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Objectives and outline

The main purpose is to provide informations about applied
superconductivity from phenomena to applications through
materials.

€ Introduction

€ Historical references

€ Superconductivity for large scale applications
€ Superconducting material (REBCO tapes)

€ Superconducting applications

€ Fault Current Limiter (FCL)
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Superconductivity: industrial activity

Niche market but industrial market

I About 5 185 MEuros (worldwide market in 2012)

I Medical imaging (2500 MRI per year, 30 000 in service)

I Non invasive extremely useful tool

I “MRI (Magnetic Resonance Imaging) has transformed super-conductivity
from scientific laboratory to everyday use; Superconductivity made MRI
a commercial reality” M. Parizh (Phillips).

I RMN high resolution Spectrometer RMN
I Indispensable and outstanding analysis tool

I Thermonuclear Fusion (ITER)
I Solar energy for tomorrow energy

§ High energy physics
I Origins of universe (LHC)
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Main superconducting applications

27 km
(100 km)

40 MW
(900 MW)
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Cable + FCL project: AMPACITY

'Technical specification
-1 km distance between substations

- 10 kV system voltage
= 2 3 kA operatlng current (40 MVA)
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« Superconducting » world

NEXANS®

iemens®

Generator

Particle accelerator| e

. = Fault current limiter
\Chemical reaction

— Crystal pulling apparatus
Fﬁj Energy storage @

Magnetic separation

= o db SR

'Mobile pﬁone base station Super computer
:/ )

H = MRI
Transformer
Power cable

©
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> SEl technical review
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Superconductivity market (2011)

Physics, Power Electronics
945 \devices, 1,60
95

LTS market: 5050 M€
HTS market: 30 M€

< Grenoble
2 Alpes

9 P. Tixador — MATENERZ2018 — Large scale Superconductivity !UN'"""E

D
-~
———



Some companies

Big companies

Siemens

Oxford Instruments Superconductivity
GE

Philips

NEXANS

SuperPower Furikawa

SME and start ups
I THEVA
I Oxolutia
I ...
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Beginning of the story

Greonland
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Superconductivity discovery

i Metal resistivity studies
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Big hopes

H. K. O. visionary immediatly saw one SC application: magnets.
Generation of large magnetic flux densities with little power
=> Project 10 T magnet in 1913.

Lead (Pb) magnet (1913) Tin (Sn) magnet (1913)
9968 magnet 9969 magnet
Low magnetic field destroy superconductivity
= Have to wait type Il superconductors (end of 50’)
(discovered in Soviet Union earlier - Shubnikov /Abrikosov)
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Introduction - History

1908 : Helium liguefaction

1911 : superconductivity discovery
1933 : Meissner effect

. microscopic theory BCS

1960 : High current densities under fields for NbSn
. first superconducting magnet

B = O E O E
—
©
@)
\l

[ |
RN
(o
(@)
N

15 P. Tixador — MATENER2018 — Large scale Superconductivity !g«w;nosb-;; @ o i)



First SC (NbZr) magnet

Nb WIRE, UNANEALED,
-002"DIAM., ENAMELED, | r EN
4296 TURNS R N o

1R Y/ S

N
Cu WIRE,*26,BARE, Pt
- LA

G. Yntema, 1954
Oxford Instrument
Sir Martin Wood
March 1962.
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1908 :

1911

1962

17

. superconductivity discovery
1933 :
1957 .
1958 :
1960 :
. first superconducting magnet
1963 :
1964

Introduction - History

Helium liquefaction

Meissner effect

microscopic theory BCS ¥ 528
type Il superconductors (NbSn, NbZr)
High current densities under fields for NbSn

Quantum effects predicted by B. Josephson ‘\ :

First large scale application (Argonne bubble chamber)
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SC and high energy physics
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Supercondufivity and Accelerators: the Good Companions

Martin N. Wilson
Oxford Instruments, Tubney Woods, Abingdon, OX13 5QX, UK.

Roy Aleksan, ASC 2012
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1908 :

1911

1958

1962

19

. superconductivity discovery
1933 :
1957 .

. first superconducting magnet
1963 :
1964
1968 :
1974 .

