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DISCLAIMER
This report has been written by Transmission Excellence Ltd on behalf of the Offshore Wind
Programme Board (OWPB), with the assistance of an ad-hoc group (the “Export Cable
Reliability Project”) that includes representative of most of the UK’s offshore wind farm
developers and all of the companies that own the UK’s offshore wind export cables (the
offshore transmission owners, or OFTOs).
Whilst the information contained in this report has been prepared and collated in good faith,
the OWPB and the authors make no representation or warranty (express or implied) as to the
accuracy or completeness of the information contained in this report (including any
enclosures and attachments) nor shall they be liable for any loss or damage, whether direct
or consequential, arising from reliance on this report by any person. In particular, but without
limitation, the OWPB and the authors accept no responsibility for the accuracy and
completeness of any comments on, or opinions regarding the functional and technical
capabilities of any equipment, software or other products mentioned in the report. The
OWPB and the authors are not responsible in any way in connection with erroneous
information or data contained or referred to in this document. It is up to those who use the
information in this report to satisfy themselves as to its accuracy. This report and its contents
do not constitute professional advice. Specific advice should be sought about your specific
circumstances.
The report has been produced by the authors based on information provided by industry
participants and has not been subject to independent verification. The OWPB and the
authors accept no responsibility for the accuracy and completeness of any comments on, or
opinions regarding the functional and technical capabilities of, any products or services
mentioned.
The report is not intended to be instructional, or to require any affected party to behave in a
certain way, or to remove the right of any such party to take its own commercial decisions on
the issues discussed herein. To the fullest extent possible, the OWPB and the authors
disclaim any liability arising out of the use of the report, including any action or decision
taken as a result of such use.
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1

SUMMARY

Most of the UK’s offshore wind generating capacity is connected to shore using 3-core AC
export cables at voltages of 132kV and above.
In addition to the 3 power cores all of these cables include at least one fibre optic core (FOC)
in the interstices between power cores. The optical fibres within the FOC provide
communication channels used by protection, settlement metering, operational metering,
wind turbine control and monitoring, and substation control systems. In addition, the fibres
are frequently used to provide distributed temperature sensing (DTS), and can also assist
with fault location using distributed acoustic sensing (DAS).
Within the FOC the fibres are enclosed within a metal tube (the so-called “fibre in metal
tube” or FIMT design) in order to protect them from attack by hydrogen. In some cases
additional metal parts, such as armour wires, are added to the FOC to increase strength.
The presence of conducting metal parts within the FOC allows energy to be transferred from
the power cores to the FOC by induction since the magnetic field created by the power cores
will induce voltages and/or currents in the metallic parts of the FOC. This energy can1 be
released as intense local heating or it can drive electrochemical corrosion, and this can
ultimately result on the failure of both FOC and power core(s).
Recently evidence has emerged suggesting that FOC-related issues are responsible for nearly
all of the post-commissioning high-voltage export cable failures experienced by UK wind
farms. Further details of the failures experienced up to the end of 2016 is contained in the
OWPB report “Export Cable Reliability: Description of Concerns”. The Description of Concerns
report also estimates the economic impact to date of these FOC-related failures, in terms of
repair costs and lost wind production, as nearly £150m2.
In view of the high cost of these failures, this report aims to investigate alternative designs
that avoid putting a metal tube in the interstices of a power cable, either by eliminating the
metal tube, or by moving it so that magnetic fields cancel out, or by moving it outside of the
power cable, or even by eliminating all optical fibres altogether. Improving the reliability of
conventional cable designs that include FIMT fibres within interstices is another valid
approach, but one that is beyond the scope of this report.
The following alternative designs were considered:
i)

Satellite communication links (no fibre at all).

ii)

Microwave line-of-sight communication (no fibre at all).

iii)

A standalone fibre-optic cable separately installed in its own trench.

In most cases it appears that there was some manufacturing or installation error or some damage to the FOC without
which the transferred energy would not have acted destructively; in other cases the reason remains unknown.
2 £170m for all failures, 6/7th of this being attributable to FOC issues.
1
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iv)

A separate fibre-optic cable strapped to the power cable.

v)

Retaining fibres in the power cable’s interstices, but eliminating the metal tube
and other metallic parts. Without the metal tube either an alternative means of
protecting the fibres from hydrogen must be found, and/or the fibres must be
made more resistant against attack. Potential technologies for both protection
and resistance are presented.

An economic cost-benefit analysis was undertaken that aims to show how the benefits and
disbenefits of each of these options can be quantified. The purpose of this analysis is not to
reach a conclusion regarding which option is best. This is not possible as there is still limited
or uncertain information for many of the options, and the optimum solution can differ
between different projects. Rather the intention is to demonstrate how alternatives can be
compared by wind farm developers seeking the optimum design for a new project, while also
providing indicative cost information that may be used if better data is not available.
The cost-benefit analysis covers the current (interstitial FIMT) design as well as all of the
alternatives listed above. For new technologies that retain fibres in the power cable
interstices but eliminate the metal parts two variants are considered: one where the fibres
can match the power cable’s life and one where the fibres’ lives are shortened.
The analysis considers:
i)

The capital and/or operational costs of providing a suitable communications link
using each of the options.

ii)

The cost of repair / replacement. For the existing cable this is based on the
historic cost of repairs and lost production due to FOC-related failures. For the
short-life fibres this is the cost of replacing failed fibres with a separate,
standalone, fibre optic cable. For the fibre cable tied to the power cable it is the
cost of repairing damage (including power cable damage) that might occur during
installation.

iii)

The benefits of using the fibres for non-communication purposes. For distributed
temperature sensing (DTS) the benefit arises from being able to safely connect
more wind turbines, beyond the continuous rating of the cable (“dynamic
ratings”). For distributed acoustic sensing (DAS) the benefit arises from being able
to locate faults more accurately and hence repair them more quickly. For
distributed strain sensing (DSS) it was judged that the technology’s application to
cable installation is too new for a monetary value to be assigned.

Whilst the cost-benefit analysis is limited to a particular test case and makes several
assumptions, it does strongly suggest that designs which retain fibres within the cable
interstices but remove the metal tube should be investigated further. It is proposed that a
scope of work be drawn up for further work in this area.
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2

EXISTING OPTICAL FIBRE PROVISION

All offshore wind farm export cables in the UK are of the 3-core AC type, and all include a
fibre optic core (FOC) in the interstices between two of the three power cores. An example of
this is shown in figure 1 below.
Figure 1: View of a fibre optic core (FOC) in the interstitial space between two power cores.

A wide variety of FOC designs have been used in wind farm export cables. However all of
them contain the following common elements:
i)

The optical fibres themselves. Several tens of fibres are provided, with the exact
number varying between projects. This allows fibres to be dedicated to various
functions, and allows for spare fibres that can be put into service should other
fibres be damaged during installation or operation.

ii)

The optical fibres are enclosed in a hermetically sealed metal tube, which can be
made from copper or stainless steel. The sealed metal tube protects the fibres
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from exposure to water and, in particular, from attack by hydrogen3 which will
increase the optical losses in the fibre (“hydrogen darkening”) and will eventually
render the fibre unusable.
iii)

As a further line of defence against hydrogen attack the metal tube is filled with a
gel that is designed to absorb and neutralise any hydrogen that passes through
the metal tube.

iv)

A plastic sheath around the metal tube which protects it from abrasion and
corrosion. This is typically made from polythene to which carbon black has been
added to make it semiconductive.

Older cables generally have a single FOC. Newer cables can have one, two or even three
FOCs.
One approach to reducing the number of FOC-related failures experienced by the industry
would be to make the FOCs more robust mechanically and electrically. This is a valid
approach, but is complicated by the fact that the failures to date appear to have more than
one root cause, and there may be additional failure mechanisms which have yet to emerge.
Furthermore, given that many of these failure mechanisms appear to be initiated by damage
to the FOC in the factory or during installation, a suitable extension of acceptance tests to
encompass FOCs would also need to be devised.
A related approach involves retaining the metal-tube type of FOC but ensuring that the tube
has a high electrical resistance so that the amount of energy that can be transferred by
induction is reduced – ideally to below the level where damaging phenomena can occur. A
number of parties have undertaken studies investigating how much energy can be
transferred and how much damage it can do, and OWPB aims to help co-ordinate this work
and to help the industry reach a joint view on this approach to improving reliability.
The alternative approaches, which are the subject of this report, involve a more radical
redesign in order to eliminate FIMT-type fibre optic cores or to remove them from a
magnetic environment that allows energy transfer from the power cores. This can be
achieved as follows:

3

i)

All optical fibres could be removed entirely from the power cable, either by
putting them into a separate cable or by using a different communication
mechanism entirely.

ii)

The fibres could be retained within the cable, and within a metal tube, providing
they are configured so that any magnetically-induced voltages within the tube
cancel out. This might be done by spiralling the FOC around the power cores (but
still under the armouring) or by locating the FOC at the centre of the cable,
equidistant from all three power cores. These options have not been considered
in this report as they would require a redesign of the cable, and new factory

Hydrogen is likely to be present in the cable. This could be as a result of corrosion of the armour wires in seawater and/or
because hydrogen is released by certain types of marine bacteria.
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equipment, and would only achieve the same result as can be achieved by tying a
telecom fibre cable to the outside of the power cable (an option which is
considered here). In addition an examination of the feasibility and cost of these
options would have required discussion with cable manufacturers, which was
beyond the scope of this report.
iii)

4

The optical fibres could be retained at their current location in the interstices of
the cable providing all conducting elements were eliminated from the FOC. FOCrelated failure mechanisms appear to be driven by the transfer of energy from the
power cores to the FOC; energy which is ultimately released as intense localised
heating or which drives electrochemical corrosion. This transfer of energy is due
to the varying magnetic field created by the power cores inducing currents and/or
voltages in the conducting parts of the FOC. If there are no conducting parts then
this energy transfer should be impossible4.

The absence of known failures where problems appear to have arisen in interstices not containing an FOC (but containing
semiconducting seawater and insulating polymer ropes or shaped fillers) would seem to support this.
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3

FUNCTIONS UNDERTAKEN BY THE OPTICAL FIBRES WITHIN A POWER CABLE

The purposes of the optical fibres are as follows:
i)

To provide a low-latency communication channel suitable for differential
protection of the export cables themselves.

ii)

To provide a low-latency communications channel suitable for intertripping
signals which will trip the cable’s onshore circuit breaker in response to a signal
from offshore and vice versa. On projects without circuit breakers at the offshore
end of the export cable these intertripping signals are required to provide fastoperating protection of the offshore transformers, and they may also be required
to comply with National Grid connection conditions.

iii)

To provide a high-capacity communication channel for wind turbine control and
monitoring data. As will be discussed later, this represents the vast majority of the
communication bandwidth required between the wind farm and shore.

iv)

To provide a communication channel for the substation control system assets on
the offshore platform and (if these are separate) the operational metering signals
required by National Grid.

v)

Other communications such as telephones, CCTV and settlement metering.

vi)

On most export cables, fibres are used to measure cable temperature using a
distributed temperature sensing (DTS) system. Information from the DTS is used
to protect the cable from overheating, which can be particularly important on
projects which load the cable beyond its continuous rating and/or where cable
burial depths may increase beyond the design depths5.

vii)

Optical fibres can also be used to assist in accurate fault location, typically by
using a distributed acoustic sensing6 (DAS) system to hear the sound of electrical
breakdown in the cable insulation. This approach to fault location has been used
successfully on a number of recent UK export cable faults; in these cases a
“thumper” (electrical pulse generator) was used to cause the fault to breakdown,
and the exact location of this electrical discharge was detected using DAS.

viii)

In future distributed strain sensing (DSS) systems could continuously monitor the
fibres during cable load-out and laying and could provide a warning when bending
radii or other stresses are approaching the cable’s limits7. It is understood that this
will require special strain-sensing fibres to be added8.

For instance in sand wave areas.
On future projects DAS could also be used to detect impacts and possibly to deter fishing/anchoring near the cable.
7
In early 2017 the Carbon Trust’s OWA programme launched a competition to find and fund the development of methods
for continuously monitoring cables during load-out and installation. While the competition is not limited to DSS, this is
clearly one of the approaches they expect to see competing.
8 Strain sensing fibres need to be closely bonded to the cable. Fibres for communications and DTS are deliberately isolated
from strain by being placed loosely in a gel-filled tube.
5
6
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4

ALTERNATIVES TO INTERSTITIAL OPTICAL FIBRES WITHIN A METALLIC TUBE

The following alternatives are considered in this report:
i)

Having no optical fibres at all, and using a satellite communication link instead.

ii)

Having no optical fibres at all, and using a line-of-sight microwave communication
link instead.

iii)

Having a separate optical fibre cable running in a separate trench to the power
cable(s).

iv)

Having a separate optical fibre cable strapped to the power cable and buried in
the same trench.

v)

Using an interstitial FOC of a new type that does not include any conducting
elements.

