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SUMMARY 
 

In past years the need for interconnections brought an increase in requests for HVDC links. 

Main drivers for selecting the cable technology and designing the entire system have been both 

technical and economical, and led cable manufacturers to closely work and cooperate with converter 

manufacturers to deliver solutions to old and new technical challenges. 

 

One of the longest 400 kV DC cable connection in the world, counting approx 300 km of mass-

impregnated cable, has been installed between Australia and Tasmania. The project, called Basslink, is 

meant to transmit 500 MW continuously and up to 630 MW peak via a monopole with metallic return. 

Another example of successfully-met challenges is the Neptune RTS project, which connects New 

Jersey and Long Island and is the first link installed with paper-insulated, mass-impregnated cables at 

so high voltage level (500 kV DC) and size (2100 mm²). The system has a transfer capability of 660 

MW, with a 4-hour overload capability of 750 MW to meet peak demands. 

The SA.PE.I HVDC link consists of a bi-polar link with a rated voltage of 500 kV and a rated power 

of 1000 MW, which can flow in both directions between Sardinia and Italy Mainland. Three different 

cable designs and sizes are used for land portion, shallow water portion and deep water portion (up to 

the record depth of 1650 m). For this latter section an aluminium conductor is used, being the firs time 

of such design for a HV submarine application. 

 

Developments in cable technology are leading to new generations of HVDC cables: from one side, 

VSC converters favourite the use of extruded cables which are becoming the most used solution for 

low-medium power ratings (up to 500-600 MW per bipole) whilst higher power (2000 MW per bipole, 

or even more) can now be transmitted by means of PPL MI cables. 
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1. INSULATED CABLES: DRIVING FACTORS FOR CHOOSING HVDC 
 

Large majority of transmission lines are historically consisting in overhead lines, which can be easily 

operated in alternating current also for long distances. On the other hand, for crossing of large water 

inlets and also for land crossing in areas subject to environmental constraints, the use of insulated 

cable is mandatory. 

This simple consideration has large implications in terms of choice between DC and AC systems: 

insulated cables have large capacitance - typically 20 times those of OHL - and when operated in 

alternating current the reactive load is very high thus limiting the use of cables to relatively short 

lengths. Such critical lengths is generally inversely proportional to the operating voltage and 

consequently to the transmitted power. HVDC cables, instead, don‟t have any limitation in terms of 

length, independently from operating voltage or transmitted power. 

 

It is therefore clear that submarine applications have been, so far, the main driver for developing 

HVDC insulated cables. 

 

Recently another driving factor to development of HVDC transmission lines has been the need of 

interconnections between networks. In this case the choice of DC transmission is often preferred due 

to the fact that the two interconnected networks maintain their independence, e.g. power flows are 

better controlled and short circuit events are not transmitted to adjacent systems. 

Interconnections have therefore boosted the exploitation of HVDC cable transmission systems.  

 

Newer technologies in the field of HVDC allowed to extend the range of solutions available for 

choosing the suitable type of transmission system, identifying the most appropriate one from technical 

and economical perspective. 

The summary here below lists advantages and drawbacks for different solutions, including the cable 

perspective. It should be noted that it is a simplified table: any specific connection has to be evaluated 

and the best system should be referred as to that specific link. Moreover due consideration should be 

given to experience and reliability, which cannot be tabled but play an important rule when 

considering the large investment usually associated to long bulk-power transmission links. 

 

Transmission Solution: 

 

Advantages: simple, no maintenance, high availability 

Drawbacks: heavy cables, limited length (50-150 km), rigid 

connection for power control, requires compensation reactance 

Transmission Solution: 

 

Advantages: less number of cables, lighter cables, no limits in 

length, low cable and conversion losses, good power flow 

control, very high power transmission 

Drawbacks: needs strong AC networks, cannot feed isolated 

loads, polarity reversal for bi-directional power flow, large space 

occupied, special equipment (trafo, filters) 

Transmission Solution: 

 

Advantages: Can feed isolated loads (oil platforms, wind parks, 

small islands, etc.), modularity, small space and environmental 

impact, no polarity reversal, standard equipment 

Drawbacks: higher conversion losses, limited experience, 

limited power 

Transmission Solution: 

 

Advantages: asynchronous connection (similar as DC), lower 

AC/DC/AC conversion cost and space required 

Drawbacks: heavy cables, limited length (50-150 km), requires 

compensation reactance, needs strong AC networks 
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2. DIFFERENT TECHNOLOGIES FOR TALIORED SOLUTIONS 
 

Cable insulation technologies and converters technologies are in continuous evolution and their 

practical development and use is often a successful combination of joint improvements. This is 

particularly visible when looking at the available converter systems and their main feature for 

changing the power direction: 

- LCC, Line Commutated Converter, has unidirectional current flow; therefore it requires to 

change polarity on the cable to change the direction of power flow; 

- VSC, Voltage Source Converter, has the feature to reverse the current flow direction when 

power flow is reversed, thus avoiding changing polarity on the cable. 

