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Presentation Notes
Thank you to Nakamura sensei and to the program committee who invited me to show you the current status of the SuperRail project.
This project is funded by the French government through the France 2030 program for up to 8.5 M€. 
The PI is from SNCF network.



INCREASE IN RAIL TRAFFIC

2 Logos des Partenaires

Solutions must be in line with SNCF's strategy

To reduce the losses

To participate to the low carbon national strategy

To optimize capital and operating expenditure to 
meet these needs

Need to increase the traffic on the railway network in densely populated areas 
with high constraint to comply with 2030 carbon reduction objectives

Practical case = 10 MW reinforcement of the power supply 
from the Vouillé substation to the tracks at Montparnasse station

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Invited presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Presenter
Presentation Notes
There is a need to increase the rail traffic in densely populated area like Paris while complying with the reduction of carbon emission. Even if the train is a low-emission mode of transport, increasing the power of the railway network must be done in a efficient way.
So the solutions must be in line with the SNCF’s strategy, to reduce the losses, participate to the low carbon national strategy, and of course, optimize the capital and operating expenditure!
The practical case chosen by SNCF is a 10 MW reinforcement of the power supply from the Vouillé substation to the tracks at Montparnasse station, in the heart of Paris.



CONTEXT
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High constraints on the Montparnasse station

In 2025 SNCF should deliver an electrical installation able to
transmit more energy to the tracks in order to improve the
robustness of the electricity supply of Montparnasse station
(50 Millions of passengers in 2020, 90 Millions in 2030).

Conventional solution: to reinforce with copper cables
=> not possible here due to restrictions on rights of way

and limited available space

Innovative solution => Superconducting cable system

Logos des Partenaires

The SNCF roadmap 2025-2035 is in progress to reinforce the railway network on the left 
riverbank of Paris. This roadmap will identify other sites where superconducting 

technologies can be of interest. 
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There are severe power constraints at Montparnasse station, which have already led to a major fire in 2018...
In 2025, right after the Olympic games, SNCF should deliver an electrical installation able to improve the robustness of the electricity supply of the Montparnasse station, with an increase of 80% of passengers traffic in 10 years.
The conventional solution would have been to reinforce with copper cables, but this was not possible in the Vouillé substation because of restricted rights of way and limited available space.
So the solution was to try an innovative solution for the first time in France, a superconducting cable system.
Since the SNCF roadmap 2025-2035 is in progress to reinforce the railway network on the left riverbank of Paris. There are other sites where superconducting technologies can be of interested.



CONSORTIUM

4 Logos des Partenaires

SuperRail
Superconductivity for Railway

Network operator

Industry Research labs
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The SuperRail project is made up of the following consortium.
SNCF Network as PI and network operator, Nexans for the manufacture and integration of the cable system, Absolut System for the design and manufacture of an innovative cooling system dedicated to railway applications and 2 academic research laboratories which are CentralSupélec and the University of Lorraine.
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To increase the energy density in a highly constraint area where conventional technologies,
based on reinforcement by resistive cables, are not applicable.
To increase the commercial offer by increasing the public transport capacity and reliability.

To develop industry and education related to the superconducting technologies (R&D,
design, production, installation and test labs), particularly in France.

To deploy the world 1st demonstrator of superconducting cable permanently in exploitation
in a railway network.

To validate the superconducting technology in Montparnasse-Vouillé.
To qualify this technology for future projects to reinforce and secure the national railway
network.
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The project objectives are to increase the power density in highly constraint area where conventional solutions are not applicable.
In order to increase the commercial offer for public transportation.
One of the roles, more particularly of academia, is to develop industry and education related to superconducting technologies through R&D, innovative design, new installations and test labs in France.
This will be the world's first demonstrator of a superconducting cable in commercial operation in a rail network.
The SuperRail project will validate the superconducting technology in the Montparnasse Vouillé site and qualify this technology for future projects on the railway network.