As noted previously, improving the design of FIMT-type Fibre Optic Cores is another valid
approach to increasing export cable reliability – though it is beyond the scope of this report.
4.1

Satellite Communication

At present all satellite communication services available in the UK have latencies (signal
delays) of several hundred milliseconds9. This makes them unsuitable for use as the
communication channel for differential cable protection. Similarly satellite links cannot be
used to provide the communication channel for protective intertripping.
This means that the export cable will need to be protected by two distance protection
schemes10 with zones reaching beyond the cable, which means that some faults may trip
more circuits than is necessary. There may also be a requirement for additional circuit
breakers in order to rapidly disconnect offshore transformers if a fault is detected locally by,
for instance, a Buchholz relay: if there is no offshore high-voltage breaker in this case then
there will be a delay of nearly a second before the transformer can be disconnected by
tripping an onshore breaker.
On top of the specific technical issues faced by protection designers, there are also more
general concerns that if satellite communications are relied upon by many offshore wind
farms it would make the reliability of national electricity supplies dependent upon the
reliability of satellite services – services which may themselves be vulnerable to natural
phenomena or deliberate attack.
Where satellites are in geosynchronous orbits the speed-of-light delay makes this latency inevitable, but even with the
Iridium satellites in low orbit latencies are in the hundreds of milliseconds. One company (OneWeb) claims that within a
few years it will be offering a satellite service with a 30ms latency, but even this would be inadequate for differential
protection.
10 It is assumed that future cables are likely to be 220kV and will be protected in the same way as 275kV onshore circuits –
with at least two high-speed main protection systems.
9
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With this option the potential non-communication benefits of an interstitial optical fibre (i.e.
DTS, DAS and DSS) are unavailable.
4.2

Microwave Line-of-Sight Communication

Where wind farms are close to the coast this approach is feasible, and the author is aware of
a nearshore project that used microwave line-of-sight communication as a temporary
measure when its optical fibres were unavailable.
However the range of a line-of-sight connection is limited by the earth’s curvature: even with
an antenna mounted 100m above sea level the distance to the horizon is just 36km, so the
maximum distance between a pair of 100m towers is roughly 72km. This means that faroffshore wind farms would require intermediate microwave relay towers.
Any such intermediate microwave relay would require (relative small) antennas to be
mounted maybe 100m above sea level. This suggests that the microwave relay platform
could be similar in design to a met mast (see figure 2), although it would need to be designed
to last for the design life of the wind farm, and would probably need to include a larger
power supply system with more redundancy.
Figure 2: Met Mast for East Anglia zone (tip is 100m above sea level)
Source: Scottish Power Renewables

If this option were to be selected the environmental consents for the wind farm would need
to be extended to include any intermediate offshore relay tower, and potentially an onshore
microwave tower as well. The potential non-communication benefits of an interstitial optical
fibre (DTS, DAS, DSS) would not be available, and there could be problems during certain
meteorological conditions which can interfere with microwave propagation.
12
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4.3

Standalone Fibre Optic Cable

Submarine fibre optic cables for telecommunications are a very well-established technology,
and suitable cables and installation services are widely available. A separate telecoms fibre
optic cable, installed in a separate trench to the power cables could handle all of the wind
farm’s communication requirements.
On the other hand, having a telecom cable in a separate trench might require a revision to
the environmental consents of the project in question, and the potential non-communication
benefits of an interstitial optical fibre (DTS, DAS, DSS) would not be available.
A variant of this design would be to build a shorter spur to connect the wind farm to a nearby
commercial telecom cable. As can be seen in figure 3 below, most of the east-coast sites
where future development could take place (specifically the Moray, Dogger Bank, Hornsea
and East Anglia zones) have existing in-service telecom cables passing near or through them.
Figure 3: Telecom cables and east-coast offshore wind zones. Source: KIS-ORCA

The technology used to provide a spur-connection from an existing submarine telecom cable
to a new user (a “branching unit”) is well established. The commercial arrangements for the
use of capacity within an existing cable are unclear, however, and the particular technical
requirements of the electricity industry (notably the requirement for a low and stable
latency) are likely to result in additional costs.
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Furthermore, it is not likely that the owner of an existing telecom cable would be able or
willing to keep it in service for the life of the wind farm: many submarine telecom cables
were installed during the tech boom around the year 2000 and will be approaching the end
of their design lives11 by the time that any wind farm that reaches FID in the near future is
completed. There is no certainty regarding how long a cable will remain in service after this,
or whether it would be replaced by a new cable on the same route.
4.4

Fibre Optic Cable Strapped to Power Cable

It is possible to take a standard submarine telecom cable and to strap it to a power cable, so
that both cables are buried touching each other in the same trench. This is approach is very
common with HVDC cables, where two single-core HVDC power cables and a telecom cable
are typically bound together on board the cable lay vessel and laid as a single unit (see figures
4 and 5).
Figure 4: telecom cable (pale yellow) between two HVDC cores (black with white stripes) prior to binding

11

Typically 25 years: see ITU Manual “Optical Fibres, Cables and Systems”
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Figure 5: cables after being bound together with polypropylene cords (the black cords can be seen where
they cross the white stripes of the HVDC cable; the telecom cable is out of view).

Although more commonly seen with HVDC cables, the same approach can be applied to AC
cables, with a single telecom cable being tied to a (much larger) three-core AC cable. The
author is aware of only one project where this has been done, the 104km long 90kV cable
between the Isle of Man and the British mainland. This was installed in 2000 using a
conventional plough12.
Strapping a telecom cable to the outside of a three-core AC cable will reduce the magnetic
field that the telecom cable’s metallic parts are exposed to. More importantly, as the power
cores within the AC cable twist around over a number of meters so the magnetic field
experienced by the telecom cable will change and reverse, and any induced voltages within
the telecom cable will cancel out.
A major concern with this approach is that the telecom cable – being much smaller and
lighter than the power cable – may be vulnerable to crushing or other mechanical damage if
the cable is buried using a plough, which is the usual burial technique for UK wind farm
export cables. However, the Isle of Man project was installed using a conventional plough
without any damage to the telecom or power cable. This was despite the fact that the
telecom cable used on this project had only basic single wire armouring and not any of the
heavier types of armouring that are available for telecom cables.

