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1.
Introduction

The NEPTUNE Power System will likely utilize a commercial off-the-shelf (COTS) submarine telecommunications cable that has a single copper conductor. With only a single conductor, the system will need to use electrodes to make the electrical connections with the seawater and allow it to be used as a conductor to complete the circuit (see Figure 1). Each of the planned two shore stations will need to be capable of supplying 10 kV at 100 kW (10 A) and each of the 30-40 nodes will have a maximum load of up to 10 kW (1 A).
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Figure 1. Schematic of the NEPTUNE Power System circuit

2. 
Scope of Effort

The purpose of this paper is to investigate the issues associated with the electrode chemistry, materials, design and installation. These issues include the environmental and safety impacts, possible effects on NEPTUNE science instruments, performance and reliability of the electrodes and others.

The primary problems associated with using electrodes for carrying current are consumption of the anode and calcareous deposits on the cathode. The problem of the cathode deposits is more easily solved and for this reason, the cathodes will be located in the seafloor nodes. The anode consumption is not as easily solved and, consequently, the anodes will be located on shore where they can made arbitrarily large and maintained or replaced if necessary.

3. 
Background

Electrodes that utilize a conducting medium - such as salt water - to carry electrical current are used in a variety of applications that include gas generation (Cl, O2, H2, etc.), impressed current cathodic protection of structures and DC power transmission.

Of particular relevance is the fact that hundreds of ground return electrode beds have been built over the last 50+ years for use in supplying power to the seafloor components of submarine telecommunications cable systems. The telecom systems are similar to NEPTUNE in several respects with the main exception being that the amount of power (current) that is carried is generally less than 10% of the NEPTUNE requirement.

Another common application of ground return electrode beds is in high voltage DC power transmission systems which carry currents in excess of 1300 A (Baltic Cable HVDC Link).

4.
Basic Physics and Chemistry

Current is conducted in seawater through ionic conduction, as opposed to electronic conduction in metals. This implies that the power supply current has to be transferred from a metallic anode through the earth and seawater (the electrolytes) into the metallic cathode. The transfer of current from metallic conduction to ionic conduction takes place on the anodes and cathodes through electrochemical reactions.

4.1 
Cathode 

Metal that current enters on leaving an electrolyte is a cathode and, consequently, most cathodes are protected from corrosion. The primary reaction that take place at the cathode are:

2 H2O + 2 e- → 2 OH- + H2 (g)


A calcareous deposit – mostly oxides and salts - can form on the surfaces of a cathode. These deposits increase the resistance over the areas that they cover and can increase the current density in areas that they don’t cover. The reactions that result in this deposit include:


Mg+ + OH- → MgOH ↓ 
and

Ca+ + OH- → CaOH ↓

The formation of these deposits can be minimized  by increasing the surface area (decreasing the current density), avoiding flat horizontal surfaces and positioning the electrode where it will have the best possible water flow. The composition of a calcareous deposit that forms on steel in seawater is shown in Table 1.

	Compound
	%

	Calcium carbonate
	57

	Ferric Oxide
	3

	Calcium sulfate
	19

	Magnesium carbonate
	3

	Sodium bicarbonate
	5

	Insoluble siliceous matter
	8

	Water
	5


Table 1. Composition of calcareous deposit found on cathode surfaces immersed in sea water

4.2
Anode

Metal from which current leaves to enter an electrolyte is an anode. Metallic ions travel in the direction of the current (opposite direction from the electrons) and consequently, a metallic anode corrodes. The typical reactions at an iron anode in soil are:


Fe+2→ Fe+3 + e – 

Fe+2 + 2OH- → Fe(OH)2 ↓

If a critical current density is exceeded and if any salt is present then the following reaction can take place:
2Cl- → Cl2 ↑ + 2e-
Other anodic reactions that take place if a carbonaceous backfill is used (discussed in a later section) are:

O2 + C → CO2 ↑    (reaction with the carbon in the backfill)

O2 + 2C → 2CO ↑ (minimized by coke breeze formulation)

The relationship between ionic current and the amount of metal removed is Faraday’s Law of Electrolysis: the mass of material that leaves the anode and goes into solution in the electrolyte is proportional to the current.
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where:

m 
= mass of metal removed, kg

i 
= electric current, A

Kf
= Faraday’s constant = 9.65 x 107 C/kg

ma
= atomic mass (iron = 55.85)

v
= valence (iron = 2, usually)

The theoretical mass that would be lost in 1 year at a current of 1 A is:


[image: image4.wmf]kg

kg

A

A

m

11

.

