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For details refer to the following confidential information: 

A new superconducting approach to high power, very long 
distance power lines based on a MgB2 cable. 

 bu C Rubbia, IASS, Potsdam, Germany and D. Salmieri, CERN, 
Geneva, Switzerland  

 
see also 

Numerical modelling of MgB2 conductors for high power AC 
transmission 

by F. Grillia*, A. Chervyakovb, V. Zermenoa, A. Marianb, G. 
Grassoc, W. Goldackera, C. Rubbiab  
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Energy related new technologies: The only key to success!
!  The current worldwide energy supply is based mainly on the 

availability of fossil fuels and they will remain indispensable 
in the decades to come.  

!  The transformation to energies with lower emissions  and a 
quantitatively significant management of CO2, are amongst 
the most important technological challenges of our times. 

!  In order to curb environmental changes, it is necessary to 
proceed simultaneously on two parallel lines:  
1.  a more efficient and friendly utilization of fossils fuels, 

curbing the effects of their anthropogenic emissions; 
2.  the development and progressive utilization of the 

renewable energy sources. 
!  Both novel methods of energy production are presumably the 

only practical way out to the Anthropogenic warming threat 
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Paths to innovation and renewable energies!
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Parity to fossils 
 in a relatively 
 short time 
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Gerhard Knies, ISES-Rome CSP WS 2007 

1700 TWhel/y 1090 TWhel/y 750 TWhel/y 890 TWhel/y 

≈1 GWhel/km²/y ≈1 GWhel/km²/y ≈ 30 GWhel/km²/y ≈ 30 GWhel/km²/y 

Typical Yield 

Economic potentials 

Economic potentials > 600 000 TWhel/y 

Typical yield CSP, PV≈250 GWhel/km²/y Demand of electric power: 
 »  7 500 TWh/y   Europe + Desert  2050  
» 35  000 TWh/y   world-wide 2050 

Biomass Wind Geothermal Hydropower 



1000 km !

A new role of renewable energies in Europe: wind!
!  In line with the commitments taken by the Member States for 

2020 and beyond, Wind will indeed become the most 
prominent renewable resource to be used in Europe in order  
to contribute to  the abatement of GHG emissions .  
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Average wind speed in European open seas (at a 10m height). Source: Ocean Grids around Europe 
- Frederik Groeman, Natalia Moldovan & Peter Vaessen - KEMA - November 2008.  

!  A fair share of this wind 
capacity will be growingly 
installed offshore for several 
reasons: higher resource level, 
lack of promising sites onshore 
and growing public opposition 
against future onshore wind 
parks. 

!  Transmission lines will need 
major innovations in order to 
keep costs at a manageable level.  

Power ≈ v3 



Wind !
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!  Wind variability in Germany. Percentage of electrical demand 
delivered by all the wind turbines of E.ON Energie during the 
year 2007. Averaged over the year, wind power delivered only 
18% of its installed capacity. (Courtesy of E.ON Energie) 

The extreme 
local variability 

of the wind 
sources requires 

a vastly 
interconnected 
electric system 

in order to 
minimize black-

outs 



Evolution of German electricity system!
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Today!
By 2020 !

and beyond!

Wind expansion requires new high power lines >700 km!
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Principle of modern CSP!



Lisbon,May_2014! Slide# : 10!

Fresnel lens vs parabolic through ?!



Key problems of renewable energies!
!  The best energy is always the cheapest energy: the cost of 

renewables must be strongly reduced in order to ensure its 
cost competitivity with fossils and nuclear. 

!  Energy must be available when it is needed: the variability of 
solar, wind must be curbed with the help of an energy storage.  

!  Renewable energies are mostly generating electricity, when 
compared with fossils which produce thermal  heat.  

!  There is an important difference between total energy/p which 
should be reduced and of electricity/p which will be increasing. 

!  Renewable energies require much wider surfaces of collection  
located in specific locations in which production is optimal.  

!  Electricity and very high powers (GWatt) must be transported 
and over much longer distances than today, comparables to the 
ones possible today for NG and oil.  
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Long-distance energy transport of renewable energies!

!  Remote renewable energy sources require an efficient 
transfer of electrical energy over long distances.  