12

In addition there is a short (<5km) cable between the Isle of Wight and British mainland, installed in the mid 90s. This is
slightly different as the power and fibre cables were not tied together, but were installed together using a special plough.
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In addition to meeting all of the communication needs of an offshore wind farm, a telecom
cable strapped to the power cable can also provide at least some of the potential noncommunication benefits of an interstitial optical fibre:
i)

Distributed Temperature Sensing (DTS). An external fibre will allow cable
conductor temperatures to be calculated, albeit with a slightly higher error margin
than would be the case with an interstitial fibre. For details see Appendix A.

ii)

Distributed Acoustic Sensing (DAS). An external fibre will certainly retain some
ability to hear an insulation breakdown in a power core: indeed DAS has been
successfully used to a locate a fault in a transition joint where the fibre was a full
2m from the fault – though in that case the distance along the optical fibre from
the DAS equipment in the substation to the fault location was less than 2km.
Although the author has not been able to discover the exact relationship, it seems
reasonable that for faults that are many km away from the DAS sensing
equipment the fibre would need to be closer to the fault in order to ensure that a
sufficiently strong audio signal reaches the fibre. It seems likely, therefore, that at
sufficiently long distances DAS will only be able to locate a fault if the fibres are
interstitial.

iii)

Distributed Strain Sensing (DSS). An external fibre cable might be adapted to
include strain-sensing fibres, and this might provide some warning if the power
core is in danger of being bent below its minimum bend radius. However better
results would be obtained by integrating strain-sensing fibres into the interstices
of the power cable.
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4.5

Interstitial Fibres without Conducing Elements

Since the problems that have occurred to date with interstitial fibres all appear to involve a
transfer of energy from the power cores to the fibre optic core (FOC) through
electromagnetic induction, it should be possible to retain FOCs in the interstices of the power
cable providing it can be shown that electromagnetic induction cannot transfer energy to
them, or that the amount of energy transferred is negligible13.
It seems reasonable to assume that a suitable FOC could be created if the conducting parts
present in today’s FOCs could be eliminated. This should reduce, if not eliminate, the risks
associated with energy transfer to the metal tube, while allowing the full potential of DTS,
DAS and DSS to be realised.
Following discussions with manufacturers of optical fibres four alternative ways of building an
“intrinsically safe” FOC were identified:
i)

Using conventional fibres but replacing the metal tube with a polymer tube. This
type of fibre core is also referred to as “all dielectric”.

ii)

Cladding the individual fibres so as to protect them from attack by hydrogen or
water, and then enclosing them in a polymer tube.

iii)

Replacing the metal tube with polymer (as in i above), but using special fibres
designed to be resistant to hydrogen.

iv)

A “belt and braces” approach combining ii and iii – taking hydrogen-resistant
fibres and cladding them for additional protection, before placing the resultant
fibres in a polymer tube.

These are examined further below. It should be noted that these potential designs are based
on conversations between the author and specialist optical fibre manufacturers. The author
is not aware of any of these options currently being offered by power cable manufacturers.
4.5.1 Conventional Fibres in a Polymer Tube
In this approach the metal tube is replaced with a polymer tube without making any changes
to the fibres themselves. Telecom cables of this type are widely used onshore, and they have
been used for limited underwater applications such as crossing rivers.
Without the metal tube, however, the fibres’ vulnerability to hydrogen is unacceptable. One
manufacturer of plastic-tubed telecom cables suggests that, when used underwater, system
designers should assume that hydrogen attack will eventually increase losses by 3dB/km14:
Some parties have informally christened hypothetical FOCs that would meet this requirement as “intrinsically safe”. This is
by analogy to the intrinsically safe sensors used in industrial facilities where flammable gasses could be present. For these
sensors intrinsic safety means that they are designed so that they cannot carry or store enough energy to ignite the gas.
14 From Corning, “Optical Cables for Shallow Water Applications” (2002). The 3dB/km loss value given here is for a 100m
depth with a single mode fibre at a wavelength of 1310nm – other wavelengths are even worse. The figures are based on a
13
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over a 100km distance this would reduce the light energy reaching the receiver by a factor of
1030! Although this design advice is based on worst-case assumptions, it does show the
potential severity of hydrogen attack.
4.5.2 Hermetically Clad Optical Fibres
With this option the fibres themselves (or rather their cladding) provide the protection
normally provided by the metal tube. A hermetic coating that excludes hydrogen can be
provided by a variety of metallic or non-metallic elements which are deposited onto the fibre
as a very thin layer, which is then enclosed in a much thicker overcoat made from a polymer
such as acrylate or polyimide.
In the oil & gas industry carbon-coated fibres are used in environments – for instance down
oil wells – which are far more aggressive than would be experienced in a submarine cable.
However fibres in these environments are not expected to have the 25-40 year service lives
required for power cables.
Carbon-coated fibres have also been used for specialist roles in submarine telecom cables,
where a 25-year life is expected. For instance, one manufacturer has published a qualification
test of carbon-coated fibres intended for a submarine role. In this test the carbon-coated
sample fibres suffered no measureable hydrogen darkening after more than a year in pure
hydrogen at a pressure of 11 atmospheres.
Initial discussions between the author and fibre suppliers suggest that carbon-coated fibres
could be suitable for service in a submarine power cable, although a number of questions
would need to be answered before this approach could be adopted:
i)

Existing experience and ageing tests would need to be extrapolated to the 25-40
year life expected for power cables (or new tests undertaken).

ii)

Carbon is conductive, so a transfer of energy from the power cores to the fibre
through the magnetic field cannot be entirely excluded. The carbon coating is
extremely thin (circa 50nm15), so it seems likely that its resistance will be high
enough to ensure that no meaningful energy transfer takes place. Nevertheless,
this will need to be verified.

iii)

Coated fibres are manufactured in shorter lengths than standard telecom fibres,
typically less than 20km. Additional fibre splices will therefore need to be made
during the manufacture of the power cable, and each splice becomes more
complicated due to the need to restore the coating. Initial information, though, is
that this is feasible and unlikely to be a major cost driver.

iv)

The cost impact of coating the fibres needs to be understood. The cost-benefit
analysis below provides some initial findings in relation to this.

worst case hydrogen environment: clearly this is unlikely, but it is notable that Corning felt that prudent engineers should
design based on this worst case.
15 In contrast a stainless steel tube has a typical wall thickness of 0.2mm, or 200,000nm.
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4.5.3 Hydrogen Resistant Fibres
An alternative approach is to provide no hermetic barrier against hydrogen (i.e. neither metal
tube nor coating), but to use fibres whose internal chemistry has been chosen to make them
less vulnerable to hydrogen attack.
Several manufacturers offer “pure silica core” fibres for applications in submarine telecoms
and the oil & gas industry. This design is much more resistant to hydrogen attack than
conventional fibres, and some optical fibre manufacturers believe that it may be suitable for
use in a power cable.
The tests on this type of fibre that have been seen by the author, however, appear to be less
comprehensive than those on carbon-coated fibres. One test, for instance, is similar to that
described above for carbon-coated fibres – but the test of the pure silica fibre ran for less
than half as long and the hydrogen pressure was an order of magnitude lower.
Another test examined performance when exposed to hydrogen at 280C – far beyond what
would be needed for a wind farm export cable. The manufacturer claimed that after two
weeks the fibre’s losses had increased by less than 0.05 dB/km: this was impressive
compared to conventional fibres (which were effectively opaque after the same test), and
was clearly seen by the manufacturer as showing the fibre’s suitability for service in the oil &
gas industry. By telecoms standards, however, the test result was not as impressive: the
standard for telecoms fibres is that hydrogen darkening should only increase losses by 0.003
dB/km over the whole 25-year design life of the fibre16.
It is also possible to take hydrogen-resistant fibres and to have them carbon-coated for
additional protection (a “belt and braces” approach). Combining the two approaches is
arguably the safest way to way to introduce non-FIMT fibres to the power cable sector, given
that neither the pure silica approach nor (to a lesser extent) the carbon-coating approach
have the track record of long-term use in submarine cables that the FIMT approach does.

