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CIEMAT Presentation

CIEMAT is a Governmental Laboratory (Research Public Institution of the Ministry of Science & Innovation). With
1300 engineers, researchers and staff & 100 M€ annual budget. CIEMAT is divided in 5 technical departments
including the Technology Department where the Division of Electrical Engineering is ascribed. This Division has
been involved in applications of Power Superconductivity for more that 30 years.
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Cyclotron by CIEMAT/CYCLOMED
ENERGY: 8.5 MeV
TYPE: Lawrence
CONFIGURATION : Warm Iron
CENTRAL FIELD: 4 T
COOLING: He flow in closed circuit
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SOLENOID MAGNET SOLENOID MAGNET
SOLENOID MAGNET DIPOLE  MAGNET

NAGAYA et al.: FIELD TEST RESULTS OF THE 5 MVA SMES SYSTEM 633

TABLE I
MAIN SPECIFICATION OF THE 5 MVA SMES SYSTEM

Fig. 1. Main circuit composition of the 5 MVA SMES system.

TABLE II
PARAMETERS OF THE SUPERCONDUCTING COIL

laminated tape is wound on the cable using turn-to-turn insula-

tion, and Glass-Kapton-Glass laminated tape and a FRP sheet

are wound using layer-to-layer insulation and ground insula-

tion. It has been proven through a 3 kV/coil impulse test and

a (withstand) voltage test with 6 kV DC that the performance of

this insulation system is sufficient for the 5 MVA SMES system.

Fig. 3 shows the configuration of the superconducting cable.

D. Power Supply System

The main circuit components of the power supply system

are shown in Fig. 4. The inverter circuit constitutes for the

IEGT (Injection Enhanced Gate Transistor) element module

Fig. 2. SMES coil system, Bird’s-eye view.

Fig. 3. Configuration of the superconducting cable.

Fig. 4. Schematic diagram of the power supply system.

with single phase bridge composition and does this in two

steps. The charge of a coil is excited to the rated current by

the stand-alone circuit. For the output of the coil energy to

bridge the instantaneous voltage dip, the current of the coil is

converted for the electric power by the inverter that becomes the

pair of 2.5 MW, and in addition to rise the voltage of the grid

with the transformer. The chopper circuit always uniformly

maintains the voltage of a direct-current capacitor. The inverter

chopper and the excitation circuit both use IEGT. In order to

reduce the standby loss, the charging circuit was prepared for

exclusive use.

SOLENOID MAGNET

TOROIDAL MAGNET

RACETRACK  COIL MAGNET

RACETRACK COIL MAGNET
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Development of HTS SMES for 

Waterborne Transport Applications
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The need & benefit  of Energy Storage On-Board  
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Mission: 126 crossings per day of the Seine. Only 3 minutes between 
crossings, and 3-30 minutes stops the rest of the day.

To substitute propulsion ESS needs: 60kW, 5MJ (84 s.) (Diesel generator is 
maintained)

SCs: Can be recharged each trip (less investment), can withstand high 
number of cycles.

Batteries: Need to be sized for all-day operation. Charge during night, 
connected to power grid (additional investment)R
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APLICATIONS ON-BOARD OF FAST RESPONSE ENERGY STORAGE SYSTEMS
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High Power 
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manoeuvring

Mid Power 
Acceleration

Low power cruise
High Power 

manoeuvring
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SCOPE & GOALS: 
- Developing a SMES to be tested at the lab, based on a HTS Magnet
- Developing a KESS to be tested on board, based on a medium speed 

high strength steel  flywheel.
- Developing a EESS to be tested on board, based on supercapacitors
- Defining a metrics for the Levelized Cost of Storage for ESS
- Defining the complementarity with other disruptive technologies in 

the sector.