Introduction - History

Helium liquefaction

Meissner effect

microscopic theory BCS

. type |l superconductors (NbSn, NbZr)
1960 :

High current densities under fields for NbSn

Quantum effects predicted by B. Josephson |
First large scale application (Argonne bubble chamber)
multifilamentary composite (Rutheford Lab.)
CERN bubble chamber (830 MJ)
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CERN bubble chamber (BEBC)

20 P. Tixador - MATENER2018 — Large scale Superconductivity !g;g;;;;; @ i~ )\l)\
24 Alpes /



Introduction - history

1911

1962

1968

i 1982

21

1908 :
. superconductivity discovery
1933 :
1957
1958 :
1960 :
. first superconducting magnet
1963 :
1964 :

. multiflamentary composite (Rutheford Lab.) '_—
1974 : CERN bubble chamber (830 MJ) @

Helium liquefaction

Meissner effect
microscopic theory BCS
type Il superconductors (NbSn, NbZr)

High current densities under fields for NbSn

Quantum effects predicted by B. Josephson
First large scale application (Argonne bubble chamber)

: first MRI images (first commercial SC application
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SC magnets and imaging system
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1908 :
. superconductivity discovery
1933 :
1957 . \
. type |l superconductors (NbSn, NbZr)
1960 :
. first superconducting magnet

. Quantum effects predicted by B. Josephson
1964

: multifilamentary composite (Rutheford Lab.) ':_
: CERN bubble chamber (830 MJ) @
. first MRI images (fist commercial SC application)

1987 : °

1911

1958

1962
1963

1968

1974
1982

23

Introduction - history

Helium liquefaction

Meissner effect
microscopic theory BCS

High current densities under fields for NbSn

(OF

First large scale application (Argonne bubble chamber)

high Tc” discovery
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High T, discovery

1986

Possible High T, Superconductivity
in the Ba—La— Cu—0 System

J.G. Bednorz and K.A. Miiller
IBM Ziinch Research Laboratory, Rischlikon, Switzerland

phases, ¢ of them a perc
the samp lr show a h'\cu !
increase, interpreted as a b

to three orders of magnitude e
tivity. The highest onset temperature is ob
reduced by h current densitics. Thus, 1t e

1
ossibly also from 2D superconductin
{ the phases present "
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1908 :

1911

1962

1982

2007

25

. superconductivity discovery
1933 :
1957 :
1958 :
1960 :
. first superconducting magnet
1963 :
1964 :
1968
1974 .

. starting of the biggest SC system: LHC

Introduction - history

Helium liquefaction

Meissner effect |
microscopic theory BCS ‘i
type Il superconductors (NbSn NbZr

High current densities under fields for NbSn

(oF

Quantum effects predicted by B. Josephson
First large scale application (Argonne bubble chamber)

multifilamentary composite (Rutheford Lab.)
CERN bubble chamber (830 MJ) @

. first MR |mages (fist commercial SC appllcatlon
1987 : °

‘high Tc” discovery
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LHC: bigest SC system

1232 dipoles
392 main quadrupoles
+ experiences (ATLAS, CMS...)
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July 4, 2012: day H at CERN

P. Tixador — MATENER2018 — Large scale Superconductivity

n praise of Chanter schools
The R Britain's Barking wandal spreads
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Summary: applied superconductivity

End of 50’: high J, under field st i N
Applied SC is born 1986

Possible High T_ Superconductivity
in the Ba—La—Cu~=0 System

Argonne magnet
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Superconductivity for large
scale applications



Superconductor

Superconductor:
perfect conductor, but not ideal!

> -
i () [100.00 A
3 | 90.00 A
ol <o (]| 99.93A
m  |Hundred | [
A/mm?2 (4L
30

T<T, ==
= Cryogenic :H:
» Cost —

» Psychological Fear
+H<H*"&J<J,

+ Superconductor cost



Cost of energy removal at low temperatures

w 80 ——————r e —
Q : T =300K
t 60 Flak: 74 WwwW
(Carnot)
40 [
: 20 K: 14 W/W
20 65 K: 3.6 W/WI
ol ... ., r——r—— -

« 1liter He (LTS)=5€
« 1liter N, (HTS) =0.08 €
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Cost of energy removal at low temperatures

Q | T, = 300K | n Nre
f 60_—4K:74WNV B ref BRI m=— o< =t : /
(Carnot) 1 0.1 343 R G e B 0.1-0.3
40 [ _‘ DR ra Yoy it SEE L R R
: 20 K: 14 W/W : K /7 (L. AR W W
20| 0.01 ol LI I .
y 65 K: 3.6 W/W. S an | 2 Toew 1 Strobridge
Z I Ll it ter Brake
0 e Loy 1 ——— 1 [ Wl

0 20 40 60 80 100 1 100 10000 P (W)

