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Abstract: The flywheel energy storage system is a way to meet the high-power energy storage and 

energy/power conversion needs. Moreover, the flywheel can effectively assist the hybrid drivetrain to 

meet the vehicle's large peak power requirements. For the automotive use of flywheels, it is particularly 

important to increase the moment of inertia of the flywheel as much as possible while keeping the 

overall mass increase low. In order to improve the specific energy of the system, a multi-stage flywheel 

rotor was designed. Consider a typical example here, such as I = 3, ε = 0.96, δ = 1.1 (i, ε, δ represent 

the speed ratio, mass ratio and radius ratio of the two-stage flywheel), where four groups of secondary 

flywheels are installed in a flywheel energy storage device. Without considering the mass of the second 

stage gear, the specific energy of the flywheel device was 6.19 times that of the original flywheel 

device. If the mass of the second stage gear was considered, the value was 5.80. Moreover, for certain 

ε and δ, the specific energy of the proposed system was related to the size of i. 

Keywords: energy storage; flywheel rotor; metallic material; specific energy  

 

Nomenclature Units: I: inertia of the flywheel kg∙m2; 𝜔max, 𝜔min: flywheel maximum, minimum 

angular velocity rad/s; r, ri, ro: flywheel disc radius, inner radius, outer radius m; h: flywheel disc 

height m; ρ: flywheel density kg/m3; 𝜇: Poisson’s ratio; m: disc total mass kg; [𝜎]: allowable tensile 

strength Mpa 

1. Introduction  

Typical energy storage technologies mainly include physical energy storage, electrochemical 

energy storage, and electromagnetic energy storage. At present, pumped energy storage (physical 

energy storage) accounts for 86.2% of the global total energy storage. The new model of energy storage 
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accounts for about 12.2%, in which the lithium-ion batteries are overwhelmingly dominant, with a 

market share of more than 90% [1]. Flywheel and compressed air energy storage account for less   

than 1% [1]. Pumped energy storage is mainly applied to the power grid side, which converts the 

excess electric energy when the power grid load is low into high-value electric energy during peak 

periods of the power grid, and is used for long-term and large-scale power supply. Flywheel energy 

storage has many advantages, such as high efficiency (up to 90%), large instantaneous power (single 

megawatt level), fast response speed (several milliseconds), long service life (100,000 cycles), and 

small environmental impact [2–4]. It is one of the most promising short-term high-power energy 

storage technologies. 

To comprehend the development trend of “flywheel energy storage” technology, a literature 

search was conducted in the Engineering Village database, CNKI database and Web of Science 

database with the topic (All Fields) including “Flywheel Energy Storage” in this paper. The time span 

was 30 years (1990–2020). The annual publication volume, classification, and country (region) of the 

literatures are shown in Figure 1. 

 

(a) 

 

(b)  
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(c) 

 

(d) 

Figure 1. Literature search analysis: (a) Distribution map of published papers; (b) 

Distribution map of published papers’ country (area) in Web of science; and (c) and (d) 

Number of papers in EI/SCI database. 

As shown in Figure 1, in CNKI, Engineering Village, and Web of Science databases, there    

were 23, 257, and 0 papers, respectively, on flywheel energy storage before 2000. After 2000, the 

number of journal articles on “Flywheel energy storage” increased rapidly. It can be seen that flywheel 

energy storage technology has developed rapidly in the past 20 years, especially in the electric power 

industry, mechanical equipment, and energy. Figure 1(b) shows the country (region) distribution of all 

the data in the Web of Science database. The top five countries are China, the United States, Japan, 

South Korea, and the United Kingdom. 

Flywheel energy storage is a mechanical energy storage technology with high power, fast 

response, high frequency and long life, which is suitable for transportation (rail transit [5–7], ship [8,9], 

automobile [10–13], aviation [14,15]), power grid quality management [16–19], wind power 

generation [20–22], and potential energy recovery of drilling rig [23]. Reference [10] indicates that it 
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has been observed that the flywheel has great potential in reducing power (load) capacity. The charging 

time of the vehicle and the flywheel has a significant impact on the reduction of power capacity. 