The main cable technologies currently available perform differently when used with either of the two 

converter systems. 

 

 

2.1 HVDC cables with laminated insulation 

 

Three type of cables have been used for HVDC transmission i.e. the Mass Impregnated Paper 

“solid type” Cable, the Gas Filled pre-impregnated Paper Insulated Cable and the Self Contained Fluid 

(Oil) Filled Paper Insulated Cable. 

 

The Mass Impregnated paper cable (MI) at ±100 KV was the first to be used in 1954 for Sweden – 

Gotland connection followed by other links where this type of cable has been used , e.g. the Sardinia-

Corse-Italy link at ±200 KV in the early ‟60. From then, this type of cable has represented the major 

share of the HVDC cable installations, up to system voltages of 500 kV (Neptune RTS, USA and 

SAPEI, Italy). 

One of the most important problems met during the development of non-pressurized impregnated 

paper cables for high voltages was the catastrophic fall of the dielectric strength of the order of 50 % 

under d.c. steady voltage with thermal cycles, with respect to the level in isothermal conditions. 

The peculiarity was that all breakdowns occurred during the cooling phase of the cycle at an instant 

variable between 1 and 10 hours. 

The thermal cycle test, adopted in the first CIGRE recommendation (Electra No.72), introduced  a 

serious constraint for cables having a DC maximum working stress ≥ 25 kV / mm and an insulation 

thickness larger than 10 mm ( voltage ± 200 / 300  kV ), that therefore required a deep development 

program. 

One of the mains goals to overcome this obstacle has been reached improving the lapping technique in 

order to obtain compact and hard cable insulation. The maximum working stress has been increased to 

above 30 kV/mm. This has made possible to realize long links at 500 kV working voltage, even in 

very severe environmental conditions (like the SAPEI installation up to „one mile‟ water depth). 

The maximum conductor temperature for this type of cable is still limited to 55 °C and the power 

rating to about 800 MW per cable by using the largest conductor sizes. 

 

The Gas Filled cable was used in 1965 for Cook Strait interconnection. 

Not withstanding its intrinsic suitability for medium-span submarine links, this type of cable have 

been left in abeyance for d.c. applications, due to the fact that it requires gas pressurization at the 

extremities and may experience uncontrolled water propagation in case of cable severance. 

 

Self Contained Fluid Filled Paper Insulated Cables have the peculiarity that they can operate in AC 

and DC systems, with practically no change in cable design and manufacturing technology. This 

characteristic has been adopted in some links that were planned to start operation in AC and to be 

converted to DC at a later stage, in order to increase the power transmitted by the link. 

SCFF cables can operate up to 90 °C and can therefore be competitive for short-medium length (due to 

the oil feeding limitation) and very high power links. 

On the other hand, the presence of oil, even if of bio-degradable type, is often considered as a potential 

problem due to environmental reasons in case of external cable severance. 
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2.1.1 A step ahead 

 

To achieve an increasing of the cable performance in terms of transmission rating, the PPL 

(polypropylene paper laminate) insulation material has been developed for mass –impregnated cable 

application. 

The maximum transmissible power with one PPL insulated cable could be increased of about 30 % 

with respect to the traditional paper insulated paper, due to the maximum conductor working 

temperature of up to 80-85 °C. 

In addition, further stepping of the power transmission is allowed due to: 

 Electrical DC working stress up to 40-45 kV / mm 

 Working voltage ≥ 600 kV 

 

The innovative PPL laminate has been selected to achieve controlled characteristics during the 

manufacturing process and to increase the electrical performances. 

The control of the material swelling in oil is one of the critical points to define the lapping and 

impregnation technology and to have satisfactory mechanical and electrical performance. 

Preliminary electrical tests have been performed on model cables 150 mm2 conductor with the 

insulation thickness of 5.8 mm. 

The DC breakdown strength at loading cycles was found to be some 40 % higher than conventional 

paper cables. 

The impulse breakdown strength was significantly higher as well; of the order of 25 % with respect 

the paper insulated cables. 

The main results are shown in the following graphs. 

 

 

 
 

 

A full size prototype cable 500 kV, 1000 mm2 with the insulation thickness of 18 mm, lead sheath, PE 

jacket and galvanized steel tapes has been manufactured to verify all the process parameters and the 

electrical performances. A long term test with a vertical loop 21 m height has been included in the test 

program. 