16

From Appendix C to ITU Manual “Optical Fibres, Cables and Systems”
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5

DEMONSTRATION OF COST BENEFIT ANALYSIS

This section will compare the economic aspects of each of the possible solutions discussed
previously. The intention is not to reach a conclusion regarding which option is best. This is
not possible as there is still limited or uncertain information for many of the options, and the
optimum may differ between different projects. Rather the intentions are firstly to
demonstrate how alternatives can be compared by developers seeking the optimum design
for a new project, and secondly to provide indicative cost information that may be used if
better data is not available.
For the purpose of demonstrating how cost benefit analysis can be used, alternative designs
were compared for a notional wind farm project of 400MW (50 turbines of 8MW each) which
exports its power to shore via a single 400MW submarine export cable.
5.1

Cost of Retaining the Current Approach (FIMT)

Based on budget prices provided by an optical fibre manufacturer, a typical cost17 for the
types of FOC currently fitted to export cables is around £20k/km. For the notional wind
farm’s 100km export cable this would represent a cost of £2m.
The previous OWPB report “Export Cable Reliability: Description of Concerns” estimated that
the UK’s high-voltage export cable failures up to the end of 2016 had led to repair and lostgeneration costs of £170k per km of export cable. The bulk of this – around £150k/km –
relates to failures that would not have happened had a fibre in metal tube (FIMT) fibre optic
core not been included in the export cables’ interstices. If cable reliability remains unchanged
then the cost will be even higher for new cables as the amount of power carried – and hence
the economic consequences of a failure – have more than doubled on the generation of
export cables currently on order relative to the current fleet of operational cables.
Estimating the failure rate for future cables of this type is made more difficult by the fact that
different root causes for FOC problems seem to apply to different types of FOC, and there
may be further failure mechanisms that have yet to appear.
Furthermore it is not known whether the FOC failures that have occurred to date represent
the totality of the FOC-related failures that will be experienced by the existing cables. Some
cables (not in the UK wind sector) have experienced FOC-related failures as much as 15 years
after commissioning, so there is a real risk that the ultimate cost for existing cables will be
much higher than the £150k/km figure given above.
Given these uncertainties, the cost of failures due to FOC problems that would result from
continuing with the current FIMT approach has arbitrarily been assumed to be £150k/km for
the purposes of this demonstration cost-benefit analysis.
For the notional wind farm, which has 100km of export cable, this represents an additional
cost of £15m; adding the £2m capital cost of a conventional FOC brings the total to £17m.
17

Excluding margins added by the power cable manufacturers.
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5.2

Cost of Satellite Communication

The cost of the terrestrial hardware associated with satellite communications is relatively
small; instead the bulk of the cost is associated with the fees charged by the satellite
operator for the data transferred.
The amount of data telemetered to shore by wind turbines is considerable: it has been
estimated18 that a single turbine will generate 0.44 million bytes of data per second. The
notional 50-turbine farm in this example would therefore generate 22 million bytes of data
every second, even if the additional data requirements of transmission assets, metering,
CCTV, etc, are neglected. Over a year this is 700,000 gigabytes of data.
As an indication of the minimum cost of satellite communications one of the tariffs for
satellite internet connection offered to small business users in the UK has been used. This
tariff is almost certainly lower than would be charged for a realistic offshore wind application
because it is for a service which does not guarantee any data rate – at peak times data
transmission will be subject to arbitrary delay and bandwidth restriction. Even for this
inadequate service the tariff is £2 per gigabyte of data 19.
Based on the above, the minimum annual cost for satellite communications would be £1.4m
pa. Actual costs are likely to be higher due to the need for a guaranteed data rate and the
additional data sent by other offshore equipment.
Individual projects will have their own set of assumptions to be used when calculating net
present costs. For the purposes of this demonstration it is assumed that:
i)

The economics of a project will be assessed over a period of 25 years, as this value
is commonly used as the notional economic life of power generation assets.

ii)

The satellite tariffs are constant over 25 years20.

iii)

The discount rate used will be 6%, which is understood to the typical of the cost of
capital for recent offshore wind projects21.

Based on these assumptions the £1.4m minimum annual fee to provide satellite
communications to the notional wind farm equates to a present cost of £18m.

From “Communication Network Architectures for Smart Wind Power Farms”, Mohamed Ahemd and Youn-Chon Kim
(2014). See table 8.
19 This is the based on the business tariffs offered by “Europasat.com”. It is understood that these tariffs are based on a
service using the satellites of SES, one of the world’s largest satellite operators.
20
It has been suggested that new higher-capacity satellite services, which are supposed to be available within a few years,
will reduce costs substantially. If so the present value could be lower than suggested here.
21 Between mid 2016 and mid 2017 the renewable energy consultancy BVG Associates have published their views on the
cost of capital of various European offshore wind projects. Their estimates range between 5% and 7% (real, pre-tax,
weighted average cost of capital). 6% has been chosen for use here as it is the centre of this range.
18
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5.3

Cost of Microwave Line-of-Sight Communication

As noted previously, the range of a line-of-sight connection is limited by the earth’s
curvature. With an antenna mounted 100m above sea level the distance to the horizon is
36km away, though a pair of 100m-high antennae could theoretically remain in line-of-sight
over a distance of 72km.
The notional wind farm assumed for this demonstration is 100km from shore so at least one
microwave relay platform with a 100m-high antenna will be required, in addition to a 100m
antennae on the offshore substation. A high antenna should not be required onshore.
The main cost will be for the microwave relay platform, which will comprise a single mast
intended to elevate relatively small pieces of equipment to a height of 100m above sea level.
If met masts can be taken as representative of microwave relay platforms then their cost can
be used as the starting point for the cost of a microwave relay. For instance, the two met
masts deployed to the East Anglia zone cost £8.5m22 each. Additional costs need to be added
for an antenna tower on the offshore substation platform, for a larger and higherredundancy power supply than would be fitted to a met mast, and for ongoing O&M costs
associated with having an additional platform. For the purposes of this demonstration these
additional costs are arbitrarily assumed to add a further 30%, giving a total cost of £11m.
It should be noted that the cost-effectiveness of microwave communications is likely to
improve for a larger offshore wind farm. An 800MW wind farm with two export cables, for
instance, might have 2x100% capability communication systems provided by fibres in each
cable. This would mean purchasing two sets of fibres. With microwave relays, however, an
upgrade to 2x100% communications could be achieved by just adding a small amount of
additional equipment to the existing platforms and masts.
It should also be noted that the cost-effectiveness of microwave communication might
improve if the wind farm was further offshore so that intermediate platforms were required,
in any event, to accommodate mid-point shunt reactors. This emphasises that the values
shown here are for demonstration purposes and should not be taken as general indications
of which communication methods are superior.
5.4