9

sec

10

*

65

.

9

*

2

sec

10

*

15

.

3

*

1

*

85

.

55

1

7

7

=

-

=

-


The loss of weight of a buried metallic electrode is usually less that the theoretical value due to the fact that a metal ion is not lost with every electron that flows through the electrode. This ratio is the corrosion efficiency. 

5.
Shore Station

5.1
Groundbed Design

For applications requiring cathodic protection, the location and nature of the site where the anode is placed needs careful consideration. Factors to be considered include soil resistivity, soil chemistry, the presence of foreign metallic structures, accessibility, etc. 

Anode materials used for groundbeds are generally graphite or high silicon cast iron. In the groundbed, it is preferred for the anode to be surrounded by a carbonaceous backfill. The backfill particles help to reduce anode resistance to earth, extend anode life by allowing anodic reactions to occur on their surface and provide a porous structure so the gases produced can escape.  

A basic design incorporates the use of a steel casing to prevent the collapse of the drilled hole. One or more anodes are placed inside the casing. The remaining space is then filled with carbonaceous material. Gas entrapment tends to increase the groundbed resistance and deep groundbed wells are generally fitted with a vent to allow gases to escape.

5.2
Soil Resistivity Measurement 

Soil resistivity is one of the most important factors in selecting a groundbed location. The number of anodes required, the length and diameter of the backfill column are all influenced by soil resistivity. In general, the lowest and most uniform soil resistivity location with relation to depth should be utilized for a deep groundbed site.

Soil resistivity is measured in ohm-cm and is obtained by various means. A long-standing practice utilizes the Wenner four pin method. The groundbed designer should also use experience gained from other installations in the area. Earlier survey records often provide area resistivity.

If existing groundbed data is not available, soil resistivity must be estimated by other techniques. Soil resistivity generally relates to the salinity or purity of the water or moisture, which historically has permeated the soil and remains there to one degree or another. Table 2 gives broad guidelines relate areas and soil type conditions with its resistivity.

Table 2. Resistivities of different soil types

Area and/or Soil Type with resistivity range 



Ω-cm                 

Brackish water lowlands, poor or slow drainage, coastal areas
150 -1,200

Coastal plains, low elevation





600 - 1,500

Central coastal areas, satisfactory to good drainage


1,200 - 5,000

Farm and range lands 






3,500 - 10,000

Desert plains, mountains





5,000 - 25,000

Dry and arid high country





10,000 - 25,000

The Nedonna Beach candidate site for the NEPTUNE shore station and electrode ground bed is located about 400 m from the beach about 7 m above sea level in a marshy area. 

5.3
Semi-Consumable Electrodes

5.3.1
Graphite 

Carbon has been used as an anode in chlorine production since the end of the nineteenth century. Graphite, which is less porous and more electrically conductive than carbon, is now preferred over carbon for use in impressed anode materials. However, graphite can still be highly porous, with the porosity being exacerbated by gas evolution. For this reason, graphite is often impregnated with resins to reduce solution ingress and improve mechanical strength. Graphite anodes are inert when chlorine evolution is occurring. But if oxygen formation predominates, as in low chlorine media, graphite is oxidized to carbon dioxide. Graphite deterioration also increases with decreasing pH and increasing sulfate ions concentration. 

Graphite also suffers high consumption rates in water at temperatures above 50oC. Consumption rates measured for graphite depend on the environment and thus range from 0.045 in seawater to 0.45 kg A-1 y-1 in freshwater. Operating current densities vary from 2.5 to 10 A m -2. The maximum operating voltage (voltage across the electrode-electrolyte interface) for graphite anodes is only limited by excessive consumption rate and brittleness of the material. The main disadvantages of graphite compared to other anodes are low current densities and inferior mechanical strength. Graphite is generally used in conjunction with carbonaceous back-fills in soil based anode systems.