The excellent performance on the full-size cables, up very large sizes, have basically validate the 

model cables performances and has definitely confirmed the suitability and reliability for this cable 

design to be used in commercial applications 

 

The table here below shows the tests condition and results for the different assemblies subjected to a 

DC voltage with loading cycles, polarity reversal and impulse superimposed to a DC voltage, 

including tests performed on a second prototype of 2000 mm2. 
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LOAD CYCLE TEST HVDC  

PPL CABLES 

PROTOTYPE 

TEST 

Test conditions Cycles number 

IMPULSE TEST 

1000 mm
2 

1 Tcu =75°    =17.5 

10C – 800KV 

10C – 900KV 

10C  750KV (p.r.) 

10C – 1000kv 

10C   825kv (p.r.) 

Imp. (+ 2000KV) 

Superimposed 

(-500KV) 

At 75°C 

Passed 

1000 mm
2
 2 Tcu =22.5°    =17.5 

10C – 800KV 

10C – 900KV 

10C  750KV (p.r.) 

10C – 1000kv 

10C   825kv (p.r.) 

2C – 1080KV 

Impulse at 75°C 

+ 1950 KV 

 

Termination  failure 

1000 mm
2
 3 Tcu =85°    =17.5 

10C – 800KV 

10C – 900KV 

10C – 1000KV 

10C  750KV (p.r.) 

10C – 1080KV 

2 – 1150KV 

Impulse at 85°C 

1950 KV 

 

Passed 

1000 mm
2
 4 

Vertical loop 21 m 

 

Tcu =85°    =17.5 

LONG TERM TEST  

2000 mm
2
 5 Tcu =95°    =20  

Impulse at 95°C 

1650 KV 

 

Termination  failure 

2000 mm
2
 6 Tcu =95°    =17.5 

5C – 900KV 

10C – 1000KV 

2C – 1080KV 

 

  
 

The long term test performed on a period of 330 days, include 135 daily loading cycles under DC 

voltage up to 1080 kV, and 62 loading cycles with polarity reversal up to 840 kV. 

The conductor temperature was setting at 85 °C during the first part of the test and than increased up 

to 95 °C for the main part of the test program.  

 

 

2.2 HVDC cables with extruded insulation 

 

The use of extruded insulation cables in the HVDC links showed a large increase during last years, 

due to some advantages that polymeric insulation can offer in comparison to traditional laminated. 

Technology to produce extruded cables is normally less complicated than technology needed to 

produce mass impregnated or oil filled cables and production costs are lower as well. In addition to 

that, extruded insulation can operate at higher temperature than mass impregnated.  

Despite to these advantages, development of extruded cables application for HVDC was hampered by 

sensitivity for the cables to polarity reversal. This was generally attributed to the presence of space 

charge trapped within cable insulation.  

During last years many progress for semi-conductive and insulation polymeric materials were done, 

and insulation technology was significantly improved as well.  

In addition to that, actual increasing use of VSC technology (that allows to reverse the power flow 

sense without changing polarity on the cable) is encouraging the choice of solid synthetic insulated 

cables. 

 

Prysmian started the study to develop materials and technology for extruded insulation cables at the 

end of years „90s.  

During the first part of this project, several polymeric insulating materials were tested. Life test under 

increasing electrical stress were performed in order to define the coefficient of life, N, by using the 

very well known Weibull distribution law. 

Space charge distribution was deeply investigated, applying PEA technology (Pulsed Electroacustic 

Analysis) to flat models of different polymeric insulating materials. 
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Electrical conductivity of polymeric materials was investigated as well, by using flat models at 

different temperatures (50, 70 and 90°C) and electrical stresses (30, 40, 50 kV/mm).   

 

With most promising materials, in the second part of the study, model cables were produced. 

According to Prysmian experience, model cables having 70 mm²Aluminum conductor, with 5.5 mm of 

insulation thickness were produced and submitted to an extensive test program: 

- d.c. dielectric strength, cold and hot conditions (from 20 to 90°C); 

- L.I. test (cold and hot); 

- L.I. superimposed onto HVDC of opposite polarity (cold and hot) 

- HVDC life test with step voltage increasing up to breakdown, with thermal cycles at 70°C; 

- HVDC life test with step voltage increasing up to breakdown, with thermal cycles at 70°C, 

with daily polarity reversals. 

 

In the third part of the project, the best combination of semi-conductive and insulating materials was 

used to produce a full-size, 630 mm² cable. 