« 1liter He (LTS)=5€
« 1liter N, (HTS) =0.08 €
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Cost of energy removal at low temperatures

w. T -T 1 => Strong interest
— C
W 0 = 7 to operate at
c My “high” temp.
W 80— 1 ‘
el I T =300K i 1
% eof 4 K: 74 WIW - Mrer - L SR et
(Carnot) | : 0.1 = Fa ity =0
40 [ _' o SR T 0.1-0.3
i 20 K: 14 W/W : X, /7 (1aNAMEU EESY IS M1
20 [ ] 0.01 ”, ‘;.,L,.f.,v.,,.“.\..o.dj"' .
- 65 K: 3.6 W/WI EC e o Strobridge
obl T — 3 - i“.;;'::f‘:"?‘i;‘" . ter Brake
T_(K)
« 1liter He (LTS)=5 € Liquid N,: environt friendly cooling fluid
« 1liter N, (HTS)=0.08 € & electrical insulation
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Two main cooling solutions

LN2 production
overstep

60 000 tons/day for
some large plants

Comonly used
In industry

sub
cooler

,,,,,,,
2] pressure
44 bulld-up
.......

circulation [

pump

HTS cable

68 K

Liquid N,: environt friendly cooling fluid
& good electrical insulater

< Grenoble
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Po.=0BuUtP,. #0

Faraday law: curlE =—-— E +J :losses (5P =EJ [W / m3])

AC losses may be reduced by a suitable
structure but not suppressed.

=> |Interest more in DC than AC
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Perfect conductivity Py- = 0

Field decrease measurement => <
Mills & Files experiment (1962)

Resistivity (zQ.m)
N

[ FIELD RUN| 5
: GAUSS 8=2I04.88232(I-&00x|0":?) WTERRUPTION, | 2 .
2 [ 204,884 a\ ; B:2104.88118(1-961x10 1)
' b 2. P ; |
_ . i : | |
0 50 100 150 200 250 204880 “’*——"‘"‘*‘3;#3"~jj§‘:,ﬁiig'_':;-{;j°. ey &L
T (K) R E R LR i £
10 [ o ity &2
\‘}\ 2104876 |—————— e R S ~ —t— ~~:'5
_(¥)]100.00 A i
N | |
.) ((}/Y(ﬁl) 0 zalo 480 720 980 1200 1440 1680
1
90.00 A Experimental time constants:
09 93 A Test1: T =144 000 years
=> p <102 QOQm
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Persistent mode

How to induce a current in a SC coil?

ires \ I
He;:ing > SC
element mag net
i
%

SC shunt with thermal control
- heating: normal state, high resistance
- no heating: SC state

(SC shunt with field control as well)
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Current supply: end of cycle

AIsc ——
w | ===
'E Ish — =
O 1]
- res <
7
Q:) N s
P
7 N time
Zz b >
Ips:O Isc
ug = » IshA
SC coil in persistent mode:

- no power supply
- ultra-stable current
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Perfect conductivity

p = 0 => I/J infinite? 10 prrrrrerrerrree T
8 i
v Vv §6§
A Sl
O -~ “ 2 criterion: 1av/em, |
0L 1
T -

0 50 100 150 z:oo 250
i(A) )

C

V: voltage (V)

E: electric field (V/m) (uV/cm)
Criterion to define |,

E =100 pyV/m (1 yV/cm)
International standart
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E-J Characteristics

Experimental E(l) curve

w

~~ u v v

c —=-liquid N, at 77 K #

~— —S-gasHeat77 K

2z |

O FYSCO05

S ¥

U— h

= )

3 ff

()]

LLI OJ

0 100 200 300 400

Current (A)

MODEL mmmp

— 3 |
= [
> 4
=
o 3 F
2 :
5 2f
= - Criterion 1 yV/cm
o 1TF-----=----
Q@ [
L 0L '
0 500

Current density (MA/m2 )

» Relation valid for local
current density

> Infinite stiffness =------
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E-J — Critical State Model

Electric Local current density
feld ONLY 3 values
Current 50
-J. dthlty o
+J > - Jc
Critical state
model
(CSM)
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Critical State Model — Bean model

Bean model:

Critical state model
+

J. constant (not function of B)

Bean Model very used
Especially for analytical expressions
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Critical current density J,

Jo = Jc (T, B, (6), (¢))

J (42K ; 10T ; ¢)

