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What is Aluminum?

i 18
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e Soft, malleable
e Good thermal conductivity
e Good electrical conductivity

e Easily forms alloys with other metals

 Recyclable

[1] earth.com/earthpedia-articles/aluminum
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What is Aluminum - Uses

e Transportation Sector

Automotive
Aircraft
Spacecraft
Railway cars...

e Electrical Engineering

 Motors/generators...

Cables
Overhead lines

e (Construction
e Packaging

[1 Images from audi-technology-portal.de, ohug.co.nz
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Primary Aluminum Production

e Where does aluminum come from?

e Aluminum does not occur in its pure form!

e Most commonly found in bauxite

© geology.com

e Aluminum minerals in bauxite include largely:
e Gibbsite
e Boehmite

e With the Bayer and Hall-Heroult processes Aluminum is produced

[x] geology.com/minerals/bauxite.shtml

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 7
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Primary Aluminum Production

Bauxite Ore
Bayer Process

Alumina Al,O,

e This is process we
can optimize with HTS! ﬁ

Hall-Heroult Process

e But W|"ly'P Molten Aluminum

Sheets/Ingots/Billets...

[x] in 10 pt (for references at the bottom of the slide)

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 8
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Hall-Heroult-Process (Electrolysis)
 The process is a redox-reaction:

2Al203 + 36 — 4Al ~+ 3602 Carbon e

e (Cathode:

lIron — -
Carbon lining

A13+ + 3e” - Al (cathode)
«— Qutlet for
: aluminium
L AnOde: Molten
aluminium

202+ C - CO, + de”

Cryolite is added to decrease the melting point of alumina
(2000°C to 1000°C) and increase electric conductivity in the mixture

[1] https://www.vedantu.com/iit-jee/hall-heroult-process-with-reaction

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 9
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Hall-Heroult-Process (Electrolysis)
 |Important take away going forward:

APt +3e” - Al
 The reaction scales with electron flow (current)
e Usual operating currents of around 200 — 400 kA (DC)
e Reaction takes place in electrolytic cell (5 V) at around 1000 °C
 Multiple cells are placed in series

e Electrical losses scale with current: W, = I°R

 Highly energy intensive process!

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 10
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Example Aluminum Smelter

l Elektrolysezellen in Reihenschaltung +

+
I

Trimet Aluminum SE
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Example Alummum Smelter

gle C} 100 % GeoBasis-DE/BKG (£2009) Landsat f/ Copernicus Data S10, NOAA, U.S. Navy, NGA, GEBCO | 60m ; Kamera: 237 m 53*307

[1] earth.com/earthpedia-articles/aluminum
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Example Aluminum Smelter
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[1] earth.com/earthpedia-articles/aluminum
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Example Aluminum Smelter

=A

— S

[1] earth.com/earthpedia-articles/aluminum
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Example Aluminum Plant

50-300 m Return Conductor
< >
A

& S
R o
§ |
o o
4 S
= 3
a

e —— - T 1 3

Rectifier Units

[1] earth.com/earthpedia-articles/aluminum
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Example Aluminum Plant

The return conductor carries roughly 200 kA

12 V are lost across a length of 600 m

This results in a power loss of 2.4 MW!

Yearly over 2 million kWh are lost!

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 16
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Multiple Possibilities for HTS Utilization!

GeePS VISION ELECTRIC
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Return Conductor

50 -300 m

<€ >

S~—

2 S
A -
. . o
Magnetic Field Comp. I 3 o
8 8
= 3
>
Interconnection Bus E—————— —— ———
----I ----I
Collector Busbars IIIIII IIIIII I I II
[1] earth.com/earthpedia-articles/aluminum
loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 17
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l1l. HTS Busbar System
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HTS Busbar System — Goals

 To outline a system that utilizes the high current densities of HTS
e Showcase the various engineering considerations of:

e Conductor

* Cryostat

e Cooling machine

e Current lead

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 19
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HTS Busbar System — Overview
e A busbar system must fulfil several requirements:

 Achieve a low temperature

e Possess high thermal insulation

e Insulate electrically

e Be resistant to failures and changes in operation

e System parameters must be measured, communicated and
controlled

* Reliable, controlled cooling system

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 20
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HTS Busbar System — Overview