The cable and relevant accessories (flexible factory and repair joint, rigid repair joint, terminations) 

was submitted to the complete pre-qualification. Long-term test has been carried out on a 200 kV 

system.  

 

 
 

Testing protocol followed recommendation included in Cigré Technical Brochure 219.  

 

The very positive outcome suggested to continue with development of HVDC extruded cables and a 

further pre-qualification started at increased voltage. The knowledge acquired during previous years 

gave us confidence about use of extruded cables also with polarity reversals. A test protocol was 

therefore prepared and implemented to allow a full qualification for both technologies. Full system, 

including cable and accessories, has been subject to the following voltages, with thermal cycles in 

accordance to mentioned Cigré TB 219. 

 

- VSC System, U0 = 300 kV: 

o Voltage Cycle test: 435 kV, 70°C 

o Up2,S = 640 kV 

o Up2,O = 360 kV 

- LCC System, U0 = 250 kV: 

o Voltage Cycle test: 365 kV, 70°C 

o Polarity reversal: 315 kV, 70°C 

o Up1 = 500 kV (impulse superposed to DC at opposite polarity) 
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Successful completion of full test is a confirmation that the applied materials and technology are fit for 

use for HVDC transmission, but also – and most of all – it has been confirmed the importance of 

extensive development programs to get acquainted with new technologies and to move towards to 

industrial application with reasonable confidence. 

 

 

3. LEADING THE EVOLUTION 
 

If – from one hand – the availability of newer technologies made feasible the realisation of certain 

connections, from the other hand it is also possible to say the opposite: the exploitation of new 

challenging needs has driven cable manufacturers to challenge themselves and develop new solutions. 

Recent history tells about a continuous evolution in technology, to overcome limits and to allow 

realistically approaching and planning of longer links, deeper installations and increased powers. 

 

 

3.1 Basslink 

 

The interconnection between the state of Victoria (Australia mainland) and the Tasmania Island has 

been for some time the longest submarine HVDC connection ever made.  

Basslink is a monopole at the rated voltage of 400 kV DC, able to transmit 500 MW continuously and 

up to a maximum of 630 MW with a particular load cycle, max 8 hours per day. 

The submarine cable connection is about 293 km, in addition to about 6.6 km of land cable in Victoria 

State and 1.7 in Tasmania Island. 

 

 
The Giulio Verne ship 

 

The power cable is insulated with impregnated paper (MI = Mass Impregnated). The cross section of 

copper conductor for the submarine cable is 1500 mm2, while the land cable is 2000 mm2. The 

monopole has the return copper conductor, with cross section of 1400 mm2, isolated for Medium 

Voltage in XLPE. 

In the submarine section, the high voltage, the medium voltage and the optical cable have been laid 

simultaneously with the laying vessel owned by Prysmian, bundled with each other just before 

approaching the slide of laying. 

 

 

3.2 Neptune RTS 

 

Since November 2007, in the United States, a cable connection in direct current at 500 kV, 105 km 

long (65 miles) between Sayreville, in the State of New Jersey, and Nassau County, on Long Island, 

New York State is in service: it is the Neptune Regional Transmission System (Neptune RTS). 
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The reasons for this connection are to be found 

in the rapid growth consumption in Long Island 

and the difficulty of building new generation 

plant on the island, where the Neptune RTS is 

an economically sustainable and low 

environmental impact. 

 

The circuit is a monopole with the metallic 

return, based on the use of conventional 

converter station (LCC). The system is 

designed to allow a two-way exchange of 

power with a transmission capacity of 660 MW 

at continuous voltage of 500 kV, both 

measured at the receiving point. The Neptune RTS permits also a daily overload of 750 MW for 4 

hours, starting from a base load of 600 MW. 

 

Most of the connection - about 82 km - is submarine and it is composed of three cables: the power 

cable 500 kV HVDC, the metallic return insulated in XLPE and the optical cable. The cables are 

bundled to each other on the ship and laid simultaneously. 

 

500 kV HVDC CABLE CONSTRUCTION 

Copper Conductor 
Semiconductive Screen 
Mass Impregnated Insulation 
Semiconductive Screen 
Lead Sheath 
PE protection 
Lead Armour 
Polyester Padding 
Steel Wires Armour 
PE Sheath 

CROSS SECTION 2100 mm
2
 

EXTERNAL DIAMETER 131 mm 

WEIGHT IN AIR 53.5 kg/m 

WEIGHT IN WATER 44 kg/m 

 

The land part is 22.5 km. The HVDC cable used for this part of the link is quite similar to the 

submarine cable, up to the steel armour. The number of joints along the way land has been minimized 

using long cable lengths (approx. 1000 m. per reel).  