Participant Organization name Type Country

1 (C) Centro Tecnológico y Naval (CTN) R&D Center Spain

2 CIEMAT Public R&D Center Spain

3 EFESTO Power Electronics Company France

4 OCEM Power Electronics Company Italy

5 BALEARIA Shipping Line Spain

6 DAMEN Shipyards Nederland

7 CYCLOMED Start-up Spain

8 TECHNO PRO HISPANIA Engineering Company Spain

9 CERN Public R&D Center Switzerland

10 ANTEC MAGNETS Magnet manufacturer Spain

11 ANTECSA Electric Company Spain

12 Polytechnical University of Madrid Public University Spain

The POSEIDON Project  

Type of Action: RESEARCH & INNOVATION  ACTION (RIA)
HORIZON-CL5-2022-D5-01

POwer StoragE In D OceaN
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Three Energy Storage Systems On-board

Based on HTS magnet cooled down
with a He gas circulation system

Power Conditioning System
SMES
100kW
100 kJ 

Based on a high strength steel flywheel
and a Switched Reluctance Machine

Based on an arrangement of
Supercapacitors

+

EESS
120kW
2.0 MJ 
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KESS
25 kW
2.5 MJ 



The Superconducting Modular Magnet: Options 

CONFIGURATION ADVANTAGES DISADVANTAGES IMPROVED OPTIONS 
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* Simpler  fabrication 
* Apparently, better 
energy density (Not 
clear for HTS)
* Easier to manage 
Lorentz forces which 
are balanced

* High perpendicular B  
component at the coil 
ends > Lower Jc

* High Stray Field, 
requiring active or 
passive shielding 
(Maritime Applications)

*Arrangement 
of multiple 
solenoids to 
reduce  the 
Stray Field 
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* Very low stray field 
(Maritime Applications)
* Magnetic field rather 
parallel to the tape
* Filling the bore with 
iron can increase the 
energy significantly.

* Not compensated net 
coil Lorentz forces.
* More difficult 
cryostating
* Apparently less 
energy density (J/kg)

* D-shape coils 
to cancel the 
coil unbalance
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The Cooling &  Power Conditioning Systems

 LA SUPERCONDUCTIVIDAD PARA APLICACIONES DE POTENCIA 
Versión 1.0 ANÁLISIS DE APLICACIONES (IX) . MATERIALES 57 

 

 

 Otra de las aplicaciones “clásicas” de los imanes superconductores es la caracterización  y  el 

procesado de materiales. El estudio de materiales bajo campo magnético intenso es una actividad destacada 

de la física de la materia condensada y del estado sólido. Entre los campos de análisis caben mencionar: 

 

- Propiedades magnéticas de la materia  - Magnetoresistencia 

- Estudio de semiconductores    - Efecto Hall Cuántico 

- Estudio de superconductores   - Estudio de moléculas grandes bajo campo. 

 

 

 

 Para  producir el primer tipo de fuerza se suele 

recurrir a campos alternos que inducen corrientes con el 

material. Aquí la superconductividad no es aplicable. Para 

producir las del segundo, se recurre a campos de continua muy 

intensos para que las fuerzas sean grandes a pesar de  que los 

materiales sean ligeramente diamagnéticos o paramagnéticos 

(pequeñas susceptibilidades). Precisamente, este es uno de los 

métodos utilizados para crear condiciones de microgravedad 

para crecer cristales, tejidos, solidificar líquidos en ausencia 

de convencción, controlar la orientación cristalográfica en 

películas delgadas, etc.      Figura 88.- Microgravedad en seres vivos 

 

 

 La figura 88 muestra una rana viva levitando en presencia de un campo magnético de 16 T gracias al 

leve diamagnetismo molecular de sus tejidos. 

 Hoy en día es más sencillo 

caracterizar y procesar materiales en los 

laboratorios gracias a la combinación de los 

imanes con superconductores de alta 

temperatura crítica y los criorefrigeradores. 

La figura 89 esquematiza uno de tales 

sistemas comerciales. Puede verse, además 

del imán con hilo superconductor de alta 

temperatura crítica, el criorefrigerador de 

ciclo Gifford-McMahon con dos etapas. La 

mas caliente refrigera la toma intermedia de 

las tomas de alimentación y la fría al propio 

imán, que trabaja así a temperatura de entre 

20 K a 30 K, para las que su corriente y 

campo crítico son muy elevados. 
 