!  High power lines may have lengths of more than 4000 km 
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Long-distance electricity transport with Superconductivity ? !
!  In general it has been so far preferable to produce electricity 

locally with transported fossils, nuclear or otherwise.  
!  But optimally produced renewable energies (wind, solar, hydro, 

geo) are generally located away from densely populated areas.  
!  Transporting at very long distances large amounts of energy 

within the electric grid is becoming a new critical issue. 
!  Present methods have been concentrated either on aerial lines 

at highest voltages (up to 1 million Volt) or ordinary underground 
or underwater cables operated at somewhat lower voltages.  

!  So far conventional superconducting lines have not delivered 
competitive alternatives, since (1) conventional NbTi cables at 
1.6-4.2 K are cryogenically too complex and (2) new “warm SC” 
materials at L-N2 temperature are too expensive and delicate.  

!  A simple new compound, the Magnesium Diboride, MgB2 has 
appeared to us as a new solution which may provide a low cost SC 
cable and a sufficiently high cryogenic temperature.  
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The new choice in long power lines:MgB2!

!  In January 2001 superconductivity was announced of a simple 
new compound, the Magnesium Diboride, MgB2.  

!  MgB2 is still under development and relatively small quantities 
of cable have been manufactured by Columbus, Genoa, IT 

● An extremely simple method of producing the cheap 
chemicals and of drawing the wire, in analogy with Nb-Ti. 

● Wire unit length today up to 4 km in a single piece, easily 
scalable to .>20 km by increasing billet size/length.  

●  Conductor cost at [20K, 1T]:now 1.5 €/kA m; in 3 y 0.5 €/kA m 

Manufacturing 
of MgB2 wires 

by simple ex-situ 
Powder-In-Tube 

method 

+	  
B	   Mg	  

reac)on	  at	  
900°C	  in	  Ar	  

MgB2	  

+	  

Chemical phase Metallurgical phase 

Tube filling 

wire drawing 
 to 1-2 mm Ø 

cold rolling 



DC vs. AC operation!
!  Personally, I do not believe 

that AC power transmission 
systems are to be ruled out. 

!   However, in terms of our 
present-day lack of experience 
with really large-scale 
superconductive systems, it is 
probably prudent to 
concentrate our present 
speculation on DC power 
systems.  

!  Present-day developments and 
future experience will no 
doubt engender also AC 
systems. 
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Practical designs of MgB2 cables!
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MgB2 wire from 
Columbus 

Superconductors 

1 Sub-cable !     
12 MgB2 wires     !
Ic (16 K) ~ 5100 A !

6 Cables!
Ic (16 K)  
~ 21000 A !



The CERN-IASS R&D programme!
!  Magnesium Diboride, MgB2 has appeared to us as a new solution 

which may provide a low cost SC cable and higher temperatures. 
" More abundant and cheaper than any other competing SC 
" Critical temperature 39 K 
" Readily manufactured into wires  
" Wire lengths now: up to 20 km  
" Production capacity now: 4000 km/y 

!  The joint CERN-IASS project, world-wide  unique for its 
achievements, has been a tremendous success. 
" In October 2013, a 6 mm MgB2 cable 2 x 20 meters long has 

produced 5’000 A and 20 K. 
" In February 2014 a set of 6 cables with a total 18 mm 

diameter has reached 20’000 A and 20 K. 
!  This 1.6 cm diameter cable operated at ± 125 kVolt and 5 

GWatt can supply for instance 2500 high power (2 MWatt) wind 
mills or about 10% of the whole electricity of France. 
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Long-distance transport through superconducting electric line!
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CERN SC Test Station (20 kA, 
5-70 K) 

LHe 
4.5 K 

GHe 
5-70 K 

20 kA DC 

20 m 

L        =   20 m     
Φinner   =   64 mm 
Φouter   = 163 mm 



MgB2 powerline programme IASS/CERN!
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Proven capability  
to up to 20 KA DC 



A practical test of the 20 m tube with MgB2 cable!
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Nb-Ti MgB2 cables HTS plug  
(T up to ∼70 K) 

2 Current Leads, 20 kA DC 
(RT → LHe) 

LHe, 4.5 K!