Interne SNCF Réseau

Vendredi 22 juillet 20226

Sncf réseau

LOCALIZATION

Vouillé
substation

Railways tracks
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Presentation Notes
The Vouillé substation, located near Montparnasse station, is over a century old...
The exterior of the building may be in a state of disrepair, but all the electrical equipment are fully operational.
You can see here the localization of the substation and the railways tracks where the HTS cables will be connected.
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Existing rights of way saturated with only few 
conduits left (100 mm in diameter)

400 mm² copper cable ≅ 500 A

Very risky to build new rights of way with one 
century old constructions and presence of 

a lot of other networks (water, gas, telecom)

LOCALIZATION - RETROFIT
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Presentation Notes
As you can see from the figure on the left, the existing rights of way are saturated and only a few conduits remain. Each conduit has a diameter of 100 mm and the red cables are 400 mm² copper cables that can withstand 500 A in nominal operation.
Near the substation, and under the railway line, there is a bridge over a century old where all the cables run.
Civil engineering work on the bridge to create new rights of way would have cost around ten million euros and taken a considerable amount of time.
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2 electrically independent cables to supply each
• 1500 A @ 1500 VDC in rated conditions (max 3% of harmonics below 5 kHz)
• 3500 A @ 1500 VDC current inrush (trains acceleration to reach traffic speed)

Return currents through the rails (connected to the negative (0) pole of the DC supplies)

Substation directly connected to the RTE transmission network at 63 kV
• Fault power of 100 MVA
• Fault current of 67 kA during 200 ms

Cooling system
• High reliability, high efficiency, variable cooling capacity
• Available cooling power of up to t 1.2 kW @ 67 K

CHALLENGING SPECIFICATIONS
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Here are some challenging specifications. 2 independent HTS cables will be installed, each supplying 1500 A under nominal conditions and 3500 A during the current inrush when the trains are accelerating.
There are not coaxial cables, so the current return is made through the rails.
As the substation is directly connected to RTE's 63 kV transmission network, the HTS cables must withstand a fault power of 100 MW, resulting in a current peak of 67 kA for 200 ms.
As far as the cooling system is concerned, a new system will be developed to achieve high reliability, high efficiency and variable cooling capability. The available cooling power for the HTS cable must be up to 1.2 kW at 67 K.



3D DIGITAL TWIN
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 LiDAR scan of the area

 Building a 3D digital twin for the virtual integration of equipment to anticipate issues and
confirm designs of different components
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At the very start of the project, a LiDAR scan of the area was carried out in order to build a 3D digital twin for the virtual integration of the equipment, to anticipate problems and to confirm the designs of the various components.
The figure on the right shows a rough 3D view of the Vouillé site after scanning.
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SUPERCONDUCTING CABLE ROUTE

Quais

Vouillé
substation

Side view

Platform

Substation

Top view

Substation

Platform

Platform

Substation
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This enabled an initial evaluation of the cable routes and the location of the terminations, i.e. two on the platforms and two close to the bridge next to the substation.�There is a height difference of around 8 m between the two cable ends.
There are two critical bending regions along the cable's path, the most critical of which was measured at a bending radius of 1.7 m, which is fine with the cable's minimum bending radius of 1.5 m. Very flexible cryostats were used to achieve this bending radius.
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CABLE DESIGN
Electrical parameters 

Nominal voltage 1500 V
Inrush current 3500 A

Nominal current 1500 A
Critical current 4000 A
Fault current 67 kA - 200 ms

Tape parameters

Tape manufacturers SuNAM & AMSC
Tape width 4.4

Geometric parameters
Copper core 18 mm

Number of layers 2
Number of tapes 25 (12+13)
PPLP thickness 1 mm
Copper screen 

thickness
1.8 mm

Cryostat outer 
diameter

74 mm

Length 60 m
Min. bending radius 1.5 m
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Here are the main parameters of the cable design. To mention a few things that haven't already been mentioned, the minimum critical current of the cable is 4000 A, there are two different tape manufacturers for each of the cables, one is SuNAM, the other AMSC. The cable consists of 2 layers of superconductor for a total of 25 tapes and a layer of copper screen.
To withstand the short circuit current, the central copper core has a cross-section of around 250 mm².
The total external diameter is 74 mm, which is the limit possible for pulling the cable through the ducts, given the tortuous path of the cable.



