Superconductivity in Power Applications

The Role of Cryogenics in
Transformlng the Power Enterprlse WorIdW|de

“A Sober Assessment of Opportunities and Realities”

Paul M. Grant
W2AGZ Technologies
San Jose, CA USA
http://www.w2agz.com/BD_WROC10.htm

AGING IBM PENSIONER



Acknowledgements

- Financial
- "IBM Retiree Pension Fund"”

- Intellectual

- Institutions: DOE, EPRI, LANL, ORNL,
AMSC, SuperPower, Southwire, Stanford,
Wisconsin ...

- Individuals: Bob Hammond, Dave Christen,
Vlad Matias, Steve Ashworth, Steve
Eckroad, Mac Beasley, Ted Geballe, David
Larbalestier, George Crabtree, Yuh
Shiohara, Carl Rosner ... and many, many
more.



The Polish in America
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The Journey

- History

+ Wire

» Applications
* Marketing

- Vision



History

- Discovery
* Theory
+ Type IT Materials
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Theory (1956)

£

* General Features of All Known Superconductors
- Second order phase transition yielding energy gap

- Pairing of two fermions (e.g., electrons) mediated by a boson
field (e.g., phonons) into a single quantum state (e.g., g=2e).

- Deuvil is in the nature of the gairing mechanism (phonons for
LTSC, no agreement wrt HTSC)
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GLAG
Ginzburg-Landau-Abrikosov-Gorkov
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Today
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Applications Landscape
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Wire

* Development and Embodiment
* Performance and Specifications



First HTSC "Wire"
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Wire Performance
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Applications
- Prototyping & Demonstration -

- Cables

* Rotating Machinery
* Passive/Active Devices (SMES, FCL, PQ)

- What I Won't Talk About /

- Big Electromagnets
. HEP
- MRI
* Medical

- Transportation
- Military (well..maybe a littlel)



Where Can We Apply
Superconductivity to Electric Power?

Color Key: Substation
Black: Generation Step Down Subtransmission
Blue: Transmission Transformer —&J Customer
Green: Distribution e : ~—] 26kV and 69kV
Transmission lines ~—!
765, 500, 345, 230, and 138 kV
N
Generating Station Primary Customer
T EI & L[ ieeeee | 13KV and 4KV
R rd—
e Transmlssmn Customer ﬁ A a Seﬁggawggitaj&Ef
138kV or 230kV On,s L
Step Up 0
Transformer

Potentially Everywhere



HTSC Cable Projects Worldwide
Past, Present...Future?
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U.S. HTS Cable Installations

Albany, NY

“Long Island, NY
New York, NY (DHS)

Columbus, OH



Various ac HTSC Cable Designs

34kV, 48MVA

13.2kV, 69MVA

Ultera-ORNL

p=
el P

Cable configuration: 3 phases in 1 common cryostat

Sumitomo

HTS Tape

Copper Core 138kV, 57T4MVA

Nexans-AMSC Pirelli



Various dc HTSC Cable Designs

COPPER SEGMENTA / . ”
WIRE Superconducting

Electricity
Pipeline

Electrical

Superconductor

§ HELTUM DUCT \/;\/ ’:"W\:ﬂfr} _
EPRI: Schoenung, Hassenzahl,
Grant (1997)

BICC: Beales, et. al, (1995) +/- 50 kV, 50 kA, 5 GW
40 K, +/- 20 kV, 10 kA, 400 MW

EPRI: Hassenzahl, Gregory,
Eckroad, Nilsson, Daneshpooy,
Grant (2009)
+/- 50 kV, 100 kA, 10 GW




Example:
Long Island Power Authority




Superconducting Motors

HTS Motor High Efficiency Conventional

» Efficiency = 98.6% s Efficiency = 96.8%
o 43% of the loss in the o 230% of the loss in the HTS
conventional motor motor
s Smaller volume e Annual energy costs to

o 47% of the volume of the cperate may igm
conventional motar more than HTS motor.
= Larger volume



Ny
Stator coils "
EM shield

AMSC 7000 hp

Eopper Motor
355 MU 10 66KV
180-250 tonnes

__HTS Motor

USN-AMSC S N
49,000 hp |

A" --+=-
' g
Sumitomo 70-460 hp



Rotating Machinery - Wind Generators

Conventional Conventional HTS
Gearbox Gearless Gearless

L 5 MW 8 MW

\~ 410 tons ~ 480 tons

B Generator Gearbox Shaft

Matthews, Physics Today 62(4), 25 (April 2009)



GW

Wind Power Factoids

KK Wind Equivalent (8 GW)

; B * Power per Tower 8 MW

. : E * Number of Towers 1000

& . o « Inter-tower Distance 1000 ft

22 Wind and Solar Electricity  Total Area (miles x miles) 43.5x43.5
18 : Cumulative Installed Capacity

Kashiwazaki Kariwa: 8 G\ !



