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ABSTRACT: The MAPS (MAglev Power Storagg systemfor storage ofarge amounts of electrical energy is
descibed. SuperconductingMaglev vehicles transport heavy masdesm lower to higher elevations.
Electrical input energy from the grtopek the Maglevin the motor mode as it transports the heavy p&tss

a higher elevation. The input electrical eneig stored as gravitation energy at the higher elevation. To feed
energy back into the grid on demand, the masstisnedo the lowerelevation. Its storethasss transformed

to electrical energy by the magnetic propulsion system as it operatesmenatpr modeThe 90% efficient
MAPS system can store thousandsnegawatt hours at 2 to 3 cents per KWH

1. WHY MAGLEV FOR ELECTRICAL ENERGY However, there are limitations and concerns about
STORAGE the US electrical grid. Electrical demand varies
_ o consideraly and often rapidly with the time of day,
The_US electrical grid IS-a technology marvgl. It yay of week, and season. Baseload generating plants,
provides ample and reliableamounts of electcal e.g. coal fired and nuclear, cannot meet rapidly
energy to virtually every person, industrial, andgpitting demands, because their tinesponsds too
without problems, and at an acceptable cost. Longesponse mking power plants, usually fueled by
distance transmission lines interconnect many 'arg%xpensive natural gas, are used. Typicadlyout
powe generation plants around the United Stat®s 5004 of the annual kilowatt hou(&WH) consumed
Canada, with millions of users scattered across thg, ine US comes from gas fired peaking power plants.
country, transmitting many thousand; of megawallSrne cost of this energy is substantially greater than
over distances of many hundreds of miles. the cost ofpower from coal fired and nuclear power
plants.
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That is now. The situation becomes worse if the USn addition to meeting time varying power demands
begins to shift away from coal fired power plantsand ensuring propefrequency and phasing in the
towards renewable wind and solar power sourcesyrid, energy storage systems, particularly bulk
The outputdrom wind and solar are highly variable storage systems, can provideurance against grid
andnon-predictable. When the wind blowswhich  failures due to accidents and sabotage. Several years
is typically only 30% of the timei the generated ago, some trees felduring a stormin Ohio,
power may or may not be matched to demanddisrupting electrical trasmission capability. As a
Sometimes there wilhot be demand for the wind consequence of propagating failyreshe US
power; other times there will be demand, but theNortheast waslackedout for a substantial length of
wind Iisndét bl owing. time. Sabotage is an even greater worry. It can be
physical in naturg blowing up substations and/or
Matching variable output will require new energy transmission lines, attacig power generation plants,
storage technologies. Pumped hydro storage igtci or it can be cyber in natufie shutting down

practical but has siting restrictions and majorpower plant ontrols, substation Stches, etc.
environmental concerns. Total US electrical

generation capacity is 1 million megawatts, while theLarge scale, low cost bulk energy storageuld
pumped hydraapacity is only 2,000 megawatts (1) greatly helpensure that accidents or sabotage would
T about2% --and i tds unl i kel ynottstuut dogmva targerseciobsthe WSrelgotrical grid,
Moreover, potential wind and solar power sources ar®y providing electrical energy for extended periods of
often far removed from any possibility of a pumpedtime to make up for the portions that were
hydro storage facility. Alsothe output/inputenergy  temporarily not working.

efficiency of pumped hydras only about 70%, so a

substantial fraction of the input power is lost (2).TablelMegawatts of Installed Electric Capacity and Megawatt

. . . . Hours ofActual Electric Energy Generatidper Year for the
Compressed air storage in underground cavities is Snited States as a Function of Generation Typasis: EIA

recent technology development, but it too has,yyg Data (1,3)

limitations and concerns. One requires &ab Type of Installed  Annual % of
geologic caditions, and oyut/input power losses  Generation Capacity  Electric Total Actual
are substantial. (Megawatts) Generation ~ Generation
(Million
Pumped hydro and compressed air storage fall into msgg"aﬁ
the c.a_tegory of. bulk energy storage, with theCoal Fired 337.300 1,996 A5%
capability of storing many hundreds of megawatinatural Gas 454,611 883 21%
hours at high, but still acceptable cost. Nuclear 106, 147 806 19%
Hydroelectric 77,731 255 6%
The other engy storage optionsi flywheels, Wind 24,980 55 1%
. 0,
batteries, hydrogen fuel cells thermal, and SO 539 0.9 0.02%
. . Geothermal 3,251 N A N A
supgrconductlng magnetlc. energy storage (SMES) oo 100,200 (a) 162 2%
fall into the category of micro energy storage. The Total 1,104,466 4,157 100%
are too expensive and too limited in capacity to store
large amounts of ettrical energy. They can play a (a) includes 20,355 megawatts of pumped storage

very useful dynamic role, however, in helping to

ensure that the various sections of the grid systemh@Ple 2, the levelized energy costs for California in
connected together haveuniform frequency and 2007@), illustrate the 2 main reasons that natural gas
phase. plants operate at a low capacity factor. The power

that they produce is much more expensive than from
coal and nuclear plants, so that they onlerape



when baseload plants cannot meet power need®s goproximately 1000 million megawatt hours of
during high demand periods. The second mairenergy generation.