PRODUCTION OF THE SUPERCONDUCTING CABLE

Upgrade of standard cabling line in Bourg-en-Bresse (France) to produce superconducting cables

Before After integration of a paper lapping unit
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The cable was manufactured in France at a Nexans plant in Bourg en Bresse following the transfer of equipment from the Hannover site. This was an upgrade to an existing production line, with the addition of a lapping unit for wiring conductors in the form of tapes.



SUPERCONDUCTING CABLE TERMINATION
IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Invited presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Presenter
Presentation Notes
The terminations have been developed by Nexans.
They are variations of terminations recently developed for the AC distribution network.
These terminations can be adapted to three-phase or single-phase medium-voltage networks, as is the case here.
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POSITIONING OF THE TERMINATIONS
2 Terminations 

on the substation side

2 Terminations 
on the platforms side
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On this slide, you can see the positioning of the terminations. 2 on the platforms side and 2 on the substation side.�Although the currents in the cables are independent, the liquid nitrogen flows in one direction through one cable and back through the second.
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PLATFORM SIDE SUBSTATION SIDE

Connection plate for 
the railway network

Les supports mécaniques présentés sur ces images sont préliminaires

TERMINATIONS INTEGRATION
IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Invited presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand
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Presentation Notes
Here are some more detailed views of the integration of the terminations on the site.
In particular, you can see that the terminations are very close to the bridge, and that there is actually very little space on the SNCF property. You can also see the compensation bends that will compensate for thermal expansion of the cables, particularly during cooling.
On each termination, there are two connection plates like this one, one connected to the superconducting cable and to the positive pole of the substation's rectifier, the other connected to the copper screen and to the negative pole of the substation, but as mentioned before, the current return is via a rather mysterious path through the rails.
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Vendredi 22 juillet 202216

Sncf réseau

INTEGRATION OF THE COOLING SYSTEM

Cryogenic skid
- LN2 Circulation and pressurisation
- Cool down management

Cooling system
(Turbo Brayton - RTB)

Civil work in progress
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Now I can show you the location and integration of the cooling system. It will be located on the opposite side of the cable from the building and could not be integrated directly inside the substation. There will therefore be some civil engineering involved, as the complete cooling system weighs several tonnes.
The system is made up of two main parts, a cryogenic skid for the management via automats and controllable valves and a second part which is the heart of the cooling system based on a Reverse turbo Brayton cycle.
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Vendredi 22 juillet 202217

Sncf réseau

SKID for CIRCULATION COOLING DOWN and 
SUBCOOLING

To be used during type test and final installation
- Liquid Nitrogen circulation
- Pressurization
- Cool down management (requires a LN2 tank)

Based on a bath of LN2 pumped into a cryostat with 
a heat exchanger to cool the cable.

A cryocooler can be connected in place of the 
pumped LN2 cryostat to produce sub-cooled liquid 
nitrogen.

COOLING SYSTEM: CRYOGENIC SKID
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Presentation Notes
Here's a picture of the cryogenic skid, which is partly completed. It will be used during the type tests and during the final installation.
It manages the circulation of liquid nitrogen, pressurization and the complete management of cooling, particularly during filling.
It is based on a bath of LN2 pumped into a cryostat with a heat exchanger to cool the cable and a circulation pump.
The RTB can be connected in place of the pumped LN2 cryostat to produce sub-cooled liquid nitrogen.
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Vendredi 22 juillet 202218

Sncf réseau

A new family of cooling system is developed 
to cover, with a higher efficiency and low 
maintenance requirement, a range of cooling 
power of few kW@ LN2 needed for urban 
superconducting systems.

RTB allows the cooling capacity to be 
controlled from 30% to 100% of the 
maximum power.

A 1.7 kW@ 67 K RTB will be connected to the 
SKID for long-term commissioning.

