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High voltage subsea cables are normally sheathed with a 
metallic water barrier at voltage levels above 36 kV as 
recommended by the standards (IEC 60840). The main 
concern with water ingress in power cables is the risk of 
water tree formation. Water tree growth will reduce the 
lifetime of power cables. For dynamic cable designs 
there are today few reliable alternatives to prevent the 
water ingress. Here a novel electrical semi-conductive 
water barrier is presented, based on a multilayer 
polymer sheath design where the arrangement of layers 
is based on numerical simulations using measured water 
transport data. 

Water tight barriers are recommended at voltages > 36 
kV [1]. Water ingress into the cable insulation can 
induce water treeing, which is a slow degradation 
mechanism that lowers the dielectric strength and 
ultimately leads to an electric breakdown of the cable 
[2]. Water trees consists of water filled voids, with 
higher conductivity than the insulation. For water tree 
inception to occur a number of factors are required, i.e.
electric field, water, a defect and/or a void. Other factors
accelerating water tree inception and growth are:  
increased content of ions and contaminants, higher 
frequencies and amplified electric field [2, 3, 4]. Water 
trees can be divided into two main categories, i.e. 
vented water trees and bow-tie trees. Vented trees grow 
from either the conductor or insulation screen, and are 
generally considered to be the most critical water tree as 
it can grow to long lengths and even bridge the 
insulation. Vented water trees can also act as initiation 
points for electrical trees, which would then cause an 
electric breakdown. Bow-tie trees generally start at 
defects in the bulk of the insulation. As mentioned 
above, water tree inception is dependent on the presence 
of water. Earlier studies have shown that water tree 
inception can take place at defects already at 70% 
Relative Humidity (RH) [5]. It has also been shown that 
dynamic mechanical stress increases inception and 
growth of both bow-tie and vented trees in the strain 
region [6]. The development of modern insulation 
systems and cable designs has focused on material 
cleanliness, dry triple extrusion and a general focus on 
high quality cable designs, which have considerably 
decreased the problems with water treeing [7].

Except from the direct effect of water tree growth on the 
cable performance, it has been observed that water in 
Extra High Voltage (EHV) cables can cause increased 
losses in the material, which could be detrimental at 
these high voltage levels [8]. The effect is not clear as 
measurements on miniature cables do not reveal any 
increased losses at power frequency up to very high 
fields. The DC conductivity in the low frequency range
is on the other hand strongly affected by the water 
absorption [9,10].  
The traditional water barrier in high voltage subsea
cables is typically a lead sheath. For land cables, an 
aluminium /polymer laminate is often used. In general 
aluminium has poor corrosion resistance, but due to the 
lamination process this problem has decreased strongly. 
The 0.1-0.3 mm thick aluminium foil is glued 
longitudinally and these designs have an excellent track 
record [11]. Copper sheaths can also be used as a radial 
water barrier. One major drawback with lead is its 
sensitivity to fatigue, which makes lead non suitable for 
dynamic applications. Copper has better fatigue 
properties than lead, but is expensive. Advantages and 
disadvantages are evaluated in [12]. One possibility for 
dynamic applications is the novel water diffusion barrier 
design based on a two layer polymeric sheath previously 
presented in [13]. In this work a semi-conductive design 
is demonstrated. The main characteristic of this design 
is that the time to water saturation in the polymer layer 
is strongly delayed. Moreover, the polymeric layer will 
also have environmental advantages compared to lead;
both due to the risk of human hazard mainly during 
production of the lead sheath, and due to the weight 
saving by replacing lead with less heavy materials. The 
weight savings have a substantial advantage due to 
increased capacity of transportation, for instance 
shipment, and furthermore lighter materials leads to less 
mechanical strain during e.g. layout of subsea cables. 

The novel water barrier is based on an outer sheath of 
polyethylene (PE) type, where water permeability is low 
and an inner layer of polyurethane (PU) type with high 
water absorption capacity. Substantial amounts of work 
have been put on the design, the choice of materials and 
development of methods to determine the accurate data 
on solubility coefficient, S, diffusion coefficient, D, and 
permeability coefficient, P. The water ingress to the 
polymer can be described by Henry´s law [14], i.e. the 
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solubility of water in a polymer, is directly 
proportional to the partial pressure of water above the 
polymer, :

=     (1)

The diffusion is controlled by Fick’s Law, which states 
that the mass flux, of the diffusing species is 

proportional to its concentration gradient, : 

=     (2)

Permeability, P, if D is constant is: 

=     (3)

The main innovation of the design is based on detailed 
material data generated by sorption trials. A numerical
computational model has been developed for the 
calculations and this data show satisfying correlations 
with measured data [13]. Literature based 
solubility/diffusion data of liquid diffusion in polymers 
is often based on permeability measurements on thin 
films, which is proven to give deviating results for the 
comparably thick sheaths used in this design. 
The water barrier design presented in this paper is a
fully semiconducting construction. This design is 
preferential for many AC subsea cables, for instance
Direct Electrical Heating (DEH) cables. These cables 
are strapped onto an oil or gas flow line, where the flow 
line act as a return conductor for the current, which will 
generate heat in the metallic pipe wall thus preventing 
hydrate and wax formation [15]. 