20 kA, DC 

LHe 

GHe!
m ≤ 10 g/s     
5 K ≤ Tο ≤ 70 K 

1   MgB2 wire    >  290 A   @ 20 K 
12 MgB2 wires > 3500 A   @ 20 K 
6 × 3500 A   >  21000 A   @ 20 K 

The test has proven the ability 
 to carry without ohmic losses about  

10 GWatt if at a voltage of ±250 kVolt 

I up to 20 kA 



A detailed engineering design is needed!
!  A number of SC-DC alternatives, all based on MgB2 and 

temperatures in the region of 15 K must be better clarified; 
" The pair of SC-conductors: in a single envelope or separated; 
" Cooling: either liquid H2 or gas He followed by liquid N2 at 65 

K (single gas He to room temperature is too demanding); 
"  Optimum distance between cryo-stations;  
" Largest vertical difference allowed in each segment; 
" Underwater operation: depth and distance ? 
" Insulation: either cold or warm solid material or alternatively 

the cooling medium itself as the insulator (either H2 or He) ; 
" Safety: recovery procedure and worst conceivable accidents; 
" Redundancy: a number of solutions with either partial or total 

duplication of critical components. 
!  Two indicative solutions are hereby described. 
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A first alternative:H2 feed pipeline!
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!  Dual tube with a coaxial 
return around the inner 
SC cable carrying tube. 

!   A vacuum insulation is 
foreseen between the two 
tubes with the evacuated 
MSI super-insulation 
around the outside tube. 

!  The inner cable carrying 
tube is remarkably 
thermally stable since it is 
entirely protected by the 
outer tube with a slightly 
higher temperature. 



. Optimized parameters for hydrogen and L =150 km.!
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Simplified refrigeration scheme!
!  Simplified para-hydrogen refrigerating unit generated by two 

liquefiers in succession at 70 K and at 15 K, with mechanical 
energy and heat to the environment at 300 K. The hydrogen 
reservoir provides for further capacity. Two of such units are 
required in total at each station. 
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Main parameters!
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!  The thermal insulation between the inner and outer cryogenic 
tubes is very modest. Very few MLI layers or simply separation 
amongst two surfaces with low emissivity are sufficient.  

!  The mechanical pump work is given by W(300) = H(60) (T2-T1)/ηT1, 
where H(60) is the heat to be dissipated at temperature T1 and η 
= 0.35 is the fraction of ideal thermo-dynamical efficiency for 
large-scale hydrogen liquefaction. As a result, with T1 = 15 K, T2 
= 300 K, the ratio is W(300)/H(60)  = 54.3.  

!  During normal operation the cryogenic flow is closed and no 
hydrogen is lost to the environment.  

!  A considerable amount of liquid hydrogen is required for the 
initial filling. During about 100 hours and a 300 km distance the 
transfer of the accumulated amount of liquid hydrogen is (2.88 
ton/h) x (100 h) x (2 segments) x (2 cryocoolers) = 1150 ton of 
liquid hydrogen. The bulk cost of liquid H2 is about 2.6 $/kg. 

!  The safety requirements of such a large amount of potentially 
flammable cryogen must not be underestimated. 



A second alternative: dual He gas + liquid N2 line!
!  General layout of a 

pressurized helium tube 
with MgB2 SC at an 
initial pressure of 30 bar 
and a temperature of 15 
K, followed by a single 
phase nitrogen coolant to 
room temperature.  

!  The inlet temperature of 
liquid nitrogen is set to 
65 K at an initial 
pressure of 30 bar.  

!  The distance between 
cryogenic stations has 
been set to L= 300 km  
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54 cm!



General parameters!
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After 150 km path Inner He Outer He Inner N2 Outer N2  
Position from start:  150 150 150 150 km 
Pressure:  28.78 23 23.52 17.07 bar  
Gas temperature: 18.92 27.1 65.87 78.16 K 
Gas Density:  69.52 38.66 29.27 31.29 kg/m3  
Speed @ Mass flow: 0.3291 0.9149 0.3195 0.3415 m/s  
Transfer time: 126.6 45.54 130.4 122 h  
Gas CP:  6308 5758 1991 2029 J/kg/K 
Reynolds: 3.749E+5 4.262E+5 1.769E+5 3.124E+5  
Friction factor: 0.01853 0.01918 0.01769 0.01656  
ΔT(1):  0.06396 0.697 0.07557 0.07932 ΔK/60km 
ΔT(2): 0.747 1.309 0.09737 2.33 ΔK/60km 
Vert. depth +5 bars: 719.2 1293 58.07 62.07 m 

 



Helium stockpiles and comparing alternatives!
!  The helium temperature is somewhat arbitrarily chosen at T = 

15 K, although even a slightly lower value may be chosen. The 
mass flow of helium is of 100 g/s corresponding to an initial 
volume flow of 3.9 m3/h  (at 30 bar and 15 K) for each of the 
four units at each of the stations 300 km apart.  