Reference [16] verifies the feasibility and control stability of installing a high-speed flywheel in a DC 

link to achieve a fast response for recovery and clipping. The principle of flywheel energy storage is 

to obtain energy by accelerating the rotor. According to the principle of energy conservation, the rotor 

continuously slows down to release energy to the outside, which is especially suitable for power-type 

energy storage fields [24], such as power quality control, UPS, frequency modulation, etc., and its 

performance is better than battery energy storage.  

Flywheel materials have high specific strength requirements because they are high-speed rotating 

element. Due to the advantages of large total energy storage, high power and easy manufacturing, 

metal flywheel rotors are widely used in the industrial field. The cast iron flywheel rotor developed by 

Active Power Company in the United States is shown in Figure 2 [25]. Cast iron has a wide range of 

sources and mature manufacturing technology, which can ensure the balance and structural integrity 

of the rotor assembly. It is well known that the energy storage density of flywheel rotor is proportional 

to its strength. With the improvement of the specific strength requirements for rotor materials in 

various fields, high-strength wrought iron, steel and aluminum alloy materials have been developed 

and applied [26–28]. The UPS Power Bridge system (low-speed steel flywheel) was introduced by 

Piller of Germany in 1996，its capacity for a single UPS is 4.6 kW·h, and the peak Power can     

reach 1.6 MW [29,30]. In 1984, Japan built the world’s largest flywheel energy storage         

system-the 215 MW/1.1MW·h flywheel system (low-speed steel), which was successfully applied in 

the JT-60 nuclear fusion reactor project [31].  

For metal flywheel energy storage system, the research content mainly focuses on shape 

optimization [32], while composite flywheel has always been a hot topic due to the correlation between 

material designability, material properties and process [33,34]. In 2002, Arnold et al. [35] provided an 

elastic stress analysis of single/multi-disc, annular/solid disc and anisotropic/isotropic disc flywheels 

under boundary pressure, interference and centrifugal load, and discussed the influence of material 

properties, thickness, radius ratio and other parameters on stress. Perez-aparicio et al. [36] proposed a 

differential equation for composite flywheel rotors in order to accurately estimate the internal stress of 

the rotor. Tzeng J et al. [37] developed an analysis program for predicting elastic and viscoelastic 

behaviors in the flywheel design process to assess the long-term durability characteristics of composite 

flywheels and the potential failure mechanism of these systems. Tsinghua University [38,39] 

developed composite flywheel energy storage system in 1997, 2006, and 2015, respectively, using 

glass fiber and carbon fiber hybrid gradient materials. 

 

Figure 2. The cast iron flywheel of active power. 
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In the 1970s, the US Department of Energy proposed the Super Flywheel energy storage program 

for vehicle power to vigorously study the flywheel technology with high energy density [40]. The 

flywheel can assist the hybrid drivetrain to meet the large peak power demand of heavy vehicles 

effectively. The Kinerstor Project aims to build and test fully at rig level a kinetic energy store, and its 

innovation lies in the design of the magnetic gears [40]. Tribology Systems, Inc. has developed a 

patented bearing and a fully mechanized rotor dynamics control system [40]. The University of Texas 

at Austin designed, manufactured and tested a composite flywheel battery [40]. Williams Hybrid 

Power Ltd (WHP) develops and manufactures electro-mechanical composite flywheel systems. 

