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12 mm HTS wire production, km/year

HTS industry — Driving force SuperOx

Innovations
Recent progress in fusion science and technology marked

700 massive increase in demand for HTS wire and HTS products
(cables, magnets, etc.)
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500 2020 — pivotal point in the driving force for HTS industry: from
pilot HTS-enabled devices (SFCLs, motors and magnets) to

400 fusion equipment
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Driver: pilot HTS products  Driver: fusion science and
(SFCLs, cables, motors, technology projects and
fusion magnets) startups




Mission - End-use products

Project

Development of 2G HTS
production technology

Pilot 220 kV SFCL: engineering
and construction

Development of HTS propulsion
systems for aircraft

Custom HTS wires for magnets
and fusion

Pilot 20 T Magnet: engineering
and construction

Pilot 220 kV SFCL: operation

Series 220 kV SFCL: engineering

Custom high-field magnet
engineering and construction
(Fusion and other)

Status

Completed - technology
transferred to dedicated 2G HTS
wire producer

Completed - product delivered to
Customer

Completed - technology
transferred to dedicated aircraft
propulsion systems producer

Completed - product delivered to
Customer

Completed - product delivered to
Customer

Ongoing SuperOx project(s)

Ongoing SuperOx project(s)

Ongoing SuperOx project(s)

SuperOx

Timeline

2006 2007 2008 2009 2010 2011 2012 2013 2014

2015 2016 2017 2018 2019 2020 2021 2022 2023

SuperOx mission — development of HTS-related products for end-use segment

had to be updated



Custom HTS wires — developed in 2020-2023

Magnet 2G HTS wire
SS/HTS/SS

SuperOx

High-current “Leaning stack”
Multiple HTS tapes in copper jacket

Double stack heavy duty wire
Copper/HTS/HTS/Copper

auniy

Wire type

Magnet 2G HTS wire

Heavy duty 2G HTS wire

Leaning stack

Intended use

Large bore (100 mm+) high-field
magnets

General purpose wire (cables,
magnets etc.) with exceptionally
high adhesive strength

High-current applications conductor

Width 12 mm 4.8 mm 16 mm

Thickness 0.23 mm 0.35 mm 3.5 mm

Critical current (77 K, SF) 450 A 280 A 2700 A

Bending radius 20 mm 5 mm (15 mm with joints) 80 mm

Piece length Up to 300 m Up to 700 m (with joints) Up to 100 m

Adhesion strength > 7 MPa > 20 MPa n/a (much stronger than 20 MPa)

Custom HTS 2G wires and solutions are available in reel-to-reel production




High-current HTS conductor — “Leaning Stack”

165 mm diameter, 11 turns solenoid
Ilc (77K) =2703A; Bmax=0.15T
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“Leaning stack” high-current HTS conductor is available in
reel-to-reel with 100 m piece lengths



HTS magnet technology development

SuperOx

Technology available in SuperOx

Double pancake

Layer-by-layer

Intended use

Large magnets
(100 mm + bore)

Compact magnets
(2100 mm or less bore)

Example

Conductor (manufactured by
SuperOx)

Hastelloy C276 laminated 12 mm 2G HTS wire

Double stack of 4 mm 2G HTS wire

Operated current

500 - 1200 A

300 - 500 A

Conductor tensile strength

900 MPa @ 95% Ic

500 MPa @ 95% Ic

Cooling type

LHe or conduction-cooled

LHe

Cost-effective high field magnet production technology is available



HTS magnet production

Customer: domestic research institute (Saint-Petersburg)
Rated Field: 20 T

Operating Currents: 700 A (outer); 486 A (inner)
Cold Bore: 40 mm

Cooling type: liquid He

Cooling power: 1.5W @ 4.2K; 200W @ 60K
Construction: combined

IPERCONDUCTOR TO THE FL

Outer solenoid — 12 mm HTS, pancake winding
Inner solenoid — 2x4 mm HTS, layer winding

40 mm bore 100 mm bore Cryostat with
inner solenoid outer solenoid magnet assembly

Magnet successfully provided 20 T field during Customer’s tests



Cryogen-free HTS magnet prototype

Cryomech AL300

cold head
Customer: domestic research institute (Novosibirsk)

Rated field: 35T

Operated current: 550 A
Cold bore: 108 mm

Cooling type: conduction-cooled
Cooling power: 120 W @ 40 K

Current lead, thermal

cold head current leads:

# #2 bridge and sapphire
HTS pancakes: # # - #3 insulator
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Production of cryogen-free solenoids confirmed



Superconducting Fault Current Limiters

Pilot SFCL 220 kV — complete in 2019

Customer — JSC “UNECO” Federal Grid Company
Position — 220/20 kV Substation, Moscow (West)
Voltage class — 220 kV

Quantity — 1 (3-phases)

In continuous operation in electrical grid since 2019
SuperOx provides full maintenance of HTS SFCL
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HTS SFCL placement at Mnevniki substation

New Series-type 220 kV SFCLs

Customer — JSC “UNECOQ” Federal Grid Company
Position — 220/20 kV Substation, Moscow (East)
Quantity — 2 (6-phases)

Voltage class — 220 kV

SuperOx provides consulting during engineering

(ongoing)
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Pilot SFCL operation — Current limitation