!  The He needed is (0.36 ton/h) x (200 h) x (2 segments) x (2 
cryocoolers) = 288 ton each 300 km, about twice the present 
stockpile of helium of the CERN-LHC. The estimated cost of 
(liquid) helium is about 18 $/ kg. But the production of He 
worldwide is of about 30’000 ton/y, or only ten 3000 km lines.  
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 Single:H2 Dual:He Dual: N2  
Distance between coolers 300. 300 300 km 
Temperature at inlet 15 15 65 K 
Carnot ratio factor 55 55 9  
Cryogenic segment total 97.0 7.53 172.2 kW 
Mass flow/segment 2.88 0.36 25.2 ton/h 
Volume flow at entry/segment  37.7 3.89 29.26 m3/h 
Mechanical work/location  21.34 1.64 6.2 MW 
Sum total 21.24 7.84 MW 

 



Simplified refrigeration scheme!
!  Simplified refrigerating unit for He and N2 with two liquefiers in 

succession at 65 K and at 15 K, with mechanical energy and heat 
to the environment at 300 K. Two of such independent units are 
required in total at each location.  
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Cost comparison for 700 km length and 5 GW capacity!
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Capital and 30 y !
lifetime costs [B$]!

 including DC conversion!
5 GWatt and 700 km!



Visual Impacts!
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!  Typical underground trench 
which could be used to install a 
Superconducting electric high 
power line. 

!  Superconducting electricity 
power lines could be located 
along existing transportation 
rights of way.  

 5 GWatt 

Actual SC tube; a factor 2-3 smaller Ø  



Conclusions!
!  In general, the concerns related to overhead transmission 

lines are connected to one or several of the following issues: 
" Visual impact 
" Alteration of natural landscape 
" Possible impact on health 
" Environmental impact 
" Economic impact and benefits 
" Projects of common interest 

!  Superconducting transmission line have several advantages 
relevant to public acceptance: 
" Smaller size 
" Considerably reduced land use 
" Low electrical losses and lower costs 
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RETA CA – 500 KV OHL, 75m high towers 

Bury power lines !! 



Comparing with natural gas pipelines !
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!  The realization of a SC-DC line has several elements in common 
with the established practice of Natural Gas (NG)pipelines.. In 
the case of NG pipelines these problems have been solved and 
they are expected to be so also for the SC-DC lines. 

!   An elevation change of 100 m will increase the pressure in the 
natural gas line by 2 bar, the one of the liquid hydrogen SC-DC 
by 0.7 bar and the one of liquid nitrogen SC-DC by 9 bar.   

!  The EPRI report describes 2 parallel NG lines, each carrying 
500 million SCF/day and corresponding to slightly more than 6 
GWatt (thermal) with a compressor’s electric consumption of 
100 kWatt/km, to be compared with 77 kWatt/km and 27 
kWatt/km of a SC-DC 10 GWatt electric line for H2 or He+N2.  

!  A DC-SC line compared with NG is (1) at least a factor two 
smaller diameter; (2) about a factor 3 smaller pressures; (3) a 
HV of ≈ 100 kV and of cryogenic temperatures that require 
appropriate steel and (4) good vacuum insulation.  



NG major pipelines in EU!
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Future Activities.!
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!  The original target of the programme, namely the one of 
demonstrating the feasibility of a low cost and reliable MgB2 
cable capable to transport reliably high currents at a practical 
temperature has been now essentially completed. 

!  In view of the success of the programme, a potential and 
aggressive future outlook involves a firm commitment to: 
" The appropriate engineering design of the definitive cryogenic 

structure based either on gas He+N2 or on liquid H2.  The H2 
solution is simpler and cheaper but it requires a flammable 
liquid and a somewhat higher power, but  it is however much 
easier to compensate for altitude variations of the cable. 

" The practical and extensive field test of a tube of a length 
and cost appropriate to ensure its industrial maturity.  

" Provided such a design has been successful, a first industrial 
demonstrator of many km length and power in the GWatt 
range could then be actually constructed and operated. 

!  The programme may now proceed without major stop-gaps 
provided human resources and financial support are to be found. 
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Thank you ! 


