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Utflutningur & raforku

Hjdlagt sendist hinu héa raduneyti skyrsla um athugun sem Orku-
stofnun hefur l4tid gera & haghvamni bess a& flytja Gt raforku fra
fslandi til Bretlandseyja med haspenntum rakstraum. Hér er um ad
reda endurskodun & samskonar athugun, sem gerd var arid 1975.
Athugunin er unnin af Londwatt Ltd., radgefandi verkfrzdifyrirtazki
i London, i samvinnu vié Virki h.f., rddgefandi verkfrzdinga i

Reykijavik.

Athugunin byggir & utflutningi & 2000 MW og 16.000 GWh/ari af raforku.
Gert er rad fyrir ad raforkan verdi flutt fra austurstrdnd Islands
eftir sex sastrengjum um 950 km veg til nbréurstrandar Skotlands, og
badan eftir bremur rakstraumshaspennuloftlinum um 440 km veg sudur

i grennd vié Glasgow, bar sem flutningsvirkin yrdu tengd vié 400 kild-
volta landskerfi Bretlandseyja. Um yrdi ad razéa brjar samsida

flutningsrdsir, sem hver um sig flytur 667 MW. Rakspennan yréi + 330

kildvolt; straumurinn um 1000 amper.

Nidurstdésur hagkvemnisreikninga eru settar fram med beim hetti, ad
reiknad er hve mikidé raforkan megi mest kosta, komin til strandar

a Islandi, til ad vera samkeppnisfar, komin inn & breska landskerfié,
vié raforku fra kola- eda kjarnorkustddvum i Bretlandi. fskyrslunni
eru bvi gerd all-itarleg skil, hver sé liklegur vinnslukostnadur
raforku i slikum stdévum par i landi i nadlegri framtié. Er alitis,
aé hann verdi sem hér segir, reiknad i bandariskum mills a kWh

(1 mill er busundasti hluti Gr dollar):

Heimilisfang Nafnnimer Simi Simnefni Banki Hlaupar. nr

Laugavegur 116, REYKJAVIK 6901-3058 17400 Orkustofnun L. Austurbzjaratibi 4669
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Fra kolastd&vum 41,3 mills/kWh

Fra kjarnorkustddvum med brystivatnskljafum

(PWR) 37’7 "

Fra kjarnorkustdévum med haprdudum

gaskljafum (AGR) 39,7 "

Grundvallar-viémidunin er raforkuverdié fra brystivatnskljufum,

37,7 mills/kWh.

Nidurstddur athugunarinnar ma i stuttu madli draga saman bannig:

- Flutningur raforku fra fslandi til Skotlands me& haspenntum
rakstraum um sastrengi virdist vera tzknilega mdgulegur, en bd
byrfti a8ur ad prda strengi med meira togpoli en nii eru til;
betri adferdir til ad leggja strenginn Ut; adferdir til ad grafa

hann nidur i hafsbotninn og til ad fylgjast med beim nidurgreftri.

- Til pess a& verd raforku fra fslandi fari ekki fram Ur 37,7 mills/
kWh, kominnar inn & breska 400 kV landskerfid, p.e. til bess ad
hiin sé samkeppnisfer vié raforku fra brystivatnskjarnkljufum i
Bretlandi, m& htn kosta i mesta lagi 14,2 mills/kWh, komin ad
afridilsstd8 & austurstrdnd fslands, sem bannig er jafnvirdiskostn-—

4

adur & fslandi vié 37,7 mills/kWh i Bretlandi.

- Nemleikagreining & &hrifum forsendna a nidurstédur gefur eftirtalda
Utkomu er synir jafnvirdiskostnad raforkunnar & fslandi ef helstu
forsendum er breytt frd pvi sem annars er gengidé ut fra i athug-

uninni (og gefur jafnvirdiskostnadinn 14,2 mills/kWh):

Jafnvirdiskostnadur

Forsenda Breyting a Islandi mills/kWwt
Stofnkostnadur + 30% 9,4
flutningsvirkja - 15% 16,6
Vinnslukostnadur + 20% 20,7
raforku 1 Bretlandi + 10% 10,9
Vaxtaprdsenta i Or 10 1 12% 15,4
nigildisreikningi O0r 10 1 8% 13,7
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Allt verdlag midast vid fyrri hluta ars 1980.

Af bessu sést m.a. ad jafnvirdiskostnadurinn & fslandi er bysna
vidkvaemur fyrir breytingum a vinnslukostnadi raforku i Bretlandi.

Haekki hann um t.d. 20% hekkar jafnvirdiskostnadurinn ur 14,2 1

20,7 mills/kWh, eda um 46%.

Petta taknar, ad reynist vinnslukostnadur raforku i Bretlandi mun
herri en nlG er gert rad fyrir, t.d. sem afleiding af vaxandi andstééu
vid byggingu kjarnorkustddva; strangari 6ryggiskr6fum til beirra

eda launakréfum kolanamumanna umfram almennar verdlagshakkanir bar,
kynni raforka fra fslandi ad na mun betri samkeppnisadstédéu. A

hinn bdginn er stofnkostnadur flutningsvirkjanna~ einkum sastrengjanna,
mikilli Ovissu undirorpin, og umtalsverd hazkkun hans frd bvi sem
reiknad er med i athuguninni gati auéveldlega eydilagt samkeppnis-—

méguleika islensku raforkunnar.

Stofnkostnadur flutningsmannvirkjanna i heild er aatladur 2473
milljdénir dollara & verdlagi fyrri hluta ars 1980 eda nalagt 1230 millj-
‘aréa. islenskra kréna. Gert er rad fyrir ad flutningsvirkin yréu

gerd i 3 meginaféngum, og ad 611 framkvaemdin taki 9 dr. Hver

afangi yréi tekinn i rekstur um leid og honum er lokid. Ofangreind

stofnkostnadartala felur ekki i sér vexti & byggingartima.

Talié er, ad fra bresku sjdnarmidi gati innflutningur raforku

fra fslandi falid i sér bessa kosti:

1. Byggja byrfti einni kolastdéé eda kjarnorkustdd farra i Bretlandi;
atridi, sem umhverfisverndarmenn a Bretlandseyjum teldu avinning

aéd.

2. Byggingarlddum, sem finna parf i Bretlandi undir stdrar raf-
stddvar, fzkkar um eina. NG begar veldur bad erfidleikum bar 1
landi ad finna 14&8ir undir nyjar rafstdévar. Audveldara er talié

mundu verda ad fa 168 undir Aridilsstdd i grennd vid Glasgow.

3. Breskur utflutningsidnadur & svidi hénnunar og framleidslu sa-
strengja og breytistdéva (afridils- og aridilsstédva) myndi eflast

vid ad fa svona stdrt og margbrotid verkefni. Raunar mi ztla ad
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bad verdi forsenda bess ad Bretar fallist & innflutning raf-
orku frd Islandi a& breskur iénadur 4 bessu svidi eigi veru-

legan hlut adé hdénnun, smidi og uppsetningu flutningsvirkjanna.

Raforka, par sem hostnadarhlutdeild eldsneytis er engin er til
pess fallin ad hamla & moti dhrifum af sihzkkandi verdlagi a

kolum, oliu og kjarnorkueldsneyti.

- Aftur 4 mdéti kynnu Bretar ad lita & nