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John R. Hull 
Energy Technology Division 
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Argonne, Illinois 60439 USA 

ABSTRACT 

The benefits of flywheel energy storage using high-temperature 

superconducting bearings is compared to that of SMES for the same 

applications. Flywheels cover the same range of energy storage times as 

SMES but their scaling relationships make them inherently more amenable 

to modular manufacture. In addition, the magnetic fields seen by the 

environment are considerably reduced for flywheels. 

1. Introduction 

There are two energy storage technologies that use superconductivity as a major 

component. The fxst is superconductive magnetic energy storage (SMES), and this 

technology has received the most attention at this Symposium. The second technology is 

flywheel energy storage (FES), which may use high-temperature superconducting (HTS) 

bearings to dramatically increase the storage efficiency. 

The development of HTS bearings with low rotational loss led to the realization that 

FES incorporating HTS bearings has the potential for very high (>go%) diurnal storage 

efficiencies. 

composite materials into ultra-high-speed flywheels and combining these with new- 

technology motor/generators (M/Gs), energy can be stored and released with very low 

loss.2 Such high efficiencies cannot be achieved by FES that uses existing bearing 

technologies, including active magnetic bearings. The frictional losses are so high that 

By incorporating HTS bearings with inertial rims made from high-strength 



flywheel stored energy is lost at rates on the order l%h, but HTS bearings should result in 

idle losses of only 0.1 %h.2 

Significant development of FES using HTS bearings has been accomplished by my 

own group,3-6 as well as other groups around the world. 

2. Flywheel Technology 

Flywheels have been used to store energy for centuries, e.g., as potters wheels and in 

automobiles. Solid steel flywheels attached to a M/G have been used to smooth out power 

requirements for particle accelerators. During the 1960s, a 400-MJ flywheel unit was used 

to smooth out a 4-s power ramp at the Zero Gradient Synchrotron at Argonne National 

Laboratory. 

In the past, flywheel-based concepts have been proposed for energy storage for 

diurnal for electric utilities, and the market for this type of storage is huge because almost 

all utilities experience a significant increase in demand during the daytime - a demand that 

would ideally be met by storage coupled to low-cost baseload power generation. 

However, basic limitations in materials and component performance of FES have prevented 

the design of an efficient machine. Three major advancements in recent years have caused 

a reevaluation of the FES concept. 

(1) 

(2) 

(3) 

HTS bulk materials for ultra-low friction passive magnetic bearings 

High strength composite fibers for constructing high speed flywheel rotors 

High performance power electronics allowing efficient energy conversion 

A FES system has essentially three main components: (1) the rotor system for energy 

storage; (2) the M/G and associated electronics for energy conversion and power 

management; and (3) the bearing system for rotor support. Additionally, several other 

support functions are required, including vacuum, cryogenic, containment, and control 

systems. 

The most practical FES option assumes arrays of many individual flywheel units. 

Although FES units with stored energy as low as 2-10 kWh may have some applicability, 



electric utilities are most likely to desire units with =5 MWh storage capacity. Units with 

such capacity are approximately the largest that can be factory-assembled and truck- 

mounted for delivery to substations or energy storage facilities. 

2.1. Rotor 

Rotational kinetic energy is the basis of a FES. The physical rotor-speed limit, 
3 establishing the maximum specific energy (TWm ) and energy density (Wh/kg), is 

governed by the relationship between the hoop stress experienced by the rotor, and the 

rotor material strength. The maximum rotor tip speed is essentially independent of rotor 

radius and is a function of ultimate material strength and material density. Therefore, small 

rotors tend to experience the same tip speed limitations as large rotors. This forms the 

basis for an important scaling relationship for FES, Le., that the energy density and cost 

are independent of size to a first approximation. 

Current metal alloys are capable of only a few hundred d s e c  due to their relative low 

strength and high density. With the development of graphite fibers in low-density 

composite matrices, material ultimate strengths of 10 GPa are possible. These new 

materials can achieve rotor tip speeds potentially well in excess of lo00 m/sec, and such 

speeds are necessary to obtain a low-cost FES. Additionally, composite materials offer 

certain advantages in their mode of failure, making containment of rotor failures a more 

manageable problem. Specifically, as a failure propagates throughout the rotor, a 

significant amount of energy is taken up in the destruction of the matrix chemical bonds. 

Metals, on the other hand, break into macroscopic pieces with little energy being expended 

in the propagation of the fractures. 