reason is that natural gas power plants can

increase/decrease output generation much morgresent energy storage systegannot meet the peak

rapidly than coal and nuclear plants, so they can loagower market presently held by natural gas peaking
follow much beter. units. (5) Pumped hydro is the only substantial

supplier, and its capacitys only a small fraction,

about 4% of the capacity of natural gas power pkant
Table2 Levelized Energy Costs for California

Wind electric power genation is only a very small

Source Cost($/MWH) fraction ofUS and World generatiobeingabout1%
of US total generation and 2% of World generation.
Advanced Nuclear 67 The EIA (Energy Information Administration)

projection is that World generation from wind power

Coal 74-88 ) i
will slowly climb to almost %o of the World total by
Gas 313346 20357 a lot less than wind power advocates want and
expect.
Geothermal 67
_ Because of the highly variable output and low
Hydroelectric 48-86 capacity factor of wind powei the wind speed is
Wind 50 only strong enough to generate power about 30% of

the time, it is likely taremain at the fewegrcent level

Solar 116-312 unless a new largscale, efficient, low cost energy
storage system is developed. The present energy
storage systems cannot meet the requirement needed

for large scale implementation of wind and solar

20075), illustratethe 2 main reasons that natural gas
Power sources.

plants operate at a low capacity factor. The powe

that they produce is much more expensive than frorTﬂ/laglev can provide electrical energy storage at large
coal andnuclear plants, so that they only operatescale’ thousands of megawatt hours at very high
when baseload plants cannot meet poweeds g, a0 efficiency, greater than 90%, and very low
during high demand periods.  The second mainy,q 5 5 3 cents per KWH. Maglev energy storage

reason is that natural gas power plants canyqems can respond rapidly to changing electrical

increase/decrease output generation much MOGemand,and be sited at a wide range of locations
rapidly than coal and nuclear plants, so they can IoaQ}‘/ithout environmental problems. Development of

follow much better. Maglev energy storage will enable wind and solar
power sources to become a major contributor to the
electrical grid. Maglev energy storage will also
1greatly reducehe cost of peak power demands, and
provide a robust back power capability in the event
of accidents or sabotage to the operating electrical

grid.

If there were electrical storage systgethatcould be
sited virtually anywhere with no environmental
problems, that could store very large amounts o
electrical energy at low cost per KWHhat were
rapidly responsive, andhat had high outpuinput
electrical efficiency, here would be no nédefor
natural gas peaking plants baseload plants could
supply all the power. Energy storage systems would

meet the bulk of the peak power demands, amounting THE MAGLEV ENERGY STORAGE CONCEPT



The MAPS (Maglev Power Storagsystem stores

100 Ton
electrical energy by irsg magnetically levitated and Concrete Block
propelled vehicles to move heavy masses uphill. Thi Ei:llz}gchZIT
levitated Maglev vehicles do not physically contact m;:g&ngt:lcting nnnnnnnnnnnnnnnnnnnnnnnnnn Surface
the guideway that they travel along, so that there ar vehicle / Z(Lrlllllttllju

no mechanical fction losses. Maximum vehicle lConcrctct
Javemen

speed is moderat®n the order of 100 mph, so that
. Ground
air drag losses are small. ™\ '

On-grade
Guideway Beam
With Aluminum
> Loop Panels On
Side Of Beam

) . . llph‘ill Or Downbhill Delivery
Moving a heavy mass uphill from a lower elevation Of Energy Storage Block

takes electric power fro the grid for the vehicls
magnetic propulsion system. The electrical energ)
used during the uphill trip is then stor as
gravitational potentiaénergyof the mass when it is
unloaded at its designated location at the higher
elevation.

Tiltable Roller
Bar Surface

Vehicle Structure

Vehicle Return Trip After
Delivery Of Concrete Block

To retrieve the stored energy of the heavy mass, it is

then transported downhill by the Maglerehicles Moving a 100 metd tonne mass uphill fod000
whenever power flow to the grig desired. During  meters 8290 feet)altitude gainstores Z0 kilowatt
the wuphill t rmagnetic gropwsionv ok 6rbiktfcal energy. More than 90% of this

system operates in the motor mode, converting inpU;sred energy can be recovered and fed back to the
electrical energy to gravitational potential energy ofgjectrical grid when the block is moved downhill.
the mass as it climbs @ higher elevation. During
the downhill trip, the ghicle® magnetic propulsion For easy handling and rapid loading and unloading
system operates in the generation mode, convertinghe heavy mass can be a large arete block, as
the gravitational energy ohé mass back to electric shown in Figuresl, 2, and3. Figurel shows an
energywhich is fed back to therid. isometric view of the Maglevehicle moving a 100
tonne block along the MAPS guideway. Figte
R shows a cross sectional view ofehiclecarrying the
Beam block, while Figure3 shows it after tb block has
been unloaded. A detailed description of the MAPS

System is given in the DPMeport DPMT-14 (6)

100 Ton
Concrete
Block

Tiltable
Roller Bar
Surface

The concretélock can be a solid mass of concrete,
or a concrete box filled with heavy rocks. The
second option would be cheaper, but either i
affordable. At 130 dollars per cubic meter for
concrete (108 per culic yard) and a density of 250