WHP’s flywheel solution employs its unique and patented “Magnetically Loaded Composite 

Material” (MLC) technology [40]. Although these companies have made innovative contributions in 

terms of flywheel materials, bearings or magnetic flywheels, this paper designs a high specific energy 

flywheel device from the perspective of multi-level flywheels. Under typical urban driving conditions, 

the flywheel can provide quite high auxiliary power to the vehicle for a short time during acceleration 

and hill climbing. During regenerative braking, the flywheel absorbs regenerative braking power much 

more efficiently than the battery alone. When the power required to drive the vehicle is lower than that 

provided by the vehicle’s main power source, the excess energy can be absorbed by the flywheel. The 

power load balancing ability of the flywheel is vitally important for energy/power conversion and 

management. For automotive application of the flywheel, it is particularly important to explore how 

to increase the moment of inertia of the flywheel as much as possible while ensuring that the overall 

mass increase is minimal. In this paper, a multistage flywheel energy storage device was designed to 

improve the energy density and power density of the flywheel, and the parameters of both first stage 

and the second stage flywheel were selected reasonably, which provided a theoretical basis and design 

method for designing and analyzing of the multistage flywheel energy storage device. 

2. Flywheel energy storage characteristics 

As a rotating mechanical element, the physics of the flywheel is simple. The flywheel gains 

momentum after applying torque and begins to rotate, and the rotor continues to rotate after the initial 

torque is removed. After overcoming the friction force and air resistance of the bearing, the remaining 

kinetic energy drives the parts connected to it. In this process, the kinetic energy (Est) stored by the 

flywheel and the output kinetic energy (Ede) are shown in Eq (1). 
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                             (1) 

where, I is the inertia of the flywheel, and 𝜔max and 𝜔min are the maximum and minimum angular 

velocity of the flywheel, respectively. 

The weight of the flywheel is limited by the lightweight nature of the automobiles and the layout 

of the transmission system, and its size is not too large. According to Eq (1), the flywheel speed needs 

to be increased to maximize the stored energy of the flywheel system, that is, most of the energy（Est）

is stored at high speed. The output energy of flywheel energy storage system decreases rapidly with a 

decrease in speed, and the lower limit of running speed will affect cycle fatigue life of rotor. The 

literature [41,42] shows that the stored energy is useful only when the flywheel operating angular 

velocity ratio（ωmin/ωmax）reaches 1/3. Figure 3 shows the relationship between Ede/Est and ωmin/ωmax. 
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For flywheel applications in automobiles, this speed ratio can reach 1/2. As seen in Figure 3, when the 

operating angular velocity reaches 1/3 and 1/2 of ωmax, the output storage energy is 89% and 75% of 

Est, respectively. 

 

Figure 3. Relation between Ede/Est and ωmin/ωmax. 

The high-strength flywheel rotor is made of fiber-reinforced composite materials, and the 

flywheel is able to rotate at very high angular velocities, which enables the flywheel to meet the kinetic 

energy storage requirements with a small amount of inertia (or mass). To simplify the analysis, it can 

be considered that all the rim mass of an idealized flywheel is concentrated on a thin ring with radius 

r, as shown in Figure 4. The inertia of the thin ring is then 𝑚𝑟2 [43]. For thin rims, it is realistic to 

consider this problem with an idealized rotor with all mass concentrated at radius r. However, for 

different thicknesses of the rim, the stress field of the rotor is much more complex. In reference [44], 

the radial and hoop stresses (𝜎r, 𝜎𝑡) of the flange with different thickness at r from the central axis  

are given. 
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Figure 4. Idealized flywheel (thickness is t, width is h). 
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where, m is the disc total mass, ρ is the ring density, 𝜇 is Poisson’s ratio, and 𝑟i and 𝑟o are the inner 

and outer radii of the disc, respectively. 

According to Eq (3), the flywheel radial stress reaches its maximum when 𝑟 = √𝑟i𝑟o and is zero 

at the inner and outer radii, while the maximum hoop stress is obtained at the inner radius. For the 

rotor with variable thickness, a detailed analysis is performed using finite element software. Figure 5 

shows the disc shape factor (K) of different cross section geometry, for example the K of the   

constant-stress disc is twice the thin ring. However, the cross-sectional shape of the rotor is complex, 

and it is not conducive to manufacturing process to mass production, so the section of the rim shape 

should comprehensively consider specific energy, processing and manufacturing technology and other 

factors. The calculation formula for the moment of inertia of the hollow cylinder is shown in Eq (2), 

and the specific energy of the thick rim under different radius ratios can be obtained by entering     