Cost of Standalone Fibre Optic Cable

The cost of a 100km standalone fibre connection from the wind farm to shore can be
estimated from the cost of projects of similar length built for the telecom industry.
Following discussions with telecom industry experts, the Celtix Connect project was selected
as a suitable comparator. This is a 131km fibre-optic cable between Dublin and Holyhead that
was installed in 2011. The total project cost was $15m 23 (£12m at current exchange rates),
although this will have included project development and management costs, the electronic
22
23

Source: Scottish Power Renewables press release 23 August 2013.
Source: press release by Sea Fibres Networks (the project’s developers), 12 Dec 2011.
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equipment at either end and some onshore cable. If the cost of the submarine cable is taken
as £10m this equates to £76k/km.
Celtix Connect contains 144 fibres, which is more than would be typical for a wind farm cable.
However the number of fibres is not a major cost driver for a project such as this, which the
telecom industry would consider to be extremely short and shallow: instead the main cost
drivers are cable installation and the number of layers of armour that it includes.
Based on the above it is estimated that the cost of a 100km standalone fibre connection to
the notional wind farm, including both supply and installation, would be £7.6m.
5.5

Cost of Fibre Optic Cable Strapped to Power Cable

The cost of a fibre optic cable strapped to a power cable is understood to consist primarily of
the cost of acquiring the fibre optic cable. The additional installation costs associated with
the extra equipment required on the lay vessel (e.g. fibre cable storage basket, fibre cable
tensioner, cord-wrapping machine) are assumed to be negligible.
The cost of purchasing fibre-optic cable can be estimated from the cost of purchasing similar
cables for use in the telecom industry. For this demonstration we have used the published
costs for Isle of Wight to Portsmouth fibre cables24. The supply of the 20km of cable used by
this project cost 10m Swedish Krona (£1m at current exchange rates), or £50k/km.
As noted previously, the main cost driver for these cables is the degree to which they are
armoured. The cables for the Isle of Wight to Portsmouth project are “rock armoured” – the
highest level of armouring, and the most expensive. Single armoured cable would be roughly
half this price.
Concerns have been expressed that with two cables tied together the risk of installation
damage could be increased, but an upper limit on this risk can be imputed from the fact that
this approach was used on the 104km Isle of Man cable which was installed with no recorded
issues despite being buried using a conventional plough and despite the telecom cable using
the lowest level of armouring (single wire armour).
For the purposes of this demonstration cost-benefit assessment it has been assumed that the
telecom cable would be of the most robust type (i.e. rock armouring, which is consistent with
the cost data used), and that this would ensure that installation damage would only occur
once every 300km25: substantially better than the minimum level suggested by the Isle of
Man project. If repairs are assumed to cost £10m26 then a 1-in-300km probability of needing
to repair the cable equates to about £30k per km.
Adding the cost of a rock armoured telecom cable (£50k/km) and the risk of damage
(£30k/km) gives a total of £80k/km, or £8m for the notional wind farm’s 100km long cable.
Source: press release by Hexatronic cables, 8 Sept 2015.
Some cable experts believe that the probability of failure would be higher than this, making this option less attractive.
26 A much lower value is likely if only the telecom cable is damaged and it can be repaired independently.
24
25
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5.6

Cost of No-Conductor Interstitial Fibres (Full Service Life)

Technologies that can provide a non-conducting FOC with a service life of 25-40 years have
yet to be convincingly demonstrated. Nevertheless, as described in section 4.5, at least two
candidate technologies exist.
One manufacturer of carbon-coated fibres provided an off-the-record cost estimate for an
FOC based on these fibres. It would comprise a package of 12 fibres within a polymer tube,
with each individual fibre coated in carbon and a thicker an outer layer of polymer.
The fibre manufacturer estimates that this would increase the cost of the FOC 2-3 fold from
roughly £20k/km for today’s typical FOC to £40-60k/km. This does not include any allowance
for additional margins that may be added by the power cable manufacturer. Taking the
centre point of this range, equipping the notional wind farm’s 100km export cable with
carbon-coated fibres would cost £5m.
Compared to a conventional FOC, the individual coated fibres are much larger and much
more expensive. For these reasons it has been assumed that the number of fibres would be
reduced from the several dozen usually present in an export cable FOC to just 12. This is
likely to mean additional costs for multiplexers to concentrate signals onto the smaller
number of available fibres; for the purpose of this study this cost is assumed to be negligible.
5.7

Cost of No-Conductor Interstitial Fibres (Reduced Service Life)

If the technologies described in section 4.5 ultimately prove incapable of providing the
desired 25-40 year operating life, they may still be useful if they can serve for an initial period
within the life of the power cable. For illustrative purposes only, a net present cost
calculation has been undertaken assuming that the fibres last for an arbitrarily set period of
10 years, and that optical losses increase at a modest and stable rate so that the ultimate
failure of the fibres can be predicted and a new communication system put in place before
failure occurs.
The options for a replacement communication system are satellites, microwaves and a
standalone fibre optic cable. Based on the numbers above, the standalone fibre optic cable is
best at a cost of £7.6m27.
The cost of equipping the notional wind farm’s export cable with short-life no-conductor
interstitial FOC is assumed to be the same as the cost of a conventional FOC (i.e. £2m). To
this is added the cost of a standalone fibre optic cable which, after discounting for 10 years at
a 6% real discount rate becomes a cost of £4.2m. The total cost, therefore, is £6.2m.