10000 -
2000
! 120 ¢ J(@2K; 10T 0 %)
1500 J (M10T,01%  _ 80001 J(B)42K0,1% 100 §
e Q [
= E 6000 Nb,Sn 80 |
E 1000 5 :
2 < 4000 OF Nn Sn
Ho Ho 40 .
>00 2000 :
i 20
0 P I ) | 0L
2 4 6 8 10 12 14 0 0 ' '
001 0,1 1
T (K , 1 e (%
w  T® B (1) %)
1500 6000 asT
[ S000 F
1000 w 4000 }
E. : ;='f_3000 :
500 - ‘. ] ~ 2000 |
10.T. ® [) 1000
S L
3 -40 -20 0 20 40 60 80
0 () Courtesy T. Benkel 0-n/2 (deg) Courtesy J. Fleiter
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Critical surface

I Three main dependent limits (T, B, J..): critical surface
A

J MA/m?) ' J, [A/mm?)
10 000 o ~——_
NbTi ~——
T=1.9K /] R
T=4.2K /| ’»Nle
i B =5[T]
Nb3Sn 100,000 ¢ T
10.000% 7
ZE B (T) Lm@& ,% AN ]
T (K) (N) (He) 100} 1\ )% H B(T]
—— A A
.t . . / 5
I T.&H;: |ntr.|n3|c o s 7 Gourtesy
i J_: elaboration (pinning) 5 L. Bottura
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B-H characteristic

B = 0 in a superconductor (Meissner effect)
Forqget the Meissner effect for larqge scale applications!

é\;& B=p, Hj

B 4 - ~

Mixte| state
Uo HC1 (O K)
Mot | NbTi: 10 mT
<<_>> Nb,Sn: 17 mT
H |[YBCO:<70mT
B mam— : I >
He: kOp erating zone J - He, Not to scale!

45 P. Tixador —- MATENER2018 — Large scale Superconductivity !”c”rgé?,i;{é @ )/\l)\



B-H characteristic (M-H)

P. Tixador — MATENER2018 — Large scale Superconductivity

B
B=u,(H+M) = -M=H-—
H,
E T=-42K -M E T=42K -M
= =037, Non irradiated % = B
E 7 C E 1 «irradié 65 x 10'® nvt
T — 0,2 Q T -02 “m,
| -
)
-0,1- X
’Hc2 -CC)
0 } } @®
- Hc1 HCZ C_U
0,1 2
i )
0,2 D
i =
O
0,3_ Ll_
_02  -01 0 0,1 0,2 02 -01 0O 0,1 0,2
H(MA/m) H(MA/m)
Non irradiated Nb sample Irradiated Nb sample
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Levitation experiment

Based on induced current
(Lenz law)
and absence of damping
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Superconducting wires

- NbTi (3000 tly) — 9.5 K
Low

© « Nb,Sn (25 tly ITER) — 18 K

i ey
J Aeve *
I A P e 0%

«’an
.....
OO

. MgB,— 39 K
. BiSrCaCuO (1G)
High 85— 110 K
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Mechanics: must be stress tolerant!

Fundamental for LTS magnet
« Ultra sensitive to mechanical perturbations

High mechanical performances often required
« Magnets: high J and B => high Lorentz force (JB)

« Solenoid: 0 = J B R (independant turns)
I. vs. axial stress

@4.2K,19T

T T T ] L]
; 1-0h—|ﬁw 5 1<0|'!m-‘
£ £ ;
S o 5| |
N J «gA N
=7 09¢f ® ~°
2 . 2
o B SuperPower o i B SuperPower
5 0.66<¢ <0.68% 5 800< ¢ <830 MPa
TL; 0.8 A Bruker HTS Oa' § 081 A BI:“ke’HTS 7
o 070<¢g <072% 889 3 740< ¢ < 750 MPa
= = i
G o suNAm o = < SuNAM
- 0.7 0~6.7<f,,"<k0-694 ; 0.7 || 830< 0, <840 MPa
N wikura Q ® Fujikura
,—E‘, 0~i3 <g <0.57% 0899 % [| 750<a <760 MPa
S 0.6 0.45 <5£up<e(r)<1x7% * " a E 0.6 @ superox
° 45< ¢ <0. S 770< @ <800 MPa
. . C lllllllllllllllll
0.0 0.2 04 0.6 1.0 0 200 400
Applied strain [%] Applied stress [MPa]
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* Superconductivity market exists
5185 Meuros in 2012
 Dominated (> 60 %) by MRI and NMR
» Fully still dominated by LTS (> 90 %), NbTi

* Persistent mode for SC magnet
* Resistive (inductive) shunt to inject current

* Very stable current and no power supply
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€ Introduction

€ Historical references

€ Superconductivity for large scale applications
€ Superconducting material (REBCO tapes)

€ Superconducting applications

€ Fault Current Limiter (FCL)
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Summary LTS

i LTS by far the most used SC
I 5050 M€/ 30 M€ for HTS (SC devices 2011)