 

 

3.3 Sapei 

 

The SA.PE.I. (Sardinia - Peninsula Italica) project is a HVDC connection between Fiume Santo 

(Sardinia) and Nettuno (Lazio), approximately 435 km long. 

This connection is made by MI insulated 

cables at 500 kV, in a bipolar configuration. 

System is completed with two electrodes 

which allow 50% power transfer in emergency 

by using the sea as return path. Cable for the 

first pole has been installed and commissioned 

in November 2008. When second pole - 

planned for 2010 - will be in place, it will be 

possible to transmit 1000 MW. 

 

The entire HVDC connection include three 

different cable designs, all mass-impregnated 
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paper insulated, respectively for the land portion, for the submarine medium-low water depth (up to 

400 m) and the submarine at high water depth. 

The submarine part is 420 km long, 55% of which is in deep waters between 400 m and 1650 m, a 

depth never reached before by a submarine High Voltage cable (the previous record belonged to Italy-

Greece) and that was a further challenge to the industry of cables. 

 

The main components of the submarine cable for deep waters are the aluminium conductor of 

1150 mm
2
, the mass-impregnated paper insulation, the lead sheath and the double layer of flat steel 

armour. 

 

  The SAPEI cable for deep waters 

 

 

The aluminum conductor is an innovation: it is the first time ever that this material is used for this 

application. The main purpose of this solution is to reduce the weight of the cable during installation. 

This solution and the fact that cable for low-medium water depth has copper conductor, involved a 

further innovative step: the implementation of new transition joints. 

The armour is a double layer of contra-directional flat galvanized steel, designed to support most of 

the weight of the cable during installation. 

 

 

3.4 Transbay 

 

In the Bay of San Francisco, California, is under construction the first plant in the world of 

commercial transmission of energy in direct current at 200 kV with VSC technology and cables with 

extruded insulation. 

 

The connection between Potrero and Pittsburg has a length of 83 km and consists of two cables in 

bipolar configuration. 

The cables will be transported from the ship Giulio Verne, which will carry out the installation in the 

portion of the path with sufficient depth, while in shallow waters the installation will be completed 

with a barge, suitably equipped. Cables will be laid in bundle and buried at a depth of 6 ft (1.8 m). 

 

The power rating of the connection is 400 MW. The cables (+/- 200 kV) have a copper conductor with 

a cross section of 1100 mm
2
, extruded insulation, lead sheath and armour of steel wires. 

 

Aluminium conductor  

Semiconducting paper tapes 
Insulation of paper tapes impregnated with viscous compound  

Semiconducting paper tapes 

Lead alloy sheath 
Polyethylene jacket 

Metallic tape reinforcement 
Synthetic tape or yarn bedding 

Double layer of steel armour (flat wires)  

Polypropylene yarn serving 
 

Weight     = 37 kg/m  
Diameter = 120 mm  
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A type test on the specific cable design and relevant accessories was requested. A miniature circuit 

was installed and test performed according to Cigré TB 219 for VSC Systems with U0 = 200 kV: 

o Voltage test: 290 kV, 70°C 

o Up2,S = 430 kV 

o Up2,O = 250 kV 

o In addition: L.I. withstand test, Up1 = 400 kV 

Type test has been successfully completed, including mechanical tests required for submarine cables 

as listed in Electra No. 171. 

 

 

 

4. FUTURE FEATURES FOR FUTURE NEEDS 
 

Most interesting developments for HVDC transmission lines are relevant to the growing demand for 

long land transmission systems, to the increased need for connecting large offshore windparks to the 

coast, to the challenges given by crossings of very deep waters. 

In this respect, further developments are under evaluation for extruded insulation cables. Insulation 

technology will be improved to increase cable lengths, so that the number of joints is minimized. 

New cable design and relevant technology will be developed, in order to increase voltage, to reduce 

cable weight and improve fatigue performances, thus opening to the use of HVDC cables for dynamic 

applications and also laying in ultra-deep waters. 

 

The other sensible trend is the increase of requests for massive power transmission, typically to allow 

sue of remote power sources. In these cases it is believed that traditional LCC technology with 

laminated cables would be the preferred choice in the medium term, mainly because of experience, 

reliability, lower losses and easier possibility to increase operating voltage (up to 800 kV) and cable 

cross sections. Currently is already possible to transmit over 2000 MW with one bipole, by using 

mass-impregnated PPL cables. Within few years this limit may be increased to 3000 MW and over. 

 

In conclusion, developments ongoing on cable technologies will allow to further enhance their 

performances and to enlarge the range of their application. Future needs are addressed today! 
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