Vehicle

Structure . :
(22“??5331401@) kg per cubic meter, the capital cost of a 100 tonne
Concrete solid concrete block would be onlgbout 5000

Pavement

dollars Amortized over a 30 year period with 1
storageper day, thecost per KWH stored bythe
block would be only 1/8 of a cent. The amortized

Ground



cost of a concrete box filled with rocks would be panel carries currentdiced bythe superconducting
even smaller, less than 1/16f a centper KWH. magnets as they pass the panel, provididditional
vertical lift force. The combination of iron plates and
The MAPS guidewayhown in Figured is a simple  set of Figure of 8 null flux aminum loops support
concrete box k@m located on a concrete highway the vehiclein the vertical direction. The support is
type pavement. The nominal width of the pavemeninherently vettically stable i if the vehicle is
is 20 feet, a bit less than the standard 2 lane highwaylisplaced upwards from its equilibrium suspension
The stresses on the pavement when the MagleMeight, themagnetic lift force
vehicle passes a given point are much smaller than
highway pavementsxperience, because the load is le——— 16 Feet ——pfe——— 16 Feet ——»]
spread out over a much larger area. With an 80,00
pound 18 wheeler, the point loads on a highwa)z N-1)
pavement under the wheels are each on the order
20,000 lbs per square foot. £ B

(N+0) Guideway Panel | (N+1) Guideway Panel | (N+2)

de L o e

Concrete Pavement

Vehicle Width
12 Feet —™ . %l 5 . g ;
Guideway Panels Consist Of Loops Of Aluminum Conductor
Encased In Polymer Concrete
I(’lal::gli“ay lell:lll.tlll:lg * 1 Set Of Aluminum Loops Provides Vertical Lift And Stability
) ' » 1 Set Of Aluminum Loops Provides Horizontal Stability

» 1 Set Of Aluminum Loops Provides Magnetic Propulsion

Superconducting * Panel Dimension: 4 Feet Wide, 16 Feet Length, 4 Inches Thick

Magnets

Ground 6 Feet Figure5 Placement of Guideway Panels on Guideway Beam

automatically decreases, causing it to move
downwards to the equilibrium pu. If the vehicle is
Pavement Qg displaced downwards form its equilibrium point, the
Beam magnetic left force automatically increases, causing it
to move upwards to the equilibrium point.

Figure 4 MAPS Guideway
The second set of aluminum loops in the guideway

A MAPS Maglev vehiclecarrying a 100 metric tonne provides automatic horizontal bility. If the vehicle
load plus its empty weight of 10 tonnes, for a totalis displaced horizontally in either direction, left or
weight of 110 tonnes, would have a pavement loadlight, fromits center position on the guideway beam,
of only about 2000 pounds per square foot, a factor oforce generated by induced currents in the second set
10 less than a highway truck. The Maglev vehicle isof aluminum loops that push the vehicle back to its
supported by thenagnetic interactions between the center position o the beam.The magnetic stability
superconducting magnetbat are located along the forces from the null flux aluminum loop circuit on
length of the vehicle and the guideway panels on théhe beam are stronger than the horizontally
sides of the box beam (Figubg destabilizing forces from the iron plates above the
superconducting Magnet, providing a net horizontally

The guideway panelgontain 3 sets ofaluminum stabilizing force.

loops plus a satf iron plates athte top of the panel.

When a Maglev vehicle passes the panel, the irofthe third set of aluminum loops in the panels carries
plates interact with the superconting magnets on g, applied AC currenenergized byelectric power

the vehicle, providing a portion of the magnetic lift §.awn from the grid The AC currenpushes on the
force. One of the three setsaliminumcoils in the



DC superconducting magnets on theehiclg leaves an energized block, the propulsion power is
magnetically propdihg it along the guideway. The switched into the next block. Similarly, when the
systemcan operate either in the motor mode, wherevehicles argunning downhill in the generator mode,
the applied AC current propels the MAR&hicle  the output power is switched off from the block that
uphill, or downhill in the generator mode, where thethe vehicle is leavingand switched on from the next
powerful superconducting magnets generate Alock.

power in the propulsion/generatolguideway loop

circuit, which isthen fed back to the electric grid, and Figure 8 illustrates the MAP8nergystorage mode,
braking the vehicles . in which multiple vehicles can operate on the

guideway snultaneously. As each vehicleaches
There is a DC/AC power conditioning link between the top of the uphill guideway, it unloads it 100 tonne
the MAPS power system and the grido0 Hertz  block into a strage yard. The flat top of each
power from the grid is rectified to DC and then vehicle has a set of roller bars on which the block
inverted to AC poweat the proper frequency fahe  moves. Movement can be achievedeither by
MAPS System. powering the roller bars, with their rotation providing
the force required to move the block aff the
As the MAPS vehicle accelerates, the AC frequencyehicle, or byhydraulcally tilting the upper surface
is increased in effect, the MAPS propulsion system of the vehicle, so that the block slides off onto a
operates as a Linear Synchronous Motoks the  conveyer belt, also with roller bars, that moves the
MAPS vehicles decelerates, the AC frequencyblock to a designated location in the storage yard.
decreases, and the vehicle operates asin@at The powered roller bar approach appears to ke th
Synchronous Generator. In the electric sense, MAPost promising gstem, thougtihe tiltable surface is
operates very much like convention synchronousalso practical.
motors and generators, except that the geometry is
linear, not rotary. Guideway
N

fa Vehicle Storage Line
Switch =

. UpperEnd  f Vehicle Mass Yard
The synchronous nature of the MAPS magnetic of\iaps . el s T