B Two main LTS materials: NbTi & Nb,;Sn

B NDbTiis by far the most used SC
I 3000 tons/year

I Easy to use and handle
I Limitedinfield: 9T (4 K)& 12T (1.8 K)

B Nb,Sn complex to handle (brittle, reaction)
I B<23.5T (1.8K)
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HTS breakthrough

Z Phys B - Condensed Matter 64. 139193 (1936) Ca’]de’]sed
e Matt
fur Physik B er

C Springer-Verlag 1986

Possible High T, Superconductivity
in the Ba—La—Cu—0O System

J.G. Bednorz and K.A. Miiller

IBM Ziirich Research Laboratory, Riischlikon, Switzerland YBaCuO
Received April 17, 1986
January 1987

Metallic, oxygen-deficient compounds in the Ba —La —Cu -0 system, with the composi-
\ tion Ba,La, ,Cu,0Oy4 ., have been prepared in polycrystalline form. Samples with
x=1 and 0.75, y >0, annealed below 900 *C under reducing conditions, consist of three
phases. one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
tivity. The highest onset temperature is observe
reduced by high current densities. Thus, it results
bute possibly also from 2D superconducting flu
of one of the phases present.

Woodstock of
Physics 1987
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HTS interest

Stability o A ' —r=sd
(behaviour :. 28 uJ I" . _;E
against i NbT @ 4K © \w=129J
. G | $ | = le. -
perturbations) ' \ (F. Trillaud) ¥ | W
ol — - Seas

Time (ms)

REBCO @ 4 K (B. Vincent)

. W
Cryogenics q “™ 1 -3k
ok 78w + 1 liter He: 5 €
+ 1 liter Ny: < 0.1 €

40 20 K: 14 W/W

20 65 K: 3.6 W/W Liquid N2'
ol ot r——— : : i
0 20 40 60 80 100 industrial fluid
T (K)
C
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HTS specificities

Phase diagram of a superconductor - LTS

HCQ critical line H, _ _
« One single line
- (RS + Critical line H (T)
O * Relevant: J_ =0
L | J.#0
flux pinning
Temperature T,
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HTS specificities

Phase diagram of a superconductor - HTS

critical line H,

resistive

flux flow
J.=0

irreversibility
“ line H*

flux pinning

Temperature T,

Two lines
« Critical line H,(T)
* Not relevant: J. =0
« Irreversibility line H*(T)
* Relevant: J_# 0
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Irreversibility lines

120

ElOO \\

o N

e &0 . Strong
\ ]

2 60 M\ YBCO (1) interest for

2 o i YBaCuO

§ 40 Nb,Sn a

S Nb-Ti

Bi-2223 (1)

0 20 40 60 80
Temperature (K) Courtesy D. Larbalestier
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HTS specificities

High anisotropy

O
o ‘ 0
(o A
LL c
J axis
o2 o\o -
Cqu o

plane

o

CuO
%E% # C. Bougerol
O

YBayCuzO7y

| Ceramic brittle materials

Sintered Textured Epitaxial

c axis aligned  All aligned

Epitaxial film

Textured bulk Bi YBaCuO

Textured tape (OPIT) -]_
: .
.

Sintered bulk

10 100 1000 10* 10°
J (A/mm?)

[E—

J_(77K, OT)

I Very sensitive to defects (E)

'~ Grenoble
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HTS specificities

.;’ - < C. Senatore, UNIGE
P GB angle
o« 10° - ] L.
§ i‘j ab planes alignement not sufficient!
= '
o S f Deviations higher than 6 degrees
: imeazinn o already reduce J, significantly
@ Bi2212 @Bi2223 8
e e »  Challenge: make a ,crystal” on km lengths!
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Texturation

« Mechanical texturation (drawing): 1G BSCCO

« Texturation by epitaxial deposition: 2G YBCO
« Requires to deposit on a textured support
Coated conductors

< Grenoble
2 Alpes
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Coated conductors - two main techniques

Basis: deposition on a textured support
Textured layer on a substrate or textured substrate

lon Beam Assisted Deposition Rolling Assisted Biaxially Textured
(IBAD) Substrates (RABITS)

Ion or

WA=

Rolling and
Annealing

Ion
beam

/4
/

PLD, Sputtering
Thermal evaporation

‘ CVvD,CSD
YBCO

(CeO)) Textured — Textured

YSZ

IBAD-YSZ buffer layer CeO, substrate

untextured metal

VW N AA

ﬁ? Hastelloy substratd

textured metal

Grenoble
Alpes
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Coated conductors — IBAD process

b —

- 4 | A Bu’ffrgr Sputtering
_ MOCVD "=

Electroplating DepOSItIOn methOdS

Copper Stabilizer

Silve:puouev':glayer ¢ P h yS | Cal

MOCVD .
(RE)BCO - HTS (epitaxial) e Chemical

IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing

~0.2 ym Substrate

< 0.1 mm#*

SuperPiwer.