COOLING SYSTEM: TURBO BRAYTON (RTB)
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Presentation Notes
Concerning the Turbo Brayton, it's a new family of cooling system developed by Absolut system to cover, with a higher efficiency and low maintenance requirement, a range of cooling power of few kW@ LN2 needed for urban superconducting systems.
RTB allows the cooling capacity to be controlled from 30% to 100% of the maximum power.
A 1.7 kW@ 67 K RTB will be connected to the SKID for long-term commissioning.
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CABLE AND COOLING SYSTEM

Cold (T > 64 K, P < 14 bar)

Warm (T < 74 K, P > 7.5 bar)

Electrical connection 

Hydraulic connection

Direction of electric current

Direction of fluid flow

Nominal operation

Rails

Feeder

Cable A

Termination A2

RTE 63 kV

Termination A1

Screen Screen

Cable B

Termination B2Termination B1

Screen

Rails

Feeder
LN2 pump 

LN2 
tank

Screen

Vacuum 
cryostat

Reverse Turbo-
Brayton (RTB)

Normal operation with RTB
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Here is a complete view of the cable system and cooling in normal operating conditions with RTB.
The dotted lines represent the electric current and its direction, while the solid lines represent the flow of liquid nitrogen.
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Cold (T > 64 K, P < 14 bar)

Warm (T < 74 K, P > 7.5 bar)

Electrical connection 

Hydraulic connection

Direction of electric current

Direction of fluid flow

Nominal operation

Rails

Feeder

Cable A

Termination A2

RTE 63 kV

Termination A1

Screen Screen

Cable B

Termination B2Termination B1

Screen

Rails

Feeder

LN2 
tank

Screen

LN2 
tank

Sub-cooler

Heat exchanger

LN2
LN2 pump 

Operation with sub-cooler
(without RTB)

CABLE AND COOLING SYSTEM
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Presentation Notes
Here is the same illustration but without RTB or in special operating conditions.
The difference is that cooling is provided by a sub-cooler.
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TESTS IN SNCF RAILWAY TEST AGENCY (SNCF-AEF)

30 m test loop with a junction

Tests in accordance with IEC 63075
Bending test, Pressure test, Thermal test, 
Critical current test

Tests in accordance with EN 50124-1
Lightning impulse, Dielectric test

Fault current
Equivalent energy to 67 kA during 200 ms
since only 40 kA @ 1500 V is possible at 
the test agency
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Presentation Notes
A 30m loop was first produced by Nexans and tested in the SNCF test agency.
This loop includes a junction for qualification purposes.
The tests are being carried out in accordance with the standards.
It has not yet been possible to measure the critical current due to a problem with a part of the terminations and the need to clear  the premises of the SNCF testing agency. The same applies to the lightning impulse, dielectric and fault current tests.
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BEHAVIOR OF SUPERCONDUCTING CABLES

22 Logos des Partenaires

Development of simulation tools for superconducting 
cables operating under railway conditions

Transient electrothermal FEM simulations 
coupled with an electrical network circuit model

Feasibility study and integration of new functionalities 
such as limitation

Development of a test platform to validate the models 
and carry out high current tests on cables prototypes

DC 
circuit 
breaker

Rail

Feeder
Trolley wire

HT Network HT Network

AC/DC AC/DC

Time = 0.1 s
T [K]

LN2

LN2

Hajiri, G., Berger, K., Dorget, R., Lévêque, J., Caron, H. (2022). 
Design and modelling tools for DC HTS cables for the future railway network in France.
Supercond. Sci. Technol., 35(2), 024003.
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Concerning the research labs, the GREEN laboratory at the University of Lorraine is developing computational tools for the simulation of superconducting cables, in response to the technological challenge of "Behavior of a superconducting cable on the railway network".  The models take into account electromagnetism, thermics, hydraulics and circuit equations, including the structure of the electrical network. Data from the Vitry and Montparnasse Vouillé tests will be used to validate these models.

At the same time, the GREEN laboratory is conducting feasibility studies into new functionalities associated with superconducting cable topologies. In particular, they are studying the possibility of adding a fault current limiting function. This function will be validated by a laboratory prototype, for which a test platform is currently being assembled.
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IMPACT OF SUPERCONDUCTING CABLE ON A RAILWAY NETWORK

23 Logos des Partenaires

Estimation  of losses reduction

Hajiri, G., Berger, K., Trillaud, F., Lévêque, J., Caron, H. (2023). 
Impact of Superconducting Cables on a DC Railway Network.
Energies, 16(2), 776.