. . . . System At
propulsion system is very importantThe vehicles Constant ~ meters
. . Elevati power Storage
are phase locked into the AC current wave as i~ " Lwes Sorgge and
travels along the guideway, witlhe vehiclespeed Switch | ;’@c(,;‘i't{fg“]\i“i‘“
controlled by the frequency of the AC wave. 2 km Elevation 10 tons)
.. . . Change L~
Variations in external force on the vehicle do not . (~3(go,jkm =1 Vehicle Return
. . . ong Guideway)
change its speed, only its phase relativehi® AC section
current wave. In effect the MAPS vehicles travel
much like a surfer on a water wave, with their speec OfMapPS ~ 200 I Flole Bl
. System At ters ’
being the same as that of the wave. ik i
Elevation Vehicle Mass Yard

As a consequence, the distance between vehicles
operating on a MAPS guideway will automatically 7'9U"® 8

remain constant ensuring that collisions cannot :
As an alternative to the roller bar conveyor system to

(I\)/IC,:Iliré uﬁgéwzgg E;?ilgzovetjﬂC;igiy;zégeonﬁntlre move the concrete blocks in the storage yard, the
g y pietely g y unloading dock can transfer the blocks to flaetop

those sections on which vehicles are currently .
: . . “surface of a wheeled vehicleathmoves them to an
operating The length of each energized block is

. _ appropriate location in the yard, where the block
approximately60 meters 200 fee}. As a vehicle would sit on a concrete ledge. To receiving the block



and bring it back to the loading dock for transferOver an 8 hour period, an individual vehicles with 20
downhill to generate power, the wheeled vehicleround trips per hour and an elevation change of 3000
would simply slide under the #itg block and feet would stre 40 MWH. Using multvehicle
hydradically lift it of f its ledge onto the vehicleThe  conssts;the amount of energy stored would be much
wheeled vehiclavould then quickly move the block greater. For exampl@perating with25 vehicles in
to the loading dock where a roller bar system wouldhe multivehicle consists, 1000 MWH could be
load it onto the Maglev vehicle. The storage yard storeddelivered overan 8 hours period, average
would be paved like a highwawith a paved area inputioutputof 125 megawatts. Figur@ shows an
equivalent to approximately a mile of 4 lane highwayoverall layout of the MAPS facility. There are
for a storage capacity of 1,000 megawatt hours. switching sections at the top and bottom of the
guideway tosidingswherevehiclescurrently not in
Maglev vehicles move the 100 tonne blocks yse can be storediVhen requireda handle increased
downhill. In the power storage mode, the vehiclespower levels either in the storage mode dhe
travel in the clockwise direction on thaiideway, delively mode, véicles can be rapidly switched out

while in the energy delivgr mode, they travel from the sidings to handle the increcdipewer level.
counterclockwise. The left side of the guideway

transports the fully loaded vehicles with their 100  Syuface Elevation Slant Tutinel
tonne blocks both uphill and downhill, requiring a (WM(/]\PS
. . . . . juiaeway
heavy weight guideway, with the right side okth ’ 'l/";\n/llmfl e
w/MAPS -

guideway transports only the unloaded Maglev _¥ Guideway
vehicles which are much lighter than the fully loaded _ _ _ _ _ _ _ _ _ _ _ _ __ _ ____ __________.
Maglev vehicles, i.e., 10 tonnes versus 110 tonnes.

Vertical Shaft Surface Plust Tunnel Guideway

Surface
Guideway

Multiple vehicles can travel on the MAPS guideway

at the same time, either as individual units, or ac

consists of several vehicles cdegp together. A J_

single vehiclecan make as many as 20 trips per hour

depending on the height it raises the 100 tonne block,

e.g., 3000 feet, the angle of the guideway, e.g. 3@igure 9 Potential Types of MAPS locations.

degrees, and the maximum speed it travels.gt,60

meters per second (134 mph). The vehicles have tMAPS facilities can be sited at a yewide range of

decelerate as they approach the upper and lowdecations,in hilly and flat terrains. In hilly terrains,

load/unload points, and accelerate back to maximurthe MAPS guideway would ascend on the rising

speed after they leave them. terrain from a lower elevation to a higher one. On
flat terran, the MAPS guideway could be located in

At a maximum speed of 60 meters per second and slant tunnel (Figure9) that descended several

guideway angle of 3degreesan individualvehicle  thousand feet. Tunnels in hard rock mines descend to

carrying a 100 tonne block is operating at 30a depth of 900 feet or more. In coal mines, with

megawatts from the grid if it is storing eneryd 30 |ess stable rock, tunnels descend to depthsual s

megawatts to the grid of it is delivering energy. The3,000 feet. Alternatively, a vertical shaft guideway

power rating can be reduced if desired by operating atould be used, with the blocks stored underground in