A Furukawa Compan
20 ym pany

o
=
.
e
—

< Grenoble
2 Alpes
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Coated conductors

Contactlayer GdBaCuO Cap layer MgO

Ag Orientation layer I
ISD-MgO

/

E-polished substrate

Hastelloy C276

rface
1000.0124]
600.0
4000
2000
» oo 0000 300 400 S0 800 |nelined Substrate
position [rmrm] 5
. =700 Alcm-w (77 K, sf) Dep%SrgIC?QSSSD)
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Coated conductors

Typical critical characteristics

I. vs. axial stress I.(4) J (MA/m’)
— 1500 vy errerere et
. 4K (B) |
=~ ' 13000
5 : o 4o 1000 L |
8 B SuperPower A ‘ 1
5 800< & <830 MPa i Q 1
3 oosf Ll 2% 3 | 12000
3 || 740< g <750 MPa 5 - 8e ° e 20K (B )
= ; O o \ “ Ig
5 <« SuNAM ; A ; 500 ? Y T
- ® Fujikura A &) o, m
= | 750< 6 <760 MPa % « © ] i l._ ¥ " ., ]
g 06| ® SuperOx i ) A® [m] i i ] ° 4K (B )
Q 770< g <800 MPa : * L 40 K (B ) |
LT [ SS— P T S S I OA“.llg,‘.l.“Al.,..O
0 200 400 600 800 100( 0 5 10 15 20
Applied stress [MPa]
B (1)
Performances fit main applications
Really technical superconducting conductor
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HTS materials summary

Cost, cost and cost!

* PIT: niche applications, a few manufacturers
* MgB.,: niche applications (pending CC?)

« CC: large hopes, a lot of manufacturers

A lot of room for improvements

HTS applications
 First application: HTS current leads

« Second application: FCL, HTS high field insert
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Superconducting materials

. NbTi (3000 t/an)

¢« Nb;Sn (15 t/an)

 MgB,

. BiSrCaCuO (1G)
High

¢ « YBaCuO (2G)
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Superconducting materials

Material Length Cost* Applications
. Low (1) <9T(4K)
NbTi Mature / (< Cu) <12T(1,8K)
Still
Nb,Sn Drogresses / 5-10 >127T
R&D
MgB, Margins km 5-10 <3T@20K
BSCCO R&D Kkm 50 — 100 (inserts)
(1G) Progress (Ag)
R&D 100 — 250
YBCO (2G) Cost Hundred m Brorees Inserts

*: €/kA/m (77 K, 0 T, HTS), (4 K, B, LTS)
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Superconducting materials

104 I . ] I .
Nb-Ti j j YBCO BJ| Ruban —] ;
4.2 K LHC quadrupdle / SuperPower "Turbo”, Rubna w
< ! ! ] double couches - |
§ ' y w ' C } -
< ' 1 ""s:;: — e o
e,e' ———
E @ 2212
=10° ¢ ) 666 filament OST
s -* . I ! !
2223:BL \
Ruban YBCO Bl Ruban
102 - sumitomo ! 1
Nb'Tl High-J. Nb,Sn
MgB,: vis7s N Iseult
Columbus ! A (Luvata)
. N
MgB,: 2¢™ Gen. 1 b G1
AIMI 18+1 -
Hypertech 2013 /
10 S e S e ey ey aa |
0 5 10 15 20 25 30 35
B (T) Avril 2014
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Summary HTS — Take home message

I HTS devices still very small market (30 M$ / 5050 M$)

I HTS: 2 wire generations
I 1G: BSCCO tape and round wire (niche market)
I 2G: YBCO coated conductor (great hopes)

# 1G: niche market due to high intrinsic cost (Ag)

I 2G: low material cost, high process cost
I High performances (J.,, mechanics)
I Anisotropy, delamination, cable

B MgB,: low cost, competition to LTS for medium fields
at about 20 K, DC applications, advances underway
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Superconductor interests

§ High current densities under magnetic fields
I Volume reduction
i No loss in DC environment
I Energy savings
I Possible energy storage
I Magnetic bearings
i SC to dissipative state transition
I Fault current limitation
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Comparison for a magnet

Bitter Supercon. Ratio
Magnetic flux density (T) 10 11 1.1
Core (mm) 500 500 1
Supply (kW) 14 000 5 2 800
. 200 100
Cooling (kW) (pumps) | (liquefier) 2




Losses in SC (under critical surf.)