Eq (1). The relationship between flywheel specific energy and radius ratio at different rim linear 

velocities are shown in Figure 6. When the radius ratio decreases from 1.0 to 0.6, the flywheel specific 

energy changes rapidly. For example, when ri/ro = 0.6, the flywheel specific energy is about 0.68 times 

that of the thin ring (ri/ro = 1.0). Table 1 shows the maximum specific energy of the thin ring flywheel 

with different materials. 
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where, v is the linear velocity of the outer diameter of the rim. 
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Figure 5. Several flywheel cross-sectional shape factors (thickness = t) [43,45,46]. 
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Table 1. Properties of isotropy materials for flywheel (K = 0.5) [40,47,48]. 

Flywheel material Density 

(kg/m3) 

Tensile stren-gth 

(Mpa) 

Maximum specific 

energy (W∙h/kg) 

Max peripheral 

velocity(m/s) 

Cast iron 7800 150 2.5 134 

Iron 360 7800 360 2.1 123 

Carbon steel  7850 340 6.0 208 

Aluminum 7075 2800 469 23.3 409 

Titanium Ti-6A1-4V 4430 965 30.3 467 

Steel 4340 7700 1500 27.1 441 

Maraging steel 18Ni-400 8000 2337 28.0 449 

E-glass/epoxy 2150 1679 108.0 884 

AS4 carbon/epoxy 1610 2111 182.0 1145 

IM9 carbon/epoxy 1620 2993 257 1360 

Notes: Weights of all flywheels were set to 1 kg, and strengths for metal rims was measured at a thickness of 1 inch. 

 

Figure 6. The relation between specific energy vs radius ratio. 

3. Multistage flywheel energy storage device design 

In the mechanical rotating disc model, under the same diameter and rotational speed, the 

maximum stress of a hollow disc with a certain inner diameter ratio will be about twice as high as that 

of a solid disc [21]. Therefore, under the same strength conditions, the solid disc can have a higher 

speed, and the required inertia will be much smaller than that of hollow disc when the energy storage 

is the same, thus the solid disc structure is adopted in this paper. Eq (3) shows that the maximum 

angular velocity of the disc rotor is limited by material strength, and the maximum angular velocity of 

the solid metal disc rotor (𝜔max) satisfies Eq (5). 

0

100

200

300

400

500

600

0.0 0.2 0.4 0.6 0.8 1.0

sp
ec

if
ic

 e
n

er
g

y
 /

(k
J/

k
g

)

ri/ro

200m/s 400m/s 600m/s



789 

AIMS Energy  Volume 13, Issue 3, 781–797. 

 

max
omax

max

8

(3 )

σ
ω r

ρ μ

σσ


=

+


                                        (5) 

where, 𝜎max = {𝜎r, 𝜎t}, [𝜎] is allowable tensile strength. 

3.1. Two scenarios 

According to the basic principle of flywheel energy storage, the amount of stored energy is 

proportional to the flywheel’s moment of inertia and the square of its speed. Moreover, the inertia is 

proportional to the flywheel’s mass and the square of the radius. The mass of the flywheel is limited 

by the lightweight nature of the automobiles and the layout of the powertrain system, so the size cannot 

be too large. How to improve the inertia of the flywheel as much as possible without increasing the 

overall mass, is particularly important. Affected by the strength of ordinary steel materials, the linear 

velocity of flywheel edge is limited within the range of 200 m/s, so the increase of flywheel radius is 

limited. Unless the flywheel is made of high-strength carbon fiber material, the radius of the flywheel 

can be increased. Therefore, in order to improve the performance of flywheel energy storage device, 

the general technical approach is to increase the speed of the flywheel, and use magnetic levitation and 

vacuum technology to minimize the friction loss and wind loss of the flywheel rotor. The multistage 

flywheel energy storage device designed in this paper adopts a two-stage flywheel on the basis of the 

above flywheel energy storage device, forming a flywheel energy storage device with light weight and 

large equivalent moment of inertia, which improves the specific energy and power density of the 

flywheel. Figure 7 is the schematic diagram of two kinds of multistage flywheel energy storage devices. 
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(a)                                    (b) 

Figure 7. Schematic diagram of two kinds of multistage flywheel energy storage devices: 

(a) Internal gear drive; and (b) external gear drive. 