A graphite anode is usually very stable with very low or negligible consumption as long as the main anodic reaction results in the evolution of chlorine (Cl2), which is the case where seawater is present. The Konti-Skan system in the Baltic Sea uses graphite electrodes in deep wells with pumped seawater electrolyte to keep the temperature down and to keep a good source of chloride ions. Despite high current (1000 A), the consumption of the electrodes is very low 0.04 - kg A-1 y-1. 

Rapid consumption will also occur in environments with little chloride. The evolution of oxygen (O2) will lead to the formation of CO2 and will cause disintegration. Acidity, increased temperature and presence of sulphate ions in the local environment also increase consumption.

5.3.2 High silicon iron (HSI) alloys

HSI anodes are widely used and contain about 14.5% silicon. Certain alloys also have 4.5% chromium. The high silicon content ensures that the alloy forms a protective film containing silicon dioxide, SiO2. A prerequisite for the formation of this film is that the anode must initially corrode during the first few hours of operation. The mechanism of this passivating film is not well understood but the high electrical conductivity of the film is believed to be due to the presence of iron oxides. Silicon dioxide is highly resistant to acids but it is readily dissolved in alkaline conditions. High silicon iron anodes are extremely hard and cannot be machined easily. They are generally cast and then stress relieved by annealing. Although brittle these anodes have superior abrasion and erosion characteristics compared to graphite

High silicon iron anodes are widely used usually in conjunction with carbonaceous backfills in soils. They have also found limited use in marine and freshwater environments. The maximum operating current density is determined by the type of alloy and the environment. For instance, in groundbeds with backfills, the current density is limited to10 - 20 A m-2 because of problems caused by gas entrapment. As for graphite, the maximum operating voltage is limited by excessive consumption and brittleness of the material. The consumption rate of these anodes is influenced by the operating current density and the nature of the environment. Generally, a lower current density reduces the consumption rate. Consumption rates range from 0.1 – 0.5 kg A-1 y-1. Sulfate ions in particular have been noted to enhance the dissolution rate of these materials.

This material cannot withstand current reversal as the SiO2 layer will burst. The SiO2 layer will reform but at the cost of increased metal consumption. They are good for use in low-chloride applications, such as in fresh water with less than 200 ppm chloride and will suffer from pitting in higher chloride levels and at elevated temperatures.

If the NEPTUNE Power System Operation includes frequent reversing the backbone voltage polarity, HSI electrodes may not be appropriate.

Tubular shaped anodes improve operating performance provide greater surface area over solid cast iron anodes of identical weight. This in turn lowers anode-to-earth resistance, decreases the current density on the surface of the anode, and permits any generated gases to be distributed over a larger area. The tubular design also means the wire connection can be made in the center of the anode, thus eliminating the problem of end-effect consumption. Devices are available that give a reliable, low resistance connection to the electrode (less than 0.001 ohm).

Assuming a consumption of 0.5 kg A-1 yr-1 at 10 A for 30 years results in a total consumption of 135 kg over the life of NEPTUNE. This consumption calculation is conservative because consumption with backfill can be as low as 0.1 kg (A-1 yr)-1. It is recommended that a maximum of 50% of the mass be consumed which indicates an initial electrode mass of > 300 kg.

One possible configuration would be to use an array of 16 tubular anodes (each with a mass of 30 kg, length of 2.1 m and diameter of 67 mm) in 200 mm diameter coke breeze canisters. This would result in a total mass of 480 kg which would have a conservative theoretical life of 48 years (with 50% of the mass remaining).

Tyco is planning on using 4 x 2.1 m HSI electrodes with backfill for the TPN cable system at Nedonna Beach (with a theoretical 120 yr life at 1A). Tyco is planning on using 16 x 2.1 m HIS electrodes with backfill at a site in Valparaiso, Chile for a similar system with a nominal current of 1A but with much higher resistivity soil. The additional anodes are not required for consumption but serve to reduce the ground resistance.

5.3.3 Copper
5.4
Backfill 
Materials

5.4.1
Chemical backfills 

A chemical backfill used with galvanic anodes provides an environment which is conducive for anode dissolution. A typical mixture is 75% powdered gypsum (CaSO4), 20% granular bentonite and 5% sodium sulfate. This mixture has a resistivity of 50 Ω-cm and is suitable for use in high resistivity soils. The function of the bentonite is to absorb water and expand, thus ensuring good contact between anode and soil by lowering groundbed resistance. A 75% bentonite 25 % gypsum mixture (250 Ω-cm) is recommended for low moisture soils. 