Diablo Canyon




Power Conditioning

AMSC D-Var

"Orthogonal” to
SMES...stores reactive
power in an ordinary coil

Great for intermittent
generation...like wind

Bruker 2 MJ SMES



Fault Current Limiters 101

Power Plant
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Stand-alone fault current limiters - Saturable
iron core

e DC superconducting coil used &« .ncione
to saturate iron core

— Operation between 30 Kto 50 K

— Not in the ac circuit itself
although exposed to ac field

e [|nitial 15 kV, 1200 A 3-® system
inserted in Southern California
Edison grid

— Designed for 23 kA, fault
limited by 20%

— System operation over past
year used to gain system
experience

e Final 138 kV, 1300 A 3-® system
design to be inserted in the
AEP’s Tidd substation

Nom. 2G tape length requirements Actual installed device in
| 10 to 100 km Southern California Edison grid w

Fuault Currenr Liminng Equipmant Charview o
2010 Workshop on High Temperature Superconducimg Wires MAMAGED BY UT-BAITELLE FOH THE DEPARTMENT OF EMERGY




Project Hydra
DHS, NYC, ConEd, AMSC

Concept: Combine High Capacity HTSC Cables With FCL Functionality

Area Distribution
Substation Networks

Power
13 kV - -
Plant 138 KV - W
- L . | : E
M M

| Compact
Networks

- -

Area [+ r af- -
Substation = Substation




US Department of Energy

Budget of the Office of Electricity Delivery
and Energy Reliability: FY 2010-11 (103 USD)

DOE Conclusion: HTSC Power

FY 2009 FY 2010 FY 2011
Technology is now “on the shelf” Current ARRA | Curent |Congressional
and re ady to d ep I oy | Appropnation | Appropriation | Appropnation| Reguest
Research and Development
High Temperature Superconductivity 23,130 ? ?
Visualization and Controls 24 461
Energy Storage and Power Electronics 6,368
Renewable and Distributed Systems Integration 29,160
Clean Energy Transmission and Reliability 38,450 35,000
smart Gnd Research and Development 32,450 39,293
Energy Storage 14,000 40,000
Cyber Secunty for Energy Delivery Systems 40,000 30,000
SUBTOTAL Research and Development 83,119 124,900 144,293
Permitting, Siting, and Analysis K271 6,400 6,400
Infrastructure Security and Energy Restoration 6,180 6,187 6,188
Program Direction 21,180 21,420 29,049
Congressionally Directed Activities 19,648 13,075
Amencan Recovery and Reinvestment Act, 2009 4,495,712
lIse of pnor year balances -169
134,629 4,495712 171,982 185,930

TOTAL

< WOW ! “Obama Cash” — —=>




Marketing

* Insertion and Deployment
» Compelling Needs?
+ Killer Apps?



US Electricity Generation Sources

Total = 4,157 billlon KW
Electric Ltility Plants = 60.2%
Other Renewables Independent Power Producers

2 5% Orther 0.3% and Combined Heat and Power
Plants = 39 8%

Hydroelectric 5.8%

Muclear 19.4%

I TEITTIT Y.
' TTETTTETT L

Other zases 0.3%

| 4
Matural Gas 21.6% Coal 48 5%

Petroleum 1.6%



US Electricity Flow - 2007
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The US Transmission Grid(s)

; * 300,000 km
* 500 companies

~ *10% Losses . "

United States
transmission grid | A=

o Y
Pl

S ' FERMA
ource ;’?&ﬁ




North American HVDC




3 Pacific Intertie

* HVDC, +/- 500 kV, 3.1 kA, 3.1 GW
* 1,362 km

* “50% of LA Power Consumption
* Converter/Inverter Losses ~ 5%

* Ohmic Losses ~10%

Current
Intertie

Pacific
Direct
Current
Intertie

Celilo I/C Station
“A Mountain of Silicon”



Blackouts

Texas “03 i New York ‘99

Detroit ‘00
I\rortheast ‘03

West Coast 96

Atlanta ‘99

E B




The Big Blackout
Northeast 8/14/

States affected
CAMNADA

® Major metropalitan
areas affected
' VERMONT

Brief power failures
Ottawa in northem counties

'rw NEW YORK N.H.
* Syracuse

Buffelo Albany MASS.
Binghamton _

MAINE

Erie CONN,

Toledo Cleveland
. ®
Canton Akron PENNSYLVAMNIA
IND.
QHIO
W. VA, .
KY. VA

TENN. N.C.