Electric
Losses
Conventional = |— ,
System S S Electric
Losses
Hot-Cold Transition/
Current Lead ve.
’_‘[ ________________________________________ , — Cooling Costs
Superconducting | == | | iy N
System — = 1 =
‘) Superconductor
CrycIstatf
Cooling

[1] earth.com/earthpedia-articles/aluminum
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HTS Busbar System —HTS

Copper Stabilizer

Sputtering
sil\"er cvl:l :a]cl

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

e YBCO HTS are used

Electropolishing

~0.2 ym Substrate

 Quick Layer explanation

20 pm

— T T T T T T T T T
+MJ..J,..,L,_L_J,.J."..L__-L,_!__'_.“
T T AP #42K
R (P TRt Ty O | D O (RN R M | Gl
L4 L r B10K
S TS PO U (PN NN CHN S S (I
’E‘ 0 S S N S O B A20K
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£ [ _*_ AR O O T T % 30K
- T~ I . A e A I I B A oK
Y IR PO (O S0 WY P S I (e BN (oA e . !
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| I | Lo
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PSS
o---- ® I S S
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S 6 7 8 9 10 11 12 13 14 15 16

B (Tesla) (L tape surface)

[1] https://www.superpower-inc.com/specification.aspx

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 22



I GeePS VISION ELECTRIC
Super Conductors
J q - Paris ~

Group of electrical engineerin \_____/

HTS Busbar System — Conductor

 To achieve the wanted current at a certain temperature, multiple
tapes are needed

e HTS are imbedded into copper to reduce short circuit current

e For DC current, two variations are possible:

Stack Cross Conductor (CroCo)

w

A
\ i

A

I
g %
\d

Y

Wy

I Y
\

[1] https://www.superpower-inc.com/specification.aspx
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HTS Busbar System - Phase

P
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Leiteranordnung_-4*

e The phase can then be comprised
of multiple HTS conductors

supraleitende Bandleiter

]
o

e However, the closer the conductors Varante 674 12 Stick
° —Var@ame 4/3-16 Stgck

are together’ — Variante 4/3 - 12 Stiick
the higher the magnetic influence is:

Reduktion je CroCo in %
o = &
-—-'-.-'_
?’/

\N—

0 50 100 150 200
Radius der CroCo-Anordnung in mm

o

[1] earth.com/earthpedia-articles/aluminum
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HTS Busbar System - Cooling

e Cooling to cryogenic temperature can only with low efficiency:

e Carnot Efficiency:

 Teow 77 K
" Thot — Teorqa 300K —277K

Ne = 0.35

e |deally, cooling 1 W at 77 K, requires almost 3 times as much
power

* |n practice, this number is much higher, at around 10 - 20

 There are alternatives to using cooling machines however...

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 25
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HTS Busbar System - Cooling

LN2 needs to be kept underneath its boiling state

 The boiling state is dependent on temperature, but also pressure

e The pressure inside the
cryostat cannot be reduced
below 3 bar

18

Druck [bar]

e An evaporation of LN2
would cause the HTS to lose
their superconductivity & 0 o0 0 1

Temperatur [K]

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 26
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HTS Busbar System - Cryostat
 Cryogenics —temperatures of below
120 K

e Cryostat —a device that maintains
cryogenic temperatures

e Simplified, it is two pipes with a
vacuum in between

e The vacuum is used to eliminate
convective heat transfer

https://demaco-cryogenics.com/products/vacuum-insulated-transfer-lines-lh2-vip/
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HTS Busbar System — Thermal Insulation

e Convective heat transfer reduction through vacuum (low pressure)

1000 ® AT 70°C meas.

AT 70°C
300 cale

Q=k- ATy —Tp)

@® AT 50°C meas.

600 — + AT 50°C_calc.

400
— —Al_40°C_cale.

200 O AT 10°C_meas.

Heat transfer coeff. [W/(m?K)]

= = «AT 10°C_calc.
0

0 100 200 300 400 500 O AT 5°C meas.

How does MLI prevent radiation heat transfer?