As shown in Figure 7(a), the first-stage flywheel shaft (1) is installed on the bearing (2) at both 

ends of the box (9). The first-stage flywheel (8) is fixed on the shaft (1), and flywheel (8) is processed 
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with a concentric gear (5) with radius r1 (inner gear ring). The second-stage gear (4) with the radius r3 

is internally engaged with the first-stage gear (5). The gear (4) is fixed on the second-stage flywheel 

shaft (6) and finally on the supporting bearing (7). The second-stage flywheel (3) with radius r2 is fixed 

on the shaft (6), that is, flywheel (3) and the gear (4) are coaxially fixed on the shaft (6). Figure 7(b) 

shows the schematic diagram of a multistage flywheel energy storage device driven by external 

meshing gear. The difference from Figure 7(a) is that the first-stage gear (5) is externally meshing with 

the second-stage gear (4), and the others are the same as Figure 7(a).  

In order to maximize the specific energy of the two-stage flywheel energy storage device, the 

parameters of the two-stage flywheel and gear ratio should be selected reasonably. According to the 

principle that the kinetic energy of the system remains unchanged before and after conversion, the total 

stored kinetic energy (Est) and equivalent rotational inertia (I0) of the flywheel energy storage device 

meet the following equation: 
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where I1 and I2 are the inertia of flywheel 8 and flywheel 3, m1 and m2 are the mass of flywheel 8 and 

flywheel 3, and ω1 and ω2 are the angular velocity of gear 5 and gear 4. Assuming that 𝜀 =
𝑚1 𝑚2⁄ , 𝛿 = 𝑟1 𝑟2⁄ , 𝑖 = 𝜔2 𝜔1⁄ , then the I0 and mt are obtained as follows: 
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When 𝑖2 ≥ 𝜀𝜎2, the overall mass of the flywheel energy storage device only increases by m1/ε, 

but the equivalent inertia increases 
i
2

𝜀𝛿2 𝐼1. If there are p groups of second-stage flywheels in the device, 

the I0 and mt are obtained as follows: 

t
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To illustrate the advantages of flywheel energy storage device proposed in this paper 

quantitatively, with i = 3, ε = 4 and δ = 2, and four groups of secondary flywheels are installed in the 

flywheel energy storage device. Therefore, the result that I0 = 3.25I1 and mt = 2m1 has been obtained. 

In this case, the specific energy of the flywheel energy storage device is as follows: 



791 

AIMS Energy  Volume 13, Issue 3, 781–797. 

2
' 0 1
st

2 2'
t t st st st

2 2
t 1 12

1 1
st

1 1

1

2

+
1.625

1

2

ωI
E

εδ pim m E E E

εδ pδm m m
ωI

E

m m




=


 = =
+

 =


                   (9) 

According to Eq (9), the specific energy of the flywheel energy storage device designed in this 

paper is 1.625 times that of the original. Of course, this is not the only example. 

3.2. A typical case 

In order to further verify the principle in Section 3.1, a multistage flywheel energy storage device 

based on Figure 7(b) was made from steel 4340. According to the literature [49,50], assume that the 

highest speed of the first-stage flywheel in this case is 25,000 rpm, and the radius of the first-stage 

flywheel should be less than 263 mm calculated through Eq (5). Considering that the flywheel radius 

was limited by box space, the radius of the first-stage flywheel was 82.5 mm, and the its width was 24 

mm. Furthermore, according to Eq (5), the radius of the second-stage flywheel should be less      

than 87 mm. Here, the radius was 75 mm, and the width was 30 mm. In this section, a 3D model of 

the flywheels was established using Siemens NX 12.0, as shown in Figure 8. The mass of the parts 

was measured using an analysis module, and the detailed parameters of the flywheel were obtained as 

shown in Table 2. Finally, according to the above parameters, a prototype of the flywheel energy 

storage device was designed, as shown in Figure 9. 