Vertical Shaft
w/MAPS
Guideway 4km
Tunnel
Guideway

lower maximumspeed. Similarly, if the guideway t unnel s, i . e. Adriftso i
angle is less than 30 degrees the power rating will brom the vertical shaft. In certain locations where a
lower. greater change in elevation is desired than i

available from local hills, the guideway could



combine a surface elevation rise with a slant tunnepurchasing 1.1 KWH of power from the grid for

(Figure9). every KWH that te MAPS facility deliversbackto

the grid. Using a pumped hydro storage unit with a
3 ECONOMICS OF MAGLEV ENERGY output/input efficiency of 66%, 1.5 KWH ofhe
STORAGE operating costs for power, personnel, and

maintenance.
With such a wide range of locations, and an equally

wide range of storage capabilities, there is no singlgor the range of MAPSpplications dependingon
design for a MAPS facility. Table8 gives an sijte conditionspower storage requirements, etc., the
illustrative design for a 1000 MWH facility with a total cost for MAPS storage willebin the range of 2
3000 foot elevation changeThe maximum vehicle to 3 centdkWH ($40 to $30 per MWH). This
speed ofLl00 mph is somewhat slowethan the 134 storage cost will be well below the cost of power
mph capability. Because of the slower speedgeneration from wind and solar sources, dad well
vehicles make onlyL5 round trips per hour, not 20. below the cost diffeential between power generated
MAPS capital and operating costs are derived frompy baseload coal/nuclear power plants and the cost of
detailed desig studies carriedout for Maglev  peaking power from natural gas plants. Accordingly,
Passenger andefight transport applications. (7,8,9)  MAPS can be used both for storing energy from

renewable wind and solar plants, as well as storing

operating powerfor the MAPS facility, which is o meet peak power demands.

primarily the cost of propulsion power for the MAPS

vehiclesas they makéheirinput and output runs. At Finally, the presently estimatedost of the MAPS

an overall outptlinput electrical efficiency of 90%, guideway is based on trucking gabricated

with grid power purchased at 8 cents/KWH, theguideway beams to the construction site and placing

power cost component &out0.8 cents/KWH or $8 them on a pr@oured concrete pavement, similar to

per MWH. the construction mode for the Maglev elevated
monorail guideway for transport of passengers and

An output/input efficiency of 90% corresponds 10 frejght,  The guideway cost couldignificantly
reduced by casting the concrete guideway box beam
directly in place on the concrete pavement.



Table 3 MAPS Storage Capacity and Cost

Basis: 1000 MWH Storage Capacity Per Day 1000 MWH Storage Capacity Per Day
8 Hour Storage & Delivery Periods 8 Hour Storage & Delivery Periods
100 Ton Storage Block (250 KWH/Block, 100 Ton Storage Block (250 KWH/Block,
4000 Blocks) 4000 Blocks)
3000 Foot Elevation Rise, 30 Degree Angle 3000 Foot Elevation Rise, 30 Degree Angle
100 MPH Maximum Vehicle Speed 100 MPH Maximum Vehicle Speed
Hardware Component Capital Amortized Operating Operating
Cost (MS) Capital Cost Component Cost
($/MWH) ($/MHW)
Guideway & Storage Yard 30 2.7 Personnel 54
Vehicles 80 7.3 Maintenance 2.7
Power Equipment 12 1.1 Propulsion
Power (purchased)

Concrete Blocks 20 1.8 8.0
Handling Equipment 10 0.9
Total 152 13.8 $16.1/MHW

(1.4 Cents/KWH) (1.6 Cents/KWH)

Total Cost/MWH = 13.8+16.1=$29.9/MWH = 3 Cents/KWH for Illustrative MAPS System

4. STATUS OF MAGLEV ENERGY STORAGE of 1 hour. The Japanese superconducting Maglev

TECHNOLOGY system holdsthe World speed record for ground
transport, at 361 mph.

MAPS uses superconducting Maglev technology,

invented by Powell and Danby in 1996 (8). Based orThe Superconducting Maglev System is inherently

their 1% generation inventions, Japan has strongly stable, with magnetic restoring forces that

demonstrated that superconductidaglev is a automatically oppose any exterrfaice (e.g., winds,

practical mode of transportatio(L1,12,13,14,15,16) curves, etc.) that would act to displace the vehicle

Japan Railways °1 generation passenger transportfrom its equilibrium suspension position. The gap

system is ne operating in Yamanashi, JapaiThe  petween vehicle and guideway risuch greater for

20 mile long 2way Maglev demonstration route has superconducting Maglev than that for

carried well over 50,000 passengersebafand electromagnetic Maglev, typically ~ 10 cm vsl

reliably, with accumulated running distances ofcm. The much larger gap enables the guideway to be

hundreds of thousands of miles. Japan Railwayguilt with less demanding construction tolerances,

plansto incorporate the Yamanashi line into a 300helping to reduce the cost of construction.