As Night Falls...




The Party Begins...




..and Continues...




It Gets Better...

Bred g Bl WHATEVER PUNS
ﬁ You Hip ARE Cocoitin

. oo | ETSGET
E; E:. L N .




and Better...




The Morning After

= : e =




Viva New Yorkl




Can "New" Transmission Technology
Help?

* Yes, but probably not superconductivity

in a big way, at least for a while.

* More likely, "smart” grid stuff will come

first

- HVDC cables and lines

- FACTS to increase present corridor

capacity by 30%
- IT and communications plus an "0S/360" to

more effectively and efficiently
management power flows

P. M. Grant, DOE Presentation, 2004



The Economic Troika That
Drives and Exploits
Technology Innovation

Societal

Entrepreneurial

Sustain the Economy Create the Economy
“enlightenment” “stuff”
“infrastructure” A Thread "jobs"

Across the Ocean

Governmental
Protect the Economy
"agencies”

“military”




"A Thread Across the Ocean”

{3 Fnatﬂ Isambar'd Kingdom Brunel
English Engineer

William Thomson
Irish Physicist

Cyrus Field
American Capitalist

John Steele Gordon



What Kept Them Going?

- The investors knew, that if communications

with Europe could be cut from 2 weeks to 2
minutes, they'd all get...

- FILTHY RICH!

- Estimates are that the total cost of the project
in 2005 dollars was $100 M

- First year 1867 revenue in 2005 dollars
was $10 M |l
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So Where's the "Gold Rush” to
Superconductivity?

* What's the analogy to the Erie Canal,
Railroads, REA, TVA, Interstate

Highways that opened the country to
economic development?

- Capacity? Possibly

- Reliability? Maybe

- Power Quality? Nah




A Canadian’s View of the World
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The Mackenzie Valley Pipeline

http://www.mackenziegasproject.com

‘t- ,. Mackenzie
f Delta
1220 km
18 GW-thermal
r:fc?éin 2006 - 2010
Hope \ Norman Wells
Tulltﬂ
\ Northwest Territories

Wrigley!_

™) Fort Simpson




NERC In’rer'connec’rs

?* \
s

e
I""I ‘_\‘] R FROC

WESTERN
INTERCONNECTIOM

EH'.T-E'T] " EASTERMN

- * . INTERCONMECTION
-\'\,L_E ERCOT “
NTERCOMKECTTOM _

Source: DOE 2006 National Electric Transmission Study




The "Green" Energy Economy




THE TRES AMIGAS PROJECT

October 2009

Tres Amigas Super Station (TASS) will be the first system to
unite the three U.S. power grids

Able to carry gigawatts of renewable power from region to
region

Centrally located in Clovis, New Mexico
Will utilize the latest advances in energy technologies,
including superconductor power cables, voltage source

converters and large-scale energy storage systems

Will form the nation’s first renewable energy market hub



"Three Girl Friends”

Western .
Interconnection

“Eastern
§ Interconnection

L)
TRESAMIGAS

Clovis, NM



A

The Tres Amigas SuperStatiﬂn A @)
TRESAMIGAS3
‘ Transmission Lines from Western Interconnection Transmission Lines from Eastern Interconnection |

[ 5 Miles

Transmission Lines from ERCOT

One o more transmission lines from the Texas Interconnaction (see the
LLE, Grid Interconnections box) connect to this HVDC terminal.

|




DC Superconductor Ring

Keay to the Tres Amigas SuperStation is
an undarground pipeline of direct currant
(D) suparconductor cables less than
three feat in diameater capable of carying
mare than 5,000,000,000 watts (5 giga-
wiatts) of alactricity with no elacirical
lossas; anough electricity to power 2.5
million homes, Superconductor cables:

w: Wﬂﬂn “'I'E‘ Etﬂtlﬂln |5 e Ll RSPy L TN . TR

. tha superconductor pipeline can save as much as 60,000,000
k\V=Hrs of energy annually ::n:-mpaﬂ;d with convantional transmission technology.