 
Figura 89.- Imán libre de Helio 

 

 

 
Criorefrigerador 

Recipiente de vacio 

Acoplamiento Flexible 

Tubo Soporte 

Tubo Soporte 

Muestra 

Acceso 

Toma de alimentación 

Pantalla antiradiación

Imán HTS 

 En cuanto al procesado de materiales, la principal utilidad de los campos magnéticos intensos  está 

en la generación de fuerzas internas en la materia. Estas fuerzas provienen de dos mecanismos 

diferentes. Si hay corrientes internas, son fuerzas de Lorentz proporcionales al producto de las 

corrientes y el campo. Si hay materiales magnéticos hay fuerzas de magnetización, proporcionales a la 

susceptibilidad magnética y al producto del campo y su gradiente. 
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 LA SUPERCONDUCTIVIDAD PARA APLICACIONES DE POTENCIA 
Versión 1.0 CRIOSTATOS 46 

 

 

 

 

ELEMENTOS DE UN CRIOSTATO 
 

 La disposición de los elementos de un criostato es 

la mostrada en la figura 64. Consta de un forro exterior 

(normalmente de inoxidable) que constituye la pared 

externa de una cámara de vacío. Su espesor está 

determinado por el cálculo de recipientes de vacío. 

Internamente el criostato incorpora una cámara donde se 

aloja el superconductor inmerso en el refrigerante (helio 

en este caso). Existen unas tomas de alimentación por la 

que se inyecta la corriente, que se estudian más adelante. 

 Normalmente, también existe una pantalla 

intermedia en la cámara de vacío, así como unos discos 

deflectores para forzar a que el helio evaporado, 

refrigere las paredes de la cámara interior del criostato. 

 

 

 

 

 

PÉRDIDAS TÉRMICAS DE UN CRIOSTATO 
 

 Las dos entradas de calor en un criostato se producen por radiación y conducción. La radiación 

proviene del intercambio de calor de la pared del recipiente interior con la superficie que le rodea. En 

ausencia de pantalla antiradiación y para una emisividad de 0,5, el flujo intercambiado sería de unos 230Wm-2, 

lo que supondría un consumo de unos 320 litros de helio por hora y metro cuadrado de superficie. Si las 

paredes son pulidas, esta cantidad se divide por 10. Si se coloca una pantalla intermedia y se fija su 

temperatura a, por ejemplo 77 K, por refrigeración con nitrógeno y se sigue manteniendo la superficie pulida, 

la entrada de calor baja a 0,1 Wm-2 y el consumo a 0,14 litros por hora y metro cuadrado. En este caso es el 

nitrógeno el que se lleva el calor que recibe desde fuera la pantalla antiradiación. Otra posibilidad consiste en 

“anclar” térmicamente la pantalla antiradiación a la parte superior del criostato y extraer el calor que recibe 

con el helio gas evaporado. 

 El calor es conducido  a través de las tomas de corriente (de las que ya se hablará) y de la pared del 

recipiente interno. En este sentido es fundamental reducir su espesor y conductividad térmica sin entrar en 

conflicto con su resistencia mecánica, al ser parte de un recipiente de vacío. Una pared de cobre de 5mm de 

espesor conduciría una cantidad de calor al helio 300 veces superior que una pared de inoxidable de 1mm de 

espesor. Suele ser habitual, por lo tanto, trabajar con recipientes de inoxidable con espesores de algunas 

décimas de milímetro y rigidizar la pared con aros de inercia. 

 

 

 Todos los dispositivos superconductores deben ser, primero enfriados, y luego mantenidos a frío 

para su operación. Independientemente del procedimiento de extracción de calor para disminuir y 

mantener su temperatura, estos dispositivos requieren de un recipiente llamado criostato para reducir al 

máximo las pérdidas térmicas. 

 Un criostato es, por lo tanto, un recipiente en cuyo interior se aloja el dispositivo superconductor 

(normalmente un imán) a la temperatura de operación y en un régimen idealmente adiabático. 

