of entropy, often described as the
measure of disorder in a system. This law dictates that the total entropy of an isolated system
can only increase over time. In the context of energy conversion, the second law implies that
no real-world process can be perfectly efficient. Some amount of energy will always be lost
as unusable heat due to factors like friction and electrical resistance. Therefore, achieving

100% efficiency in energy conversion is thermodynamically impossible [30].

The concept of "free energy,” which often implies the generation of energy without an energy
input or with 100% efficiency, directly contradicts these fundamental laws of
thermodynamics. Mechanical energy storage devices like flywheels and springs are, by their
nature, energy storage systems, not energy generation systems that can produce energy ex
nihilo. They require an initial input of energy to be charged, whether it's electrical energy to
spin up a flywheel or mechanical work to compress or stretch a spring. The subsequent
release of this stored energy and its conversion back into electricity will always result in an
energy output that is less than the initial input due to the inevitable losses dictated by the

second law of thermodynamics [31].

Therefore, while flywheels and springs can be effectively utilized to store and release energy
to generate electricity, they cannot serve as a primary source of "free energy" in the sense of
creating energy from nothing. Their function is to provide a means of energy management,
allowing for the capture of energy when it is available and its release when it is needed. Any
attempt to extract more energy from these systems than was initially stored in them would

violate the foundational principles of physics [32].
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6. CONCLUSION

Flywheel energy storage systems represent a mature technology capable of efficiently storing
electrical energy as kinetic energy and converting it back with high round-trip efficiencies,
making them suitable for applications requiring high power and fast response times. Springs,
while effective for storing potential energy and releasing it as mechanical motion, face
challenges in terms of scalability and efficiency when considered as a primary source for
large-scale electricity generation. Combining flywheels and springs in a single system
presents theoretical possibilities for leveraging their complementary characteristics, but the
practical implementation faces complexities in terms of efficient energy transfer and overall

system efficiency.

Ultimately, the concept of "free energy" generation using flywheels and springs is not
scientifically viable. These mechanical energy storage devices operate within the constraints
of the laws of thermodynamics, requiring an energy input for charging and inevitably
experiencing energy losses during storage and conversion. Their value lies in their ability to
efficiently store and manage energy, allowing for better utilization of existing energy sources
rather than creating energy from nothing. Future efforts should focus on optimizing the
efficiency and scalability of these and other energy storage technologies within the

established principles of physics to meet the growing global energy demands.
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