Function of the electromagnetic environment

# Time constant electromagnetic environment
I No or very low losses

§ Time variable electromagnetic environment
I Losses: AC losses

%E=—%—B E+j:losses(5P=EJ)
4

=> |Interest more in DC than AC
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Superconductor uses

Applications with large stored
magnetic energy

=%fffB-dedydz— ff B* dxdydz

Espace Ko Espace
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I Applications difficult without superconductors

I New types of applications

I Improvment of conventional applications



Applications difficult without SC

Superconductivity inescapable
Devices difficult to design without superconductivity
» High magnetic flux densities
* Large magnetized volumes

RMN High energy Thermonuclear

MRI Spectrometer Magnets physics fusion

Philips® L7 : e 4 Corn® L if—
©
— g
~— 40 MW (900
78 % 20 %
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New types of applications

New functions
Innovative devices

Properties inherent to superconductors
= quench from SC to normal state
* No DC losses

Fault Current Limiter SMES

- : :
agnetic bearings (FCL) (magnetic storage)

NEXANS®

< Grenoble
& Alpes
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Improved devices

Improvement of resistive devices
* Enhanced compactness & efficiency, weigth reduction

= no DC loss
+

Possibility to integrate innovative fonctions (limitation)

Electrical rotating

) Cables Transformers
machine

cccccccc

Siemens®

< Grenoble
& Alpes
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Supercond. and large scale applications

i Higher power Quality and security

I FCL, Low impedance cable, high short-circuit power, high meshing
1 Higher power density
I Transfo. & machine (30 / 50 %), cable (> 50 %)

§ Enhanced efficiencies
I Transfo. (50 % (> 80 % mobile)), machines (30/50 %) magnets (> 90 %)
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SC power application - Summary

No. of projects
or demonstrations

-.“Ca;ble
(arbitrary unit) 2

Generator 0 [avel

First of a kind Full
Demo system| commercial | commercial
system application

Basic ITe(hnology Applied Small scale | Large scale Prototype
research | formulation research prototype ‘ prototype system
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505 km/h

Project approved by Japan:
« Tokyo-Nagoya 2027 — 286 km — 40 min (5.5 trillion yen)
* Tokyo-Osaka 2045 — 438 km — 67 min (9 trillion yen total 65 b€)

Tests (Yamanashi test line - 42.8 km): > 106 km
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Superconducting power devices

§ Only very few industrial devices

I NbTi magnets for magnetic separation
I Averyfew FCL
I Many very successful experiments

# Three main reasons
I Resistive systems in general high performances
I Cryogenic cost and fear
I SC device: revolution, not simple evolution

Superconducting power devices economically possible
only with HTS at moderate cost
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Do not forget

250 W @ 20 K 2509 — 0.2 W @ 77 K 200 kV bushing

Fields perfectly mastered
if correctly designed!
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Fault Current Limiter (FCL) - Need

Ultra simple representation of a grid:

grzd Grid design: compromise

= Power quality low Z_;,
E T( AV Zload VAV _

v" Perturbation

8 Fault current E/Z

v" Device over-design
v" Breaker cutting capacity
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Need for a fault current limiter

Electric grids:
« extremely important in our countries
» critical infrastructures

Security and power quality:
two main demands today

Improved security: 7, _— | |
O ective but if fault:

. — Icc = Icc1 + |002
E TC) ET() Z ‘ FCL required
No today satisfying FCL

Superconductivity brings attractive response
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= 100 "
% . —i(A) jgg e (V/m)
— R 20
h; 50} - 800 550" | - :
= [ 600 I i peak 0,4 10 4 40
g ol -200 |
m 0 0 400 | o 120
Current density i/S 2% | o - 40
urrent density 1 A (\ 20 25 30 35 40 45 50 A
v 0 N v t (ms) VARV 0
|<—‘ 200 £ ¢ 1 _ s
9_/ . -400 -g g U Isolation & recovery g % -20
: 21 > 2%
=0 600 | <y a0
-800 Fault  Openning g . a . A Clolsmg
0 50 100 150 200 250 300 350 400

t (ms)

FCL makes possible a low grid (zero!)

impedance BUT a low fault current.
Graal for grid designers!
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Fault Current Limiter - FCL