Short circuit list at Pilot SFCL substation

Current
Date Type thSrI(:)(u:ﬁh Transition
RMS
2020-04-16 Remote |4.5 KA (6.4 KA) Yes
2020-07-14 Remote |1.6 KA (2.2 KA) No
2020-10-12 Remote | 1.6 KA (2.2 KA) No
2020-11-05 Remote | 2.1 kA (2.9 KA) No
2021-01-16 Remote | 1.5 kA (2.1 kA) No
2022-06-30 Remote 1,5 KA (2,2 KA) No

Current, kA
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‘ — Short circuit in power grid
. (expected shock current 12.5

~~" Short circuit during KERI test
A (expected shock current 53kA)
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Comparison of current limiting in power grid (Moscow) and
KERI (Korea)

Current limiting during testing and in real grid is identical proving SFCL
engineering correct 10



Pilot SFCL - Cooling system maintenance SuperOx

List of cryogenic system malfunctions

SFCL composition:

- 3 Phases (High-voltage Superconductor part) Ne Failure description Solution

T gréﬁffgné%iiys(t)irlgr(sLow-voltage auxillaries), including: 1 Shutdown of the cryogenic cooling Implementation of automatic
1 LN2 distribution system System restart
1 Water Chiller Control System software

2 | LN, leakage — control system error update

During 2019-2023:

* Phases (High-voltage Superconductor part) - operated 3
correctly

» Cryogenic system (Low-voltage auxillaries) — several
malfunctions occurred and successfully recovered

Cryocooler failure — manufacturing |Compressor turbine
defect replacement

Condenser repair (leak

4 |Chiller failure — manufacturing defect | .
fixing)

5 | LN level sensor failure Gas fittings replacement

6 |Chiller failure — manufacturing defect |Pump replacement

7 |Wear of cryopump bearings Bearings replacement

Coordinated efforts of SuperOx team and grid utilities provided

uninterrupted power supply for customers "



New Series-type SFCLs — New Challenges

SuperOx

Specification

Pilot SFCL

New SFCLs

New SFCLs

Status Executed value (2019) Original design value (2020) Proposed value (2023)
. Substation 220/20 kV “Mnevniki” Substation 220/20 kV “Gorkovskaya”
Location
Moscow Moscow
Rated voltage and current 220 kV, 1.2 kKA 220 kV, 1.2 kA
CLR

Electrical layout

500 kV Ochakovo ¢
substation SFCL PP

/

Ibi

220 kV Abramovo
substation

/

—/

220 kV Gorkovskaya
substation

Motivation for chosen electrical
layout

Redundancy - mandatory for pilot

Experienced Challenge

Low combined (SFCL plus reactor) resistance

Adjacent grid re-engineering required

Rated resistance (50 ms past fault) <3 0hm combi:Sdczgr;CL plus reactor) 40 Ohm 6 Ohm
Fault limitation time 400 ms 750 ms 3000 ms
Recovery under load No Yes (less than 1 min) Yes (less than 5 min)

Motivation for chosen electrical
layout

Redundancy (mandatory for pilot)

Cost-efficient current limitation
(due to high resistance)

Secondary relay protection availability

(due to lowered resistance)

Experienced Challenge

Low combined (SFCL plus reactor) resistance

Secondary relay protection s compromised
(due to high SFCL resistance)

Most grid engineering should be revised

(due to lowered resistance)

Intense re-engineering is required to satisfy all customer requests — both from grid operator (electrical)
and manufacturer (superconducting) parts

12



New Series-type SFCLs — specification
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What is next?

Status g
Annual HTS HTS deman
consumption N Series
# Application Technology Pilot projects in | production*
(12 mm 500 A- .
: demonstrators | commercial use | (12 mm 500 A-
equivalent) .
equivalent)
1 Science (fusion, 1000 km Present Absent 10 000 km
accelerators)
Power
2 transmission 100 km Present Present 10 000 km
(SFCL, cables)
3 Rota’gng 10 km Present Present 10 000 km
machines
Commercial
4 magnets (MRI 1 km Absent Absent 100 000 km
and other)
* calculated as if existing equipment is replaced with HTS-based equipment

Several HTS appliances may become new drivers for HTS industry

13



Conclusion SuperQOx

Contemporary HTS industry is driven by fusion technology

SuperOx in the period of 2020-2023:

Developed reel-to-reel production line for high-strength and high-current HTS wires for fusion

and heavy duty applications (magnets, cables, etc.)
« Updated SFCL design for series production and grid installation

«  Developed proprietary technology for manufacturing high field HTS magnets; several orders,

iIncluding 20 Tesla magnet were completed

15



SuperOx

Thank you!

eng.superox.ru
Info@superox.ru

SUPERCONDUCTOR TO THE FUTURE




Raw materials and components localization

Component

12.2022 status

YBCO targets

Self-production of YBCO targets has
started, HTS tape has been
successfully manufactured

(300 m, 600 A)

lon source grid

Alternative Russian producer was
found, new grid was successfully
tested

Hastelloy tape

Alternative producer was found
(China), manufacturing technology is
being improved in Russia

Turbomolecular
pump

Alternative Russian producer was
found

SuperOx
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Laminated HTS wire SuperOx
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Sufficient strength of the laminated wire is confirmed
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