Reflected
Radiation

Q=k-A(T} —Tg)

Radiation

Internal
\ Reflections

e Areduction to 2 W/m is possible

Radiation
Iransferred

https://4spepublications.onlinelibrary.wiley.com/doi/epdf/10.1002/pen.25912,

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 28


https://4spepublications.onlinelibrary.wiley.com/doi/epdf/10.1002/pen.25912

GeePS VISION ELECTRIC
J Super Conductors

Group of electrical engin "\‘______-/

HTS Busbar System — Closed Loop Cooling

e No LN2 escapes the system

e Coolingis done by a cooling machine

Vakuum-Unterkiihler

Unterkdhler

:@:‘l
150 mbar

MESSER®
Gases for Life

Stickstofi
flissig

-196 °C

1
ul 2
ﬂ l | ﬁ Ausgleichsleitung <>

[1] Messer Group

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 29
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HTS Busbar System — Open Loop Cooling

e Only uses LN2 as a cooling medium

e LN2 absorbs heat and latent heat of vaporization cools HTS
e N2 is then expelled into environment

e A steady supply of LN2 is needed

 No cooling machine needed

[1] earth.com/earthpedia-articles/aluminum

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 30
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HTS Busbar System — Current Lead ICE® Link

e The transition between room
temperature conduction and
cryogenic super conduction

e |CE Link Multi-Staged cooler

e Multiple cooling stages to
increase electric efficiency

e Supports 20 kA

Schreiner, Florian: Design of a three-stage cooled Current Lead for Superconducting High Current DC Busbars in Industrial Applications

loic.queval@geeps.centralesupelec.fr Short title 2021-00-00 31
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HTS Busbar System — Current Lead ICE® Link
resistive i’l;gll')igafigfss o ST, ‘30‘2387 sit(age

current path

bailies cooling stage LN> _ A

copper b
lamellas

1. intermediate
cooling stage

283.51 Max 191.83 145.99 100.15
260.59 214.75 168.91 123.07 77.23 Min
A: Thermal-Electric Analysis
Temperature
Type: Temperature
Unit: K

Figure 6.7: Temperature distribution at the surface of the resistive current path for a current of / = 20 kA

Schreiner, Florian: Design of a three-stage cooled Current Lead for Superconducting High Current DC Busbars in Industrial Applications
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HTS Systems — Concluding Remarks

e There are many engineering trade-offs to consider when designing
a HTS system, for example:

* Increasing the distance between HTS conductors means that they
can carry more current due to the reduced magnetic field...

e ...however the size of the cryostat is increased...
e ...leading to more heat entering the system...

e ...increasing the size of the cooling machine and cooling power

[1] earth.com/earthpedia-articles/aluminum
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HTS Systems — Some Recent Projects Worldwide
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SupraRail- SUPRASYS, .
EUROPE SUPRASYS Bilbao 2023 DC 3 1 20 GHe/LH2 | MgB2 Wire
SupraRail- SUPRASYS, .
EUROPE SUPRASYS Bilbao 2023 DC 1.5 10 20 GHe/LH2 MgB2 Wire
SupraRail- SUPRASYS, .
EUROPE SUPRASYS Bilbao 2023 DC 0.5 20 20 GHe/LH2 MgB2 Wire
EUROpE | SuperRail Francia 2021 DC 1.5 3 80 LN2 HTS-Tape
(Nexans)
JAPON Chou line RTRI 2019 DC 1.5 10 310 LN2 -
EUROPE [Ludwigshafen| Alemania 2017 DC 1 20 25 LN2 YBCO
JAPON Ishikari Japon 2016 DC 20 2.5 1000 LN2 BSCCO
Sr.
RUSIA St.Petersburg| Petersburg, 2014 DC 20 2.5 2500 LN2 BSCCO
Russia
EUROPE BesthPath Germany 2014 DC 320 10 20 LN2 / Ghe | MgB2 Tape
[1] earth.com/earthpedia-articles/aluminum
loic.queval@geeps.centralesupelec.fr 2021-00-00 34
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HTS Systems — The Way Forward

e There are still challenges to overcome!

e More superconducting projects are needed to expand operational
knowledge

A need for specialized manufacturing and installation techniques
e HTS are still expensive (50+ €/kA/m)

 With increased demand, production will increase,
causing the unit price to fall

e A greater prominence in society and industry is needed to

[1] earth.com/earthpedia-articles/aluminum
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it GEEPS™ vz

Group ofelectncalenglneermg Paris Super Conductors

anersté@ o Qi ~—
Thanks for the attention!

Questions?
Thoughts?
Ideas?
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