mile Maglev route between Tokyo and Osaka that

will carry 100,000 passengers daily, with a trip time The German Transrapid Systémnot practical for
MAPS, because the required electric power to
operate itcconventional electromagnets would be far
too great if it were used to transport 100 tonne blocks
uphill and downhill for MAPS energy storage. The



superconducting magnets used on superconducting

Maglev vehicles have zero electrical energy losses2. Maglev 2000 vehicles can smoothly transition

and lift much heavier loads than conventional back and forth between monorail and flat planar

electromagnets. There is a small energy requirememjuideways at high speeds.

for the refrigerationequipment of the cryogenic

superconducting magnets, but this power requiremer8. Maglev 2000 vehicles can electronically switch

is tiny compared to the input/output power that thefrom one guideway to another at high speed, without

MAPS vehicles handle to move blocks uphill and requiring mechiaically moving along switch section.

downhill. Both the Japanese and Germé&rgéneration Maglev
systems require moving long cumbersome sections of

In recent years, Powell and Danby have developeduideway in order to switch from one guideway to

the advanced " generation Maglev 2000 System, another. Moving the guideway switch &ska long

which is more capable and lower in cost than the 1time, and the Veicle speed must below. With

generation super conducting Maglev system. Thelectronic switching operating vehicles can be easily

MAPS systemis based on the advanced™2 and greatly transitioned to sidings when power

generation Maglev 2000 technology. demand is low, and quickly switched back onto the
main guideway when power demand is high.

First, guideway construction cost for the™2

generation Maglev 2000 System is projected to be

Heat Shields Superconducting Coil
only about 25 million dollars per mile, a factor of 2 \ X
or more lower than *i generation systems. To Cryogenic
. . . . Cooling Lines
achieve this, low cost prefabricated monorails are T
used for most of the elevated guideway construction | | / Vessel
The prefabricated monorail beams would be mas: ! ‘
produced in factories, with their guideway loop |
panels, sensors, electronic equipment, etc. attiaiche == .
. Superinsulated ; Central
them at the factory. The beams and piers would the ¢ompartment = : Support
. . . And Vacuum
be transported by truck or rail to the construction site Barrier
where they would be quickly erected on -paured
concrete footings or pilings, using conventional Quad Support Shield Support
Structure Structure

cranes. Guideway cost would be kept lowthe use

of conventional box beams for the monorail, which _ . .

minimizes the amount of materials required, and'gure D shows a cres sedonal view of the Maglev
prefabrication, which minimizesexpensive field 2000 superconducting quadrupole.

construction. )
The 2 superconducting loops that form the

The 29 generation Maglev 2000 System incorloora,[esquadrupole carry oppositely directed currents, with
a number of unique new inventthat enable much the separation between the loops equal tq thglr width.
greater capability than thé! generation Japanese and 1 "€ 2 100ps can operate as separate circuitbeor

German Maglev Systems, and are crucial for thfOnnected together into a singleircuit. The
MAPS application. These include: quadrupole has 4 magnetic poles that alternate in sign

around its circumference. When used on a monorail

1. Quadrupole magnets that enable Maglev 200@uideway, the vertical side of a quadrupole interacts
vehicles to travel on both monorail and flat surfaceW'th_ the glumlnum loops attgched_ to the adpce
guideways vertical side of the monorail guideway. When



operating on a planar guideway the bottom face othat opposes the external force. The long dipole loop
the quadrupole magnetically interacts with aluminumis part of the Linear Synchronous Motor (LSM)
loops located on the guideway beneath the vehicle. propulsion system, in which the loops on a sequence
of panels are connected in series to form an energized
Figure 11 shows a drawing of the Magl®000 block along which the Maglev vehicles travels. The
aluminumwire loop guideway panels. It has 3 sets ofenergized block is typically on the order of 100
multi-turn aluminum loops: 1) a sequence of 4 shorimeters in length; as the vehicle leaves an energized
independent Figure of 8 loops; 2) a sequence of #lock, its AC propulsion current is switch&om the

short dipole loops; and 3) 1 long dipole loop. block being exitednto the next block that the vehicle
is entering.
| n For the planar guideway, the same panel design is

used, with the panel laid flat on the planar surface
beneath the line of quadrupoles on the moving
vehicle. The Figure of 8 loops woprovide lateral

stability, generating magnetic restoring forces if an
external force acts to displace the vehicle from its

IE:WI“L “"H E“ﬂl‘d centered position on the guideway. The dipole loops
' act individually, with inductive currents that levitate