∼25 % @ RT

∼13 % @ RT

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Invited presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Presenter
Presentation Notes
This slide illustrates the potential of these calculation tools.

On the left, we have simulated the successive departures of 9 trains stored on the same track, fed by a 1.5 km cable.
Voltages and currents at train level (i.e. in motion) are compared for 3 configurations:
- Conventional copper configuration
- Unipolar configuration = current flow in the superconducting cable and return via the rails
- Bipolar configuration = with the return through the HTS cable
Voltage drops and current peaks are observed, the greater the distance from the substation, the greater the peaks.�But this phenomenon is mitigated by the use of a superconducting cable.

On the right, the power dissipated by the 3 configurations are shown. The use of an HTS cable can reduce line losses by 33.7% for the Bipolar which represents a further 25% reduction including the efficiency of the cooling system.
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OVER CURRENT TESTS ON HTS TAPES

24 Logos des Partenaires

Capacitors bank

Coil Current measurement
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~ 4 cm

1

2

3

4

5

Sample + cryostat

1

2

3

4

5

8 cm 8 cm

Theva 4 mm
Ic = 157 A
n = 27

0 10 20 30 40

Temps, t  (ms)

0

0.5

1

1.5

2

2.5

3

Ra
tio

 
i(

t)
/

I c

0

20

40

60

80

100

Ch
am

p 
él

ec
tr

iq
ue

, 
E

 (V
/m

)

i ( t )/ I
c , Mesures

i ( t )/ Ic , Modèle

E , Mesures

E , Modèle

5 10 15
Temps, t  (ms)

80

100

120

140

160

180

200

Te
m

pé
ra

tu
re

, 
T

 (K
)

Mesures

Modèle

Time, t (ms)

Time, t (ms)

Te
m

pe
ra

tu
re

, T
(K

)

M
ax

. t
em

pe
ra

tu
re

, T
m

ax
(K

)
El

ec
tr

ic
al

 fi
el

d,
 E

(V
/m

)

El
ec

tr
ic

al
 fi

el
d,

 E
(V

/m
)

Model

Model

Model

Model

Model

Measure

Measure

Measure

Measure

Measure

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Invited presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Presenter
Presentation Notes
Here are a few images of the test platform developed at University of Lorraine. 

It is used to study the behavior of superconducting tapes and (soon) cables under short-circuit conditions. Various superconducting tapes from different manufacturers and with different architectures have been tested, and successfully compared with our models.

On the right, the evolution versus time of the current (in blue), voltage (in red) and temperature of a tape during a short circuit reaching 2 to 3 times the critical current. Our models are capable of correctly predicting the maximum electric field on the tape, as well as its temperature during a fault.



Interne SNCF Réseau

Losses

Cryostat Terminations

70 %

30 %

REDUCTION OF TERMINATIONS LOSSES

25 Logos des Partenaires

AC

DC

Conventional solution

SuperRail demonstrator
(TRL 6-7)

Lab demonstrator
(TRL 4)

AC

DC

Cryostat
Terminations

AC

DC

- Half the number of term.
- Global efficiency?
- Power density?• HTS transformer

• Cryo-converter
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At the same time, CentraleSupelec's GeePs laboratory is carrying out feasibility studies to address the technological challenge of "Reduction of termination losses".

Here's the conventional solution: a traction substation with a transformer and an AC/DC converter. Then several resistive cables, connected in parallel, between the substation and the catenaries.

Here’s a superconducting solution, as developed for Montparnasse-Vouillé. It typically reduces the number of cables connected in parallel. In this case, the loss budget (which has a direct impact on operating costs) shows that terminations account for a large proportion of losses.

We therefore propose to study a new architecture. In this architecture:
- We use a transformer with a resistive primary and a superconducting secondary. This eliminates the need for 2 terminations, transferring power inductively through the cryostat.
- We use the cryogenic temperature converter. We call this a "cryo-converter". This takes advantage of the cold power to improve the converter's efficiency and increase its power density.