Enhance effic
runmning at full po

That's aquivalent o th
in GO2 amissions.

Are out of sight: A sir rground superconductor plpedine can carry as much
power as thres, 7G5k AC overhead transmission lines (see figure).

Increase power security: Unlike overhead lines, underground caoées are virtually
immune to weather-related outages, the most common cause of power disruptions.,
Sarnilarly, underground placemant makes tham lkess subpect 10 vandalsm and other
forms of willful attack.

ol 30,000 hormes and a 40,000 ton reduction




&
Potential Beneficiaries in WECC L&)

TRESAMIGAS

WIND

1250 Miles itk
4 GW

WCI (TE'WIA/WAPA)
s FPTP (Tri-State/Xcel/WAPA)
NM Wind Collector (PNM)
Suniia

- HPX Proposed Transmission Lines (500kV)




(Pending FERC Ruling on ERCOT)

* The Texas grid (ERCOT) is not connected to the rest
of the US (dc interties are not considered "“real”
connections by lawyers)

- Therefore, under the US Constitution’s interstate
commerce clause, Texan electricity lies outside

federal control (FERC)

» But, FERC approval is necessary for Tres Amigas to
operate and may thus insist Texas is "now connected”
and under regulation by Washington.

+ However, it is certain ERCOT will consequently refuse
to join Tres Amigas thus dealing a severe blow to its
probable commercial success.



What the @#%$% does any of
this have to do with
Superconductivity?



"Superconduct-ress”




Mr. Electric Utility Good OI' Boy

Shrek Shrek 2 @ Shrek e Thint ™ and © 2007 Dresmiorks feifmation LLG:



iIss Same Old Technology
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Together Forever?
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Vision
"Where there is no vision, the people
perish...Proverbs”



SuperCn‘les & SuperGrids

" Urban Biomass

e e Nuclear Power can
_— generate both electricity
- and hydrogen —

¢ “Hydricity”

Commercial

Energy H,
Stor-age

e Hydricity can be

. . distributed in
:2’ "“w. underground pipelines

like natural gas

BMW Z9

Residential

> ¥ School
Supermarket I _,__f__oo 7_':'3"‘5 ~ H, .
. - ===  The infrastructure can

take the form of a
SuperGrid
e ..0ra

SuperCity

DNA-to-order.com

HTSC/MgB,



SuperGrid

- s A bhadt el hh '!l'_'

g— : =52 ; b\
| . mﬁ (--' II_IJ ¥

EPRI White Paper, 2006



SuperSuburb

SuperSuburb

Households: 300,000
Electricity: 1800 MW

Hydrogen: 800 MW
SuperNuke
electrons + protons

=> 2600 MW

~ "San Jose"

Voltage: +/- 20 kV
Current: 45 kA

H, Storage: 28 6Wh

H, Flow: 2 m/s => 6.8 kg/s




On the afternoon of August 14, 2003,
electricity failed to arrive in New York
City, plunging the 10 million inhabitants
of the Big Apple—along with 40 million
other people throughout the northeast-
ern LS. and Ontario—into a tense night

POW E R G R I D of darkness. After one power plant in
Published in

HYDROGEN ECONOMY |

SCIENTIFIC
Cryogenic, superconducting
conduits could be connected _ AMERICAN

into a “SuperGrid” that would
simultaneously deliver electrical

power and hydrogen fuel Ju Iy 2006
—-—'— ! ’
!

“System Crash”

Omni Productions,

Vancouver, BC
CBC Broadcast October, 2008

By Paul M. Granr,
Chauncey Starr
and

Thomas Overbye




Physics World, October 2009

Extreme energy makeover

With the world's population expected to reach 10 billion by 2050, how will we cope with the energy
demand?” £ presents the SuperGrid concept

Fram The Times
Qctober 3, 2009

Science: Stand by for the Supergnd

Why the world needs an ‘extreme energy makeover’
Anjana Ahuja

...a future editor of
Nature...?



Superconductors

- The Long Road Ahead -
Foner & Orlando (1988)

"Widespread use of these
[high temperature] superconducting
technologies will have far more to do with
guestions of public policy and economics
than with the nature of the new materials.”



"You can't always get what you
want..."




"...you get what you need!”
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