/M' J— and vertically stabiie the vehicle as it passes
P 1 &= | &% V m overhead. The LSM loops function in the same way
_ _ _ _ as tley do on the monorail guidewayThe planar
Figure .. Drawing of aluminum loop guideway panel id . df itchi A itch .
providing vertical lift and stability, lateral stability, and linea guideway Is used for switching. At a switch section,
syndronous propulsion. there are two lines of overlapping guideway loops,
When the panels are mounted on the vertical sides §fich can be either elgonically open circuited or
the monorail guideway beam, the Figure of 8 loopsclosed circuited, depending on the desired switching
provide levitation and vertical stabilityiron plates at ~action. Line A of guideway loops runs straight ahead
the top of the beam provide a portion of the levitationon the main line, while the second line (Line B) of

force, reducing I2R losses in the Figure of 8 loopdoops diverges laterally anaacceptableate. If the

combination of iron plates and vertical Figure of 8B are open circuited, the vehicle travels straight
null flux loops is vertically stable, since as the ahead on the main route. If the reverse is used (Line
vehicles moves upwards, the vertical lift force fromA open, Line B closed), the vehicles diverges
the iron plates decrease, and the null #iminum  laterally from the main route onto a secondary
loop circuit generates a downwards magneticeo guideway thatdads to thevehicle siding The high

speed vehicle then decelerates on the secondary
The dipole loop on each side of the beam arduideway thatleads to tivehicles siding

connected together into a null flux circuit that

maintains the vehicle in a centered position on thdabrication ad testing of full scale Magle2000

aluminum null flux circuit. When an external force detgrmine their performancend validate the
(wind, curves, etc) acts tpush the vehicles away Projectedcoss. (17, 18)
from its centered position, a magnetic force develops
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Figure 2 NbTi Superconductor Loop for Magle2000 the entrance providing continuous Helium flow

Quadrupole through the SC winding. Before insertion of the SC
: loop into the jacket, it is wrapped with a thin sheet of
high purity, aluminum (5000 residual resistance ratio)
to shield the NbTi superconductor from external
magnetic field fluctuations. After closing the jacket,

a second layer of high purity aluminum is wrapped
around it for additional shielding.

The complete Maglex2000 cryostat holds 2
superconducting quadrupoles. The magnetic polarity
of the front SC quadpole is opposite to that of the
rear quadrupole. This allows levitation at lower
speed than if the 2 quadrupoles had the same polarity,
Figure 2 shows one of the two wound due to less L/R decay of the currents induced in the
superconducting loops used for the MagB®D0 aluminum guideway loops. The 2 SC loops are
quadrupole.  The loop has 600 turns of NbTisupported by a grafte-epoxy composite structure
superconducting wire, supplied BupeCon, Inc. of  that resists the magnetic forcésdue both to the
Shrewsbury, MA(14) At the design current of 1000 forces in a loop from itself-current and to the forces
Amps in the NbTi wire, the Magle2000 quadrupole between the 2 loogsthat act on them.

has a total of 600,000 Amp turns in each of its 2

superconducting (SC) loops. The SC winding isil§
porous, with small gaps between the NbTi wires tol
allow liquid Helium flow to maintai their
temperature at 4.2 K, and to stabilize them agains =

Figure BNbTI Superconducting Loop Enclosed in Stainles:
Steel Jacket

LR

Figure 14 Assembly of Magle2000 Superconducting
Quadrupole

Figure X shows the SC loops, support structure, and
cooling currents for the Magle2000 quadrupole
being assembled in Magl0 0 06s faci l i
Island. The SC loops have a 10 K thermal shield,
which is cooled by Helium exiting from the jacket

. . . holding the SQoop. The SC quadrupole structure is
Figure 13 shows the SC loop enclosed in its stamlesahen gnclosed bpy an outec: Iaye:) of midiier

steel jacket. - Liquid Helium flows into the jacket at insulation (MLI) consisting of multiple alternating

one end and exits at the end diagonally across frorT'ayers of glass fiber and aluminum foil. A second

flux jumps and micro movements.



thermal shield encloses the SC quguble magnet The guideway loop panels (Figutb) contain 3 sets
assembly and mairdined at ~70 K by the helium of wound aluminum loops, composed of a set of 4
out-flow from the 10 K primary thermal shield. Figure of 8 loops, a set of 4 dipole loops, and 1 long
LSM propulsion loop. The aluminum conductor has
The completed SC quadrae was enclosed ina  a ~10 mil layer of nylon using a dip prose® coat
vacuum cryostatThe quadrupole magnetic levitation the conductor. The nylon insulation withstood 10
and propulsion forces using DC current in theKilovolt tests without breakdown. Figufiés shows a
aluminum loop guideway assemblgeneath the completed guideway loop panel with all of its 9
guadrupole as a staimdl for the induced currents. loops.
The quadrupole was successfully tested to its full
design current of 600,000 Amp turns. The magneticThe completed panel is then enclosed in a polymer
Figure15 Completed Guideway Panel with Figure of 8 Dipc ~ concrete  structure for handling and eather
and LSM Propulsion Loops protection. Polymer concretei a mixture of
— . 3 aggregate, cement and plastic monoinean be cast
into virtually any form as a slurry. When the
monomer polymerizes (the rate of polymerization is
controlled by the amount of added promoter), the
resuting concretdike structure is much strongéra
factor of 4 or greater than ordinary concrete and not
affected by freez¢haw cycles, salt, etcA polymer
concrete paneivith enclosed aluminum loops was
left outside of the Long Island facility for Z2grs. It
was subjected to a wide range of weather conditions
and multiple freez¢haw cycles over the 2 year
period, without any degradation.
forces between the quadrupole and the guideway loop
assembly were measured as a functibrvertical  ager peing fabricated at the Maglev factory, the
separation and lateral displacement from the centere&"deway panels would be attached to the sides of the
position, and longitudinal position in the direction of monorailor the surface of planar guideway beams to
movement along the guideway. The measured forceg, shippedby truck or railroad. The monorail
agreed with 3 D computer analyses. guideway beamis a hollow box beam made with