27

There are claims that new satellite services with much lower cost and latency will be available within 10 years. If
developers are persuaded of this then using short-life fibres before switching to satellite communications may be a much
more attractive option – especially given that a switch to satellites could probably be achieved quite quickly.
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5.8

Benefit of DTS

Export cables can connect wind farms with a total power output that is larger than the
cable’s continuous rating, an approach often referred to as “dynamic rating”. This takes
advantage of the fact that wind power output is not continuous, and the fact that the
temperature of the cable and the soil around it will respond slowly to changes in the current
carried by the cable.
Since more power is being pushed down the same cable, margins of error are reduced. In
effect, for cables that are kept to their continuous rating the main protection against
overheating is that it should theoretically be impossible to overheat the cable, no matter how
long a period of high wind extends. For cables that use dynamic rating this protection does
not exist, and the author understands that most developers will want to see DTS installed so
as to provide an alternative form of protection against overheating. This means that the key
economic benefit of fitting DTS is likely to be the fact that it is – in most cases – a prerequisite
for dynamic rating.
Based on currently unpublished work that the author has previously undertaken, dynamic
rating has a potential economic benefit of £22m to the notional wind farm.
For the purposes of this cost-benefit analysis it is assumed that no developers will accept the
use of dynamic ratings unless DTS is fitted as a means of overheating protection. It is further
assumed that the notional wind farm is able to take full advantage of dynamic ratings28. Given
these assumptions:

28

i)

A DTS benefit equivalent to a £22m capex reduction can be assigned to the
current approach and to the no-conductor interstitial fibre with full service life.

ii)

No DTS benefit is assigned to the satellite, microwave and standalone fibre options.

iii)

For the no-conductor interstitial fibre with short service life the DTS will only
provide overheating protection for the first 10 years, which is unlikely to be
acceptable to most developers. Arguably the results from these 10 years of DTS
operation could be analysed and used to build an accurate model of the installed
cable that could then be used even after the DTS fibres fail. However it will
require more research to determine if this is feasible, and even then this approach
will not protect against post-DTS-failure changes in environmental conditions that
may lead to overheating (e.g. sand waves). For these reasons this option has also
been assigned zero DTS benefit for the purposes of this demonstration study.

iv)

For the fibre cable tied to the power cable DTS functionality is still available, albeit
with slightly reduced accuracy. As is shown in Appendix A, the error introduced by
plausible differences between the assumed and actual thermal conditions
experienced by the DTS fibre can be offset by introducing a factor of safety that

To be able to take full advantage of dynamic ratings increasing the wind farm size must be possible without significantly
increasing turbine costs or reducing yield – e.g. no limits on its size due to a lack of space in the offshore site, no
substantial increases in cost because further turbines would need to be in deeper water, etc.
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reduces current by around 5%. Comparing this to the potential rating
enhancements found by the author in previous work on cable ratings, adding this
factor of safety would reduce the rating enhancement possible by using dynamic
rating by roughly a quarter. Based on this, the benefit of DTS has been reduced
from £22m to £17m where the fibres are external.
5.9

Benefit of DAS

Distributed acoustic sensing (DAS) has been used on a number of wind farm export cables to
allow precise location of cable faults. When used with cables containing interstitial fibres,
DAS has already successfully detected faults as far as 41km away from the DAS sensing
equipment, and somewhat greater lengths (e.g. 50km) are likely to be possible. The cable to
the notional wind farm is 100km long, so all of it is within 50km of a substation where DAS
equipment could be connected: hence it is reasonable to assume that DAS could be used to
exactly locate a fault at any point along its length.
The economic benefit depends on the number of input factors. For the purposes of this
demonstration, the following values have been assumed:
i)

The rate of cable faults is assumed to be 1 in 1400 km.years. This is based on the
fault rate for “AC XLPE” data set out in Cigre TB-379, which predates the current
level of FOC-related failures. For the notional wind farm’s 100km export cable this
implies one fault every 14 years.

ii)

By using DAS rather than other techniques that do not rely on optical fibres, the
accuracy of the fault location can be improved from approximately +/-250m to
+/-20m29. This means that the average distance from the point where the cable is
cut to the fault should fall from 125m to 10m; hence the amount of cable that
needs to be deburied, recovered, relaid and reburied should, on average, be
115m less if DAS can be used.

iii)

In addition to reducing the cost of spare cable, a more important factor is that
having less extra cable to deal with will accelerate the repair work, reducing the
cost of the repair spread and the cost of lost production. The number of days that
can be saved by using DAS to give a more precise location for the fault is
estimated to be 2.

Based on the above, the benefit of having DAS available for precise fault location has been
calculated to be £1.1m30 (NPV over 25 years).
The options with full-life interstitial fibres will obtain this benefit in full. The options with a
standalone fibre or no fibre at all will obtain none of this benefit. There are also two
intermediate situations:
29
30

Values suggested by a cable owner with recent experience of using DAS.
Assumptions: spare cable costs £1.5m/km (supply-only, higher than cost as part of large order); lost production based on
400MW wind farm with single export cable, 50% capacity factor at £70/MWhr; repair spread costs £200k/day.
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i)

As noted in 4.4, where a fibre cable is tied to the outside of the power cable DAS
can definitely still be used if the fault is not too far from the sensing equipment at
one of the ends of the cable, but it might not work at longer ranges. The author
has been unable to find any definitive guidance regarding the maximum range31,
but for the purpose of illustrating the effect this would have on the cost benefit
analysis it has been arbitrarily assumed that with external fibres only 75% of the
cable would be covered by DAS (as opposed to 100% with interstitial fibres). This
would reduce the benefit from £1.1m to £0.8m.

ii)

Where a short-life interstitial fibre is used the benefits of DAS are available until
this fails. With the 10-year life expectancy assumed for the purposes of this study,
the net present benefit of DAS is reduced from £1.1m to £0.7m.

5.10 Benefit of DSS
The application of distributed strain sensing (DSS) to offshore cables is still at an early stage.
The author understands that, while active projects exist to apply DSS to export cable
installation, it has yet to be used in practice.
Given that this technology has yet to be deployed, and in the absence of any information to
assess its economic benefit, it has been decided not to ascribe any financial value to a cable’s
potential ability to use DSS.