The rotor spins in a cavity that must be evacuated to at least Pa to eliminate air 

friction losses. 

2.2. Power Transfer 



Large-scale WGs already exist with high conversion efficiency. A similar type of 

MIG would be mechanically attached to the flywheel rotor to convert electrical energy to 

rotational kinetic energy and vice versa. If HTS bearings are used, novel M/G designs, 

such as the Halbach array,7 may need to be used so that the M/G provides minimal 

destabilizing influence on the rotor and bearing. 

Efficient power conversion, filtering and switch gear are critically important to overall 

operation of the FES. The output wave form must approximate a true sinusoid function as 

induced noise and harmonics may be detrimental to customer loads. Losses are primarily 

due to (1) rectification, (2) switching in inverter and motor drive commutation, and (3) 

filtering of the output wave form. To obtain a diurnal efficiency > 90%, conversion must 

be accomplished from distribution voltage at 60 (50) Hz to rotational mechanical energy 

and back to distribution voltage at 60 (50) Hz, with a minimum of 94% efficiency. The 

combination of new high-power switching components, such as new GTO's, IGBT's, 

advanced conversion circuitry, and transformers make this possible. 

2.3. Bearing 

Existing bearing technologies, including active magnetic bearings, have two primary 

deficiencies. The frictional losses are so high that flywheel stored energy is lost at rates of 

the order l%/hour. This leads to 1/4 of the stored energy lost per day. Secondly, the 

conventional bearings cannot manage the very high rotational speeds over the required long 

periods of operation. 

The HTS bearing is composed of two major components; a levitated rotating 

permanent magnet (PM), and high-temperature superconducting material (HTS) typically 

cooled to 77 K (nitrogen boiling at ambient pressure). HTS materials must be placed in a 

cold environment, such as in liquid nitrogen, to obtain the superconducting state. The best 

HTS material for levitation at liquid nitrogen temperature is composed of Y-Ba-Cu-0. 



When a permanent magnet is brought close to a HTS, the HTS acts like a diamagnet. 

Superconducting shielding currents begin to circulate in the HTS in such a manner as to 

prevent magnetic flux from entering the interior of the HTS. The configuration of magnetic 

field lines outside the HTS is essentially the same as if an "image magnet" were located the 

same distance below the surface of the HTS. The magnet floats over the HTS at a height at 

which the repulsive force between the real and image magnet is equal to the weight of the 

magnet. Technologically useful HTS contains extremely small nonsuperconducting 

regions called pinning centers. The superconducting bearing is passively stable in all 

directions because some of the magnetic flux lines penetrate into the HTS and become 

locked in place at these pinning centers. 

Most superconducting bearing designs are symmetric about the rotation axis. The 

levitated permanent magnet is usually either a cylindrical disk or a cylindrical ring. The 

magnetic levitation pressure is proportional to the square of the magnetic field that the 

permanent magnet can exert on the HTS. The highest fields are obtained from FeBNd or 

SmCo, with internal magnetizations of 1.2 T comercially available. The permanent 

magnet is attached to the rest of the flywheel and must rotate in a vacuum. The €-ITS is 

typically contained in a cryogenic chamber which is flooded with liquid nitrogen. 

The highest levitation pressures are obtained when the magnet is close to the HTS. 

Pressures greater than 100 kPa are readily attainable with simple bearing designs and 

present materials. For high levitation pressure it is important to have good flux pinning and 

also to have samples composed of large crystal grains, preferably 1 cm or larger in 

diameter. 

Current manufacturing capability places an upper limit on the size of the components 

for both the HTS and the PM. To develop HTS bearings for 5-MWh flywheels, it 

presently seems necessary to consider bearings in which the stator consists of an assembly 

of HTS components and the rotor consists of an assembly of PM pieces. 



2.4. Application 

Several approaches are being considered for FES fleet dispatch by at least one 

utility.2 In order to achieve the maximum benefit of FES on both generation and 

transmission assets, FES devices must be sized for placement at the substation level as 

close to the load as possible. In a typical configuration, 80% of the storage fleet will be 

dispatched for a s-hour charge from 1200 to 0500; idle for 8 hours; and then release 

(generate) from 1300 through 1800 hours. The other 20% of the fleet will be dedicated to 

real time automatic generation control (AGC), i.e. load following, allowing virtually 

constant generation by the base-load generating plants. Because the storage is placed at the 

load feeder, large industrial load swings will not propagate back through the grid, making 

AGC faster and more accurate. With a fleet of FES units handling real-time automatic grid 

control, a utility could manage generation variability as well as load variability. FES may 

also be coupled with alternative generation sources, such as wind and photovoltaic. 