_ _ reinforced concrete. Beam length is 22 meters and
In the time following the Magle2000 quadrupole weight is 34,000 kg. It uses post tension

tests, high temperature superconductors have becom@nstryction, which allowshe tensioning cables in

much more capable, and are being commercially,o pase of the beam to be-tightened if some

produced in substantial amounts. Using YBCO highgiretching were to occur. Figuté shows a photo of

temperature superconductor wird appears Very o faphricated beam after transport by highway truck
possible to fabricate Magle2000 quadrupoles that from the manufacturing site in New Jersey to

would bemuch Simpler in ConstrUCtion, with much Maglev-Z 0006 s f a aa. | Motpwblemsl in E

easier refrigeration requirements. The YBCOtransport by highway were encountered.
superconductor would operate at 65K with pumped

liquid nitrogen coolant and a much simplerlooard
cryocooler than would be required if NbTI
superconductor at 4.2K wensed.

Fabrication and testing of the basic Magk800
components superconducting quadrupole magnets,
aluminum loop guideway panels, monorail guideway



beam, and vehicle body have been successfyll structures with attached superconducting magnets

carried out. and acompact cryogenic refrigeration unit and its
associated plumbing. The powered roller bars on the

The MAPS system uses the same components upper surface of the sled are similar to units that

Superconducting quadrupoles, monorail guidewayoperate in many industrial facilities.

beam (ongrade, rather than elevated, however),

aluminum guidewayloop panels for vertical lift, Overal, MAPS would use virtually the same

horizontal & vertical stability, and magnetic technologyasMagle2 0006s transport

propusion, and a planar surface electronic switchthat it would be simpler and lower in cost.

between the main guideway and sidings.
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Figure 16 Photo of 72 Foot Long Monorail Guideway Beam
Delivered to Maglev2000 Facility in Florida From Construction
Site in New Jersey

The MAPS vehicles are much simpler and cheaper
than these used by the Magi2900 System to
transport passengers, autos, highway trucks, and
freight containers. They are simpleedl type



4. US AND WORLD MARKETS FOR To replace all US pwer generated from coal and
MAGLEV ENERGY STORAGE naural gaspower plants, which account for virtually
_ all of US power generated using fossil fuels, would
The market for MAPS energy storage systems is Ve¥ost 88 Billion dollars, based on 3 cents per KWH.

large, both in the US and abroad. Tablshows the The corresponding cost of CO2 emissions that were

annual total electric generation for thg US and t,heeliminated would be about 40 dollars per fora
World. US annual generation in 2008 is

. reasonablericeto pay. The elimination of coal and
approximately 20 percent of the World total. By

| d electri , il al natural gas plants would be replaced with nuclear,
2035 AD total World electric generation will almost wind, and solar plantsThe corresponding total 2008

i(ilct)jlijk;,lteri;rizz (2109(;8 ngjpiz;igAZf:e:;::zn;;i{;:gils/ World market for MAPS would be about 5 times
from natural gas peaking plants with mjch leisgreater th.an " the JS, smce the total World
_ generabn is approximately 5 times greater than the
expensive power from baseload plants thaed US market. The 2008 MAPS revenue for eliminating
MAI_DS would t?e_ a vey large market. In the US, World natural gas power generation would be 130
storing 883 million MWHat an average cost of 3 Billion dollars per year; for eliminating coal and

cents/I;WH }/.vc.)uld bring  in II28h Billion dol(ljars natural gas, the revenues would be 370 Billion dollars
annually, sufficient to cover all the costs an payper yar. The EIA (Energy Information

back the capital cost of the MAPS facilities over a SOAdministration) projects that World electrical

year p?r'Od' Assurlnlng thTt the cost of ;Jeaklng generation will double by 2035 as World population
power kr]om hnatura fgzs plantds W cer:s KWHld increases and countries become more industrialized.
greaterthan the costot baseload power, that wou Coal and natural gas power plants will continue to

then correspond t‘? a production _pomeuungsof 6 dominate electrigoroduction, accounting for almost
cents per _KWH using MAP&9'3 = 6 cents saveq) 70% of total power productionlt is disheartening
a net savings of 56 Billion dollars annually. If the that wind and solar power play such a minor role in

cost differential of peaking powerdm naturalgas, EIA projections for 2035¢0nly about5% of the total.

comp;ared to hbaseload .power,. was greater tlzag '?o achieve the goal of major reduction in World CO2
cents/KWH, the net savings using MAPS wou eemissions, wid and solar will have to play a much

even greater than 56 Billion dollars per year. greater role. They can do so, using MAPS storage to
_ enable wind and solar to reliably deliver large
Table4d. MAPS Market in US and World
amounts of power on demand.
The annual revenues shown for M8Rre very large,
and correspond to a major World indystvith many
economic and environmental benefits.