5.4.2
Carbonaceous backfills  

Groundbed current anodes are usually surrounded by a carbonaceous backfill. Types of materials used include coke breeze (97% fixed carbon), calcined (to remove moisture and hydrocarbons) petroleum coke and natural graphite. The dual purpose of the carbonaceous backfill is to reduce the groundbed resistance by increasing the effective size of the anode and to provide a surface on which oxidation reactions can occur. The latter function prolongs anode life by a factor of 2-4. To ensure good electrical contact, the backfill must be tamped around the anode. Resistivity of carbonaceous backfills is in the order of 50 Ω-cm.

 Particle size and shape are also important when specifying a backfill. Both parameters determine the contact area between anode and earth and also influence the porosity of the column which is important for gas ventilation. 

6.
Node

6.1
Non-Consumable Electrodes

6.1.1
Platinized substrates

Platinum is the ideal permanent electrode material. It is one of the most noble metals and in practically all environments forms a thin invisible film which is electrically very conductive. In addition, the current densities of most anodic reactions on the Pt surface are greater than on other anode materials. Due to its high cost, platinum is applied as a thin coating on metallic substrates such as titanium, niobium and tantalum. 

Platinized titanium is often used in marine environments. To avoid the dissolution of titanium at unplatinized locations on the surface, the operating voltage of the anode is limited by the anodic breakdown potential of titanium which is in the range of 9 to 9.5 V in the presence of chlorides. Hence the maximum recommended operating voltage of platinized titanium anodes is 8 V. The corresponding maximum current density output is 500 – 3000 A m-2. For systems where operating voltages are relatively high, anodes with niobium and tantalum substrates are generally selected. This is because these two substrates have anodic breakdown potentials greater than 100 V in chloride containing electrolytes. The wastage rate of platinized electrodes when used as anodes is 8 - 16 mg A-1 y-1.

6.1.2
Magnetite 

Magnetite is a cheap and naturally occurring material. It is an oxide and has an electrical resistivity of 80 Ω-cm. Due to its brittleness, the anode is cast as a hollow cylinder and closed at one end. The inner surface is then copper plated and the cylinder is filled with polystyrene. Epoxy resin is used to fill any remaining space. The anode cable is soldered to the copper plate. Magnetite anodes have been successfully used in the cathodic protection of buried structures and those immersed in seawater. The maximum operating current density is 115 A m-2 and the anode consumption rate is approximately from 1 to 4 g A-1y-1, when used as anodes. 

6.1.3
Lida

This is a recently developed anode. It is claimed that it has superior mechanical, consumption and electrochemical properties compared with conventional anodes. The anode is composed of titanium coated with an inert metal oxide - ruthenium oxide. The operating current density is 0.8 kA m-2 and the consumption rate is in the range of 0.8 mg A-1 y-1, when used as anodes.

7.
Environmental Impacts 

7.1 Node Impacts

The impacts at the nodes include:

· Effects of  electric fields

· Chlorine and other gas evolution

· Increased corrosion on NEPTUNE pressure housings and other node structures

· Interference with science sensors data – electric, magnetic, chemical, biological, etc.

· Need to maintain minimum distance from other sensors – HEF, etc.

· Safety to humans, marine mammals, fish 

7.2 Shore Impacts

7.2.1
Environmental Impacts

Environmental impact assessment for is not typically required or done by telecom systems for shore electrode ground beds for similar voltage (but lower current) systems. Neither the cable from the power supply to the electrode nor the submarine cable buried under the ground and beach generate any AC radiation, other than brief transients. There are weak DC fields that exist very near the cable deep in the soil and between cable conductor and electrodes. However, the cable insulation has resistivity 10 orders of magnitude greater than sea water and saturated soils so virtually the entire field is confined to the insulation. The weak DC fields that exist are so small that they are virtually harmless to people and marine life. In the telecom industry, dozens of similar systems (although with lower current) have been installed around the world with no record of any detrimental effects to humans or animals.

The easiest method is to bury the electrode deep enough to reduce surface voltage gradient. A depth of 1-2 meters is advisable for mechanical protection and to get to soil with suitable temperature, moisture content, etc.
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