3. Comparison with SMES 

FES has many of the same advantages as SMES: (1) ability to respond to changing 

loads within a fraction of a second, (2) long life with no performance degradation after 

repeated cycling, (3) long shelf life, and (4) little if any adverse environmental impact. 

Several aspects between flywheels and SMES have been compared previously.8 

Like SMES, flywheels cover a large range of time scales for energy storage. 

Flywheels have been used as compulsators and in homopolar generators to deliver large 

amounts of energy to railguns on a time scale less than a second. Flywheels are being 

considered for use in hybrid vehicles, such as cars, buses, and locomotives, with 

regenerative braking and energy storage time scales on the order of minutes to an hour. As 

discussed above, flywheels are being considered for diurnal energy storage for electric 

utilities. Similar to SMES, when the energy storage times are short, the cost of the power 

equipment is much higher than that of the storage. 



The magnetic fields associated with a flywheel are significantly smaller than those 

associated with SMES. The magnetic field from the HTS bearing is negligible outside of 

the vacuum vessel. There are magnetic fields associated with the M/G, but these are typical 

of any motor or generator. There are magnetic fields associated with the power electronics 

that are roughly equivalent to those for SMES. 

The scaling of efficiency and cost are different for FES and SMES. To a first 

approximation, the efficiency of a FES and the cost per Wh of storage is independent of the 

stored energy. On a cost basis, the flywheel is essentially mass moving at some velocity, 

and is determined by the cost of the mass. The efficiency of HTS bearings is expected to 

be independent of size. There may be some gains in efficiency from the M/G at larger 

sizes. On the other hand, for a SMES, cost and efficiency tend to favor larger devices. 

This follows because the energy stored scales as the SMES volume, whereas the thermal 

losses scale as the surface area and the cost of superconductor scales as the perimeter times 

height. For energy storage used as a power device, most of the cost is in the power 

equipment, and so the energy scaling is somewhat moot. But for energy storage 

applications, the difference in scaling tends to favor use of the flywheel. 

4. costs 

Both SMES and flywheels have the same problem preventing their widespread use as 

in energy storage. Devices in both technologies cost too much. According to our electric 

utility sponsor,2 in order for FES to be economically viable, storage units must be able to 

be produced for $500/kW ($160/kWh) and provide energy for less than $0.05/kWh. 

These pricing requirements are driven by the low-cost generation alternative, single-cycle 

gas turbine. However, it should be noted that the gas turbine option provides no 

improvement in existing capacity load factor and usually requires some transmission wire 

construction, as it typically cannot be placed in residential areas. 



In OUT FES development program, in order to meet the very stringent cost 

requirements, we have identified three primary design characteristics: (1) standardization 

and simplicity of design, manufacture, and installation, (2) unit reliability/availability 

exceeding 99% with little or no operator interaction, and (3) total 24-hour turn-around 

energy efficiency exceeding 90%. FES units are being designed such that once a site is 

prepared, unit installation requires only a matter of hours. This lowers both the cost of 

initial installation, and provides for shop repair with a “pick-up and delivery” type of 

maintenance approach. In order to accomplish low-cost manufacture, selected 

manufacturers are being brought in very early in the design process to assist with 

simplifying the design for manufacture as well as provide prototype hardware. Design 

emphasis is being placed on advanced integrated materials rather than complex discrete 

engineered systems. Large-scale, high-volume manufacture of simple modular units is key 

to low cost FES. Paramount to the goal of obtaining low cost is to reduce the cost of fiber 

composites, e.g., to <$lO/kg. There is some evidence to suggest that this result can be 

obtained as manufacturing volume increases. 

5. Conclusions 

With the advent of HTS materials, along with advancements in composite materials 

and power electronics, economical deployment of high-efficiency FES may now be 

possible. A number of groups throughout the world are investigating this possibility. To 

date, no physical limitations to rapid development of full-sized FES systems have been 

discovered. Required bearing performance has been exceeded in laboratory scale tests and 

is now being prototyped in engineering-scale systems along with rotor and power 

conversion technology. 

FES can cover the same range of energy storage times as SMES. FES is inherently 

more modular than SMES and produces lower magnetic fields in the environment. Like 
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SMES, the manufacturing cost of FES will need to decrease for it to become economically 

viable. 
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