31

In verbal discussions one DAS vendor claimed that, based on their experience with pipeline monitoring, they expect that
their equipment would be able to exactly locate faults at a range of 50km or more – even if the fibre was in an external
telecom cable strapped to the power cable. If this is the case then the calculation here is overly conservative and the full
benefit of DAS (i.e. £1.1m) should also be assumed for the design with an external fibre cable.
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5.11 Summary of Net Cost of Alternatives
The table below summarises the data discussed in the previous sections, and calculates the
net cost for the notional wind farm to use each option. The input data behind this net cost
calculation comes from a variety of sources: some of these are well supported while others
are arbitrary (albeit within the range of possible values) and intended solely to illustrate how
a cost-benefit analysis can be applied.
Table 1: options for wind farm communication to shore – costs and benefits for the notional wind farm

ILLUSTRATIVE ONLY
Option

Cost of
Comms Link
£2m

Cost of
Repairs
£15m

DTS benefit

DAS benefit

Net cost

-£22m

-£1.1m

-£6.1m

Satellite

£18m

-

-

-

+£18m

Microwave

£11m

-

-

-

+£11m

Standalone fibre cable

£7.6m

-

-

-

+£7.6m

Tied fibre cable

£5m

£3m

-£17m

-£0.8m

-£9.8m

Long-life non-FIMT fibres

£5m

-

-£22m

-£1.1m

-£18.1m

Short-life non-FIMT fibres

£2m

£4.2m

-

-£0.7m

+£5.5m

Existing FOC

Notes
[1] the “cost of comms link” column includes capex and, where relevant, opex.
[2] the “cost of repairs” comprises FOC-related damage to the power cable (for “existing FOC”), damage during installation
(for “tied fibre cable”), and the installation of a replacement fibre cable for “short-life fibres”.
[3] benefits are shown as negative costs.
[4] Opex, repairs and benefits are converted to present value using a 6% (real pre-tax) discount rate.
[5] The capital costs for the “long life non-FIMT fibres” and “short life non-FIMT fibres” categories are based on indicative
prices for carbon-coated and pure silica fibre types respectively. However the allocation of these fibre types to these
categories is speculative at present.

It should be re-emphasised that this is intended as a demonstration of how the overall costbenefit balance can be calculated for multiple alternative approaches. It is NOT intended to
identify the “best” option as this is dependent on project-specific details and on removing
the uncertainties that remain in relation to several of the technologies.
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6

CONCLUSION AND NEXT STEPS

A number of alternatives to installing FIMT-type optical fibres within the interstices of wind
farm AC export cables have been identified. The cost-benefit analysis of these alternatives,
while focused on a particular test case and dependent on numerous assumptions, does
strongly suggest that options which retain fibres within the interstices, but which allow the
removal of all metal components from the FOC without reducing operating life, merit further
examination.
It is proposed that a scope of work be drawn up that encompasses:
i)

Further work on the technical issues described above, the aim being to address all
technical concerns that need to be addressed before developers can purchase
export cables with non-FIMT interstitial fibres. Ideally this can be limited to
examining evidence provided by fibre manufacturers (e.g. hydrogen exposure test
results) or theoretical analysis (e.g. calculating the maximum energy transfer from
power cores to carbon-coated fibres). However if there are any missing areas that
require application-specific experimental verification these should be identified.

ii)

Approaching power cable manufacturers to discuss their attitude towards these
concepts. (As noted previously, discussions to date have been with fibre
manufacturers, not power cable manufacturers).

iii)

Seeking to create a common functional specification for cables where the amount
of energy that can be transferred to the fibre cores is low enough the fibre core
failure cannot affect the power cores32. If the offshore wind industry can use a
common functional specification when ordering future cables then it should make
it easier for manufacturers to provide the cables required since (a) they would not
have to respond to multiple different requirements and (b) they would remain
free to innovate and to optimise their designs.

The work described above should be undertaken in parallel with continuing work to
understand the failures that have occurred and to improve the reliability of cable designs that
include FIMT-type FOCs.

32

The functional specification would have to specify the mechanism to be used to calculate energy transfer as well as the
maximum allowed. Longevity requirements for the fibres, and the level of testing required to support this would also be
required if non-FIMT designs are to be accepted.
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APPENDIX A – DTS WITH EXTERNAL FIBRE CABLE
The drawing below shows a thermal network representing a typical 132kV cable buried in the
seabed33. Steady state conditions are assumed and armour losses are neglected34.
Heat injections and flows (in W/m) are analogous to currents and the cable’s per-length
thermal resistances (in K.m/W) are shown as resistors. The three branches at the left of the
diagram represent the three power cores; the three cores are identical but for simplicity heat
injections and thermal resistances are only shown for one of the cores.
Figure A1: thermal network of typical buried 132kV submarine 3-core cable.

As can be seen from figure A1, the temperature of internal and external fibres is not very
different, and in both cases the differences between fibre and conductor temperatures are 12 orders of magnitude higher than the likely level of error in the DTS’s temperature
measurement. This suggests that the output of a DTS using an external fibre cable tied to the
power cable can be used as input to an algorithm for calculating conductor temperature
without errors in temperature measurement affecting the results to a significantly greater
extent than is the case with internal fibres.
A further issue for fibres in an external cable is that the conversion of their output into a
conductor temperature will be somewhat dependent on soil and installation conditions: heat
flow between the power cable and the fibre cable will be, at least partially, through the soil
and will be affected by the soil’s thermal resistivity. The affect may be particularly severe at
the landfall if power and fibre cables are installed in adjacent HDD ducts.
Figure A2 below shows a simplified version of the thermal network shown in figure A1 above,
while figure A3 shows that would happen to this thermal network if the external fibre cable
was moved slightly away from the power cable so that around 5% of the soil’s thermal
resistance (as opposed to none) was between the power cable and the fibre cable.
Not in a HDD duct. If HDD had been modelled the soil thermal resistance, and the DTS fibre temperatures would have
been higher. This would have reduced further the difference between internal and external fibres. Since DTS is primarily
used to check temperatures at pinch points such as HDD the analysis here is arguably conservative, and DTS performance
may be degraded by less than is suggested here.
34 This is broadly consistent with latest thinking on armour losses, but not the IEC standards.
33
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Figure A2: simplification of thermal network shown in A1. The relationship between the maximum
allowed heat injection and the DTS reading at this condition (Tm) is shown, as are the temperatures when
operating at maximum continuous rating.

Figure A3: heat network when the external fibre cable is not where it should be, but instead has c. 5% of
the soil resistance between it and the power cable. In this case a factor of safety (fs) must be introduced
into the formula we had for heat injection, otherwise the cable conductor would exceed 90C.

For the network shown in Figure A3:
(

𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛
ℎ𝑒𝑎𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛
)(
)=(
)
𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑛𝑑 𝑓𝑖𝑏𝑟𝑒
𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑛𝑑 𝑓𝑖𝑏𝑟𝑒
𝑖𝑛𝑡𝑜 𝑐𝑎𝑏𝑙𝑒

𝑓𝑠 (

90 − 𝑇𝑚
) (0.196 + 0.020) = (90 − 𝑇𝑚 )
0.196
𝑓𝑠 (90 − 𝑇𝑚 ) 1.102 = (90 − 𝑇𝑚 )
𝑓𝑠 = 0.91

So if cable loading is being limited based on DTS outputs, and if the DTS output is coming
from a fibre that could have 5% of the soil’s thermal resistance between it and the power
cable, then an extra factor of safety needs to be introduced – with cable heating reduced by
9% to 91%. This equates to reducing the current by just under 5%.
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