Prototype cables with the present design have been 
produced for full scale evaluation and verification of the 
developed numerical models. Calculations show that 
equal thickness of the two sheaths is preferential, and 
therefore the design is based on two 3 mm layers, see 
Fig.1 [13]. This design, Design 1, provides strongly 
delayed time to saturation in the XLPE compared to 
only the use of an outer sheath. A second design, Design 
2, is also developed, with a thin metal/polymer laminate 
between the polymer layers. This design can be 
compared with the use of aluminium laminates in HV 
land cables as mentioned above, but with the main 
difference that the metallic foil is very thin to allow for 
dynamic motions. Small scale testing has shown good
mechanical properties of the foil, with excellent 
resistance to deformation at strain and at fatigue testing 
[16]. Design 2 will provide a fully watertight 
construction, and is preferential when cables are 
operated at increased temperatures, e.g. DEH, that often 
operates at 90 C. The axial conductivity of the laminate 
has to be low enough, for the capacitive currents to be
directed radially. Another area of application for Design 
2 could be cables with voltage levels > ~ 170 kV where 
Nexans internal tests have shown that even small 

contents of water can increase the losses. Design 2 is
presented in Fig. 2. 

Design 1 with strongly delayed water diffusion. The 
insulation system is XLPE.

Design 2 with fully water tight construction. The 
insulation system is XLPE.

For the production of the two designs, optimization of 
the process with regards to extrusion of PU was 
performed. PU has very different extrusion properties
compared to the more common PE materials used for 
sheathing. Focus was on obtaining a smooth surface of 
the PU to facilitate low friction between the layers in 
Design 1 and between PU sheath and laminate in 
Design 2. Concerning Design 2, the method for 
applying the thin laminate onto the cable also had to be 
revised to fit the much thinner laminate than what 
normally is used for MV/HV land cables. Further 
optimization of Design 2 is still ongoing.

The material choices of the innovative water diffusion 
barrier are primarily chosen with respect to low water 
permeability of the outer sheath, combined with high 
water solubility of the inner sheath. Materials are 
chosen based on experimental results, obtained under 
more relevant conditions for our demanding 
applications, such as high strain, dynamic motion and 
temperature gradients, than data often found in 
literature. Selection is also based on the commercial 
availability of the materials, extrusion properties, 
hardness, electrical resistance etc. As the outer sheath 
will act concurrently as a water barrier and a normal 

1: Conductor
2: Insulation system
3: PU, 3mm
4: Metal laminate  
5: PE, 3 mm 

1: Conductor
2: Insulation system
3: PU, 3mm 
4: PE, 3 mm 
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protective sheath, the sheath has to fulfil requirements
met in different standards, for instance IEC. This limits 
the choice of outer sheaths. Different polymer materials 
have large differences in water permeability and 
solubility properties. Even in the PE polymer family, the 
diffusion properties vary considerably, from fairly high 
permeability in LDPE and very low permeability in 
HDPE types. Typically the permeability could be in the 
range of 10 times higher in LDPE compared to HDPE 
[17].
In Table 1 and 2, the time to reach 70% RH and >99% 
RH at the conductor and insulation screen is shown as a 
function of temperature. The present material 
combination is compared to the use of only an outer PE 
sheath. The data is based on water absorption data, 
simulated in a numerical model.  

.

As stated above, it has been found that the time to water 
saturation is increased by around 5 times in a double 
layer design, compared to only using an outer PE
sheath. It can also be seen that the water diffusion is 
strongly controlled by the temperature, where an 
increase in temperature from 20 to 40 C reduces time to 
water saturation with a factor of around 0.1. Another 
important result is that although a RH of 70% could be 

reached within a few years at 40 C, the time to reach 
>99% RH is four times longer. As stated above, the 
limit for water tree inception to start at 70% RH origins
from old measurements on small scale samples, and in 
reality the water tree inception and growth at this RH 
might be very limited. The insulation systems have 
improved significantly since the 70s when the problems 
with water treeing were first detected [3]. It is well 
known that both improved chemical cleanliness, e.g. 
decreased amount of ionic species in semicons, and 
physical cleanliness, e.g. decreased amount of different
contaminants, of the materials and the material systems 
have dramatically decreased the risk for water treeing, 
in particular for vented water trees [7]. It is probable
that water tree inception takes place at around 70% RH 
due to water condensation at contaminants such as 
sodium chloride particles [18]. As the number of 
defects, contaminants and voids are minimized in 
present material system also the frequency of water tree 
inception at 70% RH should be decreased. Recent work 
has also shown that a temperature gradient over the 
insulation can lead to a case where 70% RH is never 
reached at the insulation close to the conductor screen, 
thus inception of water trees can be avoided [18].
In addition to the presented designs, the safety factor of 
the constructions might be even further enhanced by for 
instance adding a layer of swelling tapes beneath the 

 Time to 70 and 99 % RH in a cable with only the outer PE sheath, with initial 0 and 30 % RH in the cables, respectively

 Time to 70 and 99 % RH in a cable with double layer system, with initial 0 and 30 % RH in the cables, respectively.
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sheaths, or increase the thickness of the sheaths. A
powerful tool for development of new water barrier 
designs is the combination of the comprehensive data 
from experimental water transport characterization of 
the cable materials and the developed numerical 
simulation model [19].  

There are no standards covering this type of 
multifunctional sheath, which will act concurrently as a 
water barrier and a mechanical protective cable sheath.
As the aim is to produce complete outer sheath system 
solutions for all types of cables ranging from MV to 
EHV level, a comprehensive qualification work has 
been started. This work includes a full validation of the 
numerical simulations of water ingress on small scale 
samples, and adaption of the model to full scale 
samples. Much focus will also be put on the 
qualification of the water barrier properties of the
sheathing system during dynamic movements and 
electrical and long term testing under relevant service 
conditions. Existing standards of water barriers and 
protective sheaths will be used as a reference. Last, but 
not least, a full cable system also including repair and 
factory joints will be qualified. 

This work is a part of the Norwegian Research Council 
project 225895/E20 supported by the Norwegian 
Research Council, Nexans Norway and Statnett with 
Sintef Energy Research as the research partner. 
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