S
o g i itou
0 500 1000 R \ -
(\ ) J (M Alm2) 002 004 006 008
I . t(s)
Nearly invisible in NO so0' ™M
spcL ©  Self triggering ' o000 | P
Fail safe ‘ 50"3: /\ /\ ;
Automatic recovery Short 000 \/ \/
o circuit -10000 | . :
Current limitation 115000 | With FCL
Uses i : 002 004 006 008
Fault « isolation » )
19
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FCL — State of the art

(Courtesy L. Martini)
(Courtesy H.-R. Kim )

Many successful

s,

1 =< experiences.
0w

05 Some test

@ experiences

USA (Santa Clara) 15 kV / 1 kA
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' Technical specification
- 1 km distance between substations

- 10 kV system voltage
= 2 3 kA operatlng current (40 MVA)

APACITY

Smart grids for the city (4

# since spring

3 L/y Substatlon
| /W Herkules

a3y

.

v .‘Ik 7 P

Y BF L ? ,
N 4
p) gl

| ¥,/ ’ ';V’_\_’*‘) A
‘ RO

In operation

2014

P B
. o A F A XY i .

Courtesy M. Stemmle
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FCL from SIEMENS in Augsburg

»ASSIST* - SFCL for public 10 kV grid

swaNetze SIEMENS
of Stadtwerke Augsburg, Bavaria, Germany

SFCL based Solution (SFCL+switchgear+control+DAQ) successfully installedand inauguratedin 03/2016.  sujurschos s i }m

Details

+ Collaboration of Siemens EM, CT & Stadtwerke Augsburg

« Integration of MTU's extendedtesting facility of combined heatand power
unitrequires reduction of short-circuit current

« Combination of superconducting 15 MVVA SFCL with ultrafastbreaker and
parallel series reactor

+ Closed coolingsystem(cold heads included)—no blow-off during
limitation

+ Reduction oflosses comparedto conventional solution

+ Increased system stability, no voltage drop

+ Large area breaker up-grade dispensable

+ Timeline:
« Apr.15, 2014: projectstart
+ Mar. 15, 2016: officialinauguration
« till Jan. 15, 2017: data acquisition & monitoring (to Siemens Erlangen)
+ Continued operation planned after projectend

Installed vessels

Courtesy Tabea Arndt - Siemens

< Grenoble
& Alpes
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FCL: market starts! Birmingham (UK)

Commercial SCFCL in Western Power Distribution (UK)
Bus tie coupling

Location

Recovery
Location

Cooling power
(RT)

Chester
12 kV
1.6 kA

20 kA peak

9.9 kA peak
100 ms
30s
Qutdoor
18-50 kW

Bournville
12 kV
1.05 kKA
22 KA peak
7.7 KA peak
100 ms
30s
Indoor
18-30 kW

SCFCL putin
operation late 2015

(|
WESTERN POWER=~

DISTRIBUTION

SCFCL 12 kV / 1.6 kA Starting end 2015
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FCL: market starts! Rayong (Thailand)

APPLIED
C,qr @ MATERIALS
ﬁﬁm.,ll!!? '

Voltage 115 kV
Rated current 550 A
lprospective 5 kA
SloW En Thailand). Ilim 2.5 kA
230 kV Shunt (react) 15 Q
)
S BIL 550 kV
e AC withstand 230 kV
115 kV 115 kV ks
j l Bus Tle Breaker
Open
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SCFCL- Conclusions

O SCFCL: an innovative device for a real demand (better grids)

O High short-circuit power but low fault currents (Graal!)

First commercial SCFCLs in MV (Birmingham) and HV (Thailand)
SCFCLs already out of the laboratory development phase

Now midway between the pilot projects & industrial deployment

iy Wy Wy N

Many people still think SFCL remains a laboratory device

O Communication about field test experiences

Grid designers should know that they have a new device
Have to suppress the psychological fear against cryogenics
Field tests on long periods to remove last utility’s fears

A lot of space for improvements

Conductor cost should no more be an issue

(I Wy Wy Wiy Wiy N

Cryogenic could be critical for cost

< Grenoble
2 Alpes
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Conclusion, take home message

* LTS market: mature niche market still growing
o MRI, NMR (physics)
o 4 K cryogenics remains an economical hurdle

« HTS market emerges

Cryogenics no more an economical hurdle

Conductor remains today an economical hurdle

Lot of advances in YBCO, many actors
Superconductivity: enabling technology

« SC FCL, VLI cable, rot. mach. for wind farm, planes...
o HTS market takes off with a few FCL orders

o Fears (cryogenics) should be overcome
Field tests on long periods to remove last utility’s fears

o Communications
SC FCL exist: a new device for grids

O
O
O
O
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