 

           

          Bomba de vacío 

       Tomas de corriente 

 

  Tapa 

 

 

 
     Discos 

     Deflectores 

 

 

 

 

 

 

 
 
 

 

                                   Helio Líquido 

 

 

                            Pantalla Antiradiación 

                                       

                                   Forro Externo 
 

              Figura 64.- Elementos de un criostato 

THYRISTOR-BASED 
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The limits for the stored energy density

SC properties & Magnet Geometry limit the stored energy density “e”

For an infinitely long solenoid or for a slender toroid (R>>r), the energy density 
“e” in Joules per Kg of superconductor, has two limits:

* MECHANICAL  e= Km·s (s=Max allowable stress)
* ELECTRICAL    e= Ke·(B·J)
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Magnet Configuration & SMES Operation

MAGNET  CONFIGURATION SMES OPERATION

Energy 100 kJ Weight Constrains According to the ship

Power 100 KW Volume Constrains According to the ship

Voltage 500 V Max. Acceleration 0.4g Vert. 0,25 g Hor.

Op. Temperature TBD (10K-60K) Max. Inclination +- 45º during 12 s

Conductor

REBCO Tape Vibration UN. DOT 38.3

BiSCCO 2223 Tape Shock UN DOT 38.3 T4

MgB2 ? Humidity 100% RH

Magnet Topology
TOROID Stray Field < 0.5 mT

IRON-SCREENED SOLENOID 

Pancake Configuration

Layer jump vs 2 soldered tapes

Former (Y/N)

Connections

Mechanical Structure
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Development of a Linear Superconducting Power 

Take-Off SMES for Wave Energy Conversion
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MAXIMUM 
EXTRACTABLE POWER

REAL LIMITED FORCE

REAL GENERATED 
POWER WITH NON-

IDEAL FORCE AND 
EFFICIENCY

REQUIRED FORCE TO 
ACHIEVE MAXIMUM 

POWER

It is clearly necessary to use high-force and high-
efficiency PTOs to improve the capture capacity in
real seas.

How does a Wave Energy Converter works?  
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CENTIPOD LTD.

GOALS: 
- Developing a new PTO based on a Linear SRM
• Force Density  x 2
• IPCR x2
• Increasing the  FtWE up to 80%
• Reducing  Capex/kW down to 25%
• Reducing  LCoE in about 30%

- Modular &   Cross Cutting up to 500 kN & 3m/s
- 3ª Generation based on a Superconducting PTO  

Participant Organization name Type Country

1 (C) Wedge Global S.L. WEC Developer Spain

2 CIEMAT Pubilc R&D Center Spain

3 WavEC - Offshore Renewables R&D Center Portugal

4 CorPower Ocean WEC Developer Sweden

5 Centipod LTD WEC Developer UK

6 Hydrocap Energy SAS WEC Developer France

7 OCEM Energy Technology srl Power Electronics Italy

8 Columbus Superconductors (AGS) Superconductors Italy

9 Engie Fabricom Installation & Services Belgium

10 EDP Center New Energy Technologies R&D Center Portugal

11 Asociación Española de Normalización Regulatory Body Spain

The SEA TITAN Project 

TYPE OF ACTION: RESEARCH & INNOVATION  ACTION (RIA)

Surging Energy Absorption Through Increasing  Thrust And efficieNcy
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The Superconducting version of the Switched Reluctance Machine  

Based on a modified version of the 3rd configuration and on a cylindrical SRM, a new
extremely compact concept was designed, analysed and patented. It is based on the
idea of a deformable cryostat.
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The SEA TITAN Project analysed the use of MgB2
as SC material, presenting many advantages.
Nevertheless HTS superconductors, can also
represent a very attractive option.
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Summary
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> CIEMAT has a long track record in applications of superconductivity. Most of the developments have been
based on NbTi technology but recently we have a growing interest for exploring HTS technology.

> In this regard, and apart from magnets for Particle Accelerators, CIEMAT has started to investigate the HTS 
technology for energy applications, since energy is one of the core activities of the Laboratory.

> The first application is Superconducting Magnetic Energy Storage (SMES) with an initial application to
waterborne transport. Nevertheless there are also other applications for SMES, particularly in systems
requiring very fast response and very high number of charging/discharging cycles like laboratories, testing
facilities, industry, etc.

> The second one is Wave Energy Conversion based on Superconducting Reciprocating PTOs. In spite the
complexity of superconductivity for marine applications, the extremely high force than they can produce,
makes attractive to explore this application which can also be translated to other sectors where High-Force
reciprocating machines may be used.