Table 2. Flywheel energy storage device parameters. 

Parts Parameters Value 

First-stage flywheel (ring gear) Radius/r1(mm) 82.5 

Width/h(mm) 24 

Gear teeth 66 

Gear module 2.5 

Mass/m1(kg) 3.77 

Numbers 2 

Inner hole(mm) ∅40 

Second-stage gear Radius/r3(mm) 27.5 

Width/h(mm) 24 

Gear teeth 22 

Gear module 2.5 

Mass/m3(kg) 0.30 

Numbers 8 

Inner hole(mm) ∅30 

Second-stage flywheel Radius/r2(mm) 75 

Width/h(mm) 30 

Mass/m2(kg) 3.92 

Numbers 8 

Inner hole(mm) ∅35 
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Figure 8. 3D Model of the flywheel energy storage device: (a) Flywheel model; an (b) 

flywheel assembly drawing model. 

  

Figure 9. Prototype of a multistage flywheel energy storage device. 
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4. Discussion 

In this section, we discuss some contents in the research work. It can help readers better 

understand the significance, value, and prospects of this research. 

According to the design parameters, i = 3, ε = 0.96, and δ = 1.1 are obtained, and 4 groups of 

secondary flywheels are designed in this paper. It can be calculated from Eq (8) that I0 = 32I1 and    

mt = 5.2m1. Finally, the specific energy of the multistage energy storage flywheel device can be 

obtained by substituting it into Eq (9) as follows: 

2 2'
st st st

2 2
t 1 1

+
6.19

εδ piE E E

εδ pδm m m
= =

+
                          (10) 

Here, the results ignore the influence of the second stage gear mass in the specific energy of the 

flywheel device. If the mass of the second stage gear is taken into account, the specific energy of the 

flywheel device is 5.80 times of the original one. Moreover, under the premise of a certain ε and δ, the 

larger i is, the larger the specific energy is. 

We focus on using a two-stage flywheel to improve the specific energy of flywheel device. In the 

proposed device, the characteristics of the all-metal flywheel are discussed. The flywheel rotor made 

of fiber-reinforced composite with high strength can rotate at very high angular velocities, which 

enables it to meet the demand for kinetic energy storage with less inertia (or mass). It is assumed that 

the design parameters of flywheel energy storage device are as shown in Table 2, and the components 

are made of all-composite materials, such as E-glass/epoxy and AS4 carbon/epoxy. At this time, the 

mass of flywheel energy storage device (including the first-stage flywheel, the second-stage gear and 

the second-stage flywheel) is shown in Table 3. 

The mass of flywheel energy storage device made of E-glass/epoxy or AS4 carbon/epoxy      

is 72.54% and 81.28% lower than that of Steel 4340, respectively, which is more suitable for super 

flywheel energy storage for vehicle power. Therefore, this design idea provides another exploration 

direction for improving the performance of flywheel energy storage device. 

Table 3. Flywheel energy storage device mass. 

Flywheel material First-stage flywheel 

(ring gear)/kg 

Second-stage gear 

/kg 

Second-stage 

flywheel /kg 

Total mass/kg 

Steel 4340 3.77 0.30 3.92 41.3 

E-glass/epoxy 1.03 0.08 1.08 11.34 

AS4 carbon/epoxy 0.77 0.06 0.81 7.73 

5. Conclusions  

At present, most researchers focus on shape optimization for metal flywheel energy storage 

systems. In this paper, a multistage flywheel rotor was designed to improve the specific energy of the 

system. For the energy storage device with certain mass, the multistage flywheel energy storage device 

can store more energy by choosing the parameters of the flywheel rotor reasonably. To prove this 

theory, the system model was established with NX12.0, and the specific energy of the system with the 

analysis module was obtained. Finally, the prototype of multistage flywheel energy storage device was 
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processed. This design idea and optimization process provided a new method for improving the 

flywheel specific energy. 
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