This architecture will be validated by a laboratory prototype. And these 2 options will be compared from a technical and economic point of view, with the conventional solution, in order to estimate their potential, anticipate future projects and thus contribute to the development of the sector.
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SUPERCONDUCTING TRANSFORMER

Logos des Partenaires

primary secondary

YBCO
coil

copper 
coil

primary secondary primary secondary

LN2

cryostat

core

• Manufacturing and testing of the first prototype

• Proof of concept: transfer power through the cryostat

L. Ferreira, Y. Baazizi, S. Meunier, T. Phulpin, R. Beljio, F. Trillaud, T.-Y. Gong,
G. Henn, L. Quéval, “Étude expérimentale de l’alimentation d’un dispositif
supraconducteur à courant continu,” Symposium de Génie Électrique (SGE
2023), id. 450881, Lille, France, Jul. 2023.
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Here are a few photos of the construction and testing of our very first superconducting transformer.

As a first step, we used 2 C-shaped magnetic cores. Here, in the air gap, we place the cryostat.
- The primary winding operates at room temperature. It's a copper coil.
- The secondary winding operates at cryogenic temperature. It's a superconducting coil. Here we use a 2nd generation high-temperature superconductor, called YBCO, which can be used in a liquid nitrogen bath at 77 K.
This first transformer has enabled us to validate the possibility of transferring power through the cryostat, without current feeds. Work is currently underway to manufacture a 1 kW transformer.
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CRYO-CONVERTER

Logos des Partenaires

• Manufacturing and testing of first prototype (3 kW 3-phase diode rectifier @77 K)

• Proof of concept: operate the full diode rectifier at cryogenic temperature

Y. Baazizi, L. Ferreira, S. Meunier, T. Phulpin, L. Quéval, “Operation of power diodes at 
cryogenic temperature,” 3rd Momentom international congress energy at the crossroads:
accelerating innovation in the age of disruption, Gif-sur-Yvette, France, Mar. 2023.
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Presenter
Presentation Notes
Here are a few photos of the realization and testing of our very first cryo-converter. 

After characterizing several dozen diodes at room temperature (in red) and cryogenic temperature (in blue), we built a 3 kW three-phase diode rectifier that operates in a liquid nitrogen bath at 77 K. We selected a diode topology, as this is what is found today in an electrical rectifier station, such as the one at Montparnasse-Vouillé.

This first cryo-converter enabled us to validate the possibility of operating the full diode rectifier at cryogenic temperature, and to characterize its efficiency. Work is currently underway to build a 100 kW prototype.
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CONCLUSION

SuperRail is an excellent example of how a superconducting can unlock situations in power
grids where conventional technologies are not applicable or are too costly

The superconductivity is a way to increase the capacity of power supply to public transport in
dense areas, allowing to meet national low carbon objectives

The validation of the superconducting technology during SuperRail will qualify superconducting
cable for future projects to reinforce and secure the national railway grid

SuperRail fosters continuous improvement of superconducting system through R&D approach
to reduce losses and through experiences in exploitation with SNCF teams up to the end of the
project and beyond
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SOME KEY STAGES IN SUPERRAIL PROJECT

February 2022
Project starts

March 2023
Civil engineering 
for cable routes

March 2023
Prototype cable is 
manufactured in 

France

April 2023
Dummy cable 

pulling

June 2023
30 m test loop is 
installed at the 

SNCF test agency

August 2023
Tests have been 

carried out at 
SNCF test agency

October 2023
The HTS cables 

have been pulled 
into ducts

April 2024
Final tests at the 
SNCF test agency

July 2024
Installation of the 
2 last terminations

September 2024
Civil engineering 

work for the 
cooling system

October 2024
Installation of the 

cooling system

November 2024
Commissioning of 

the entire HTS 
cables system
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THANK YOU FOR YOUR ATTENTION

30 VENDREDII 22 JUILLET 2022
SNCF  RÉSEAU
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SUPERRAIL SLIDESHOW
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NOTE: The presentation included several photos from the project; however, SNF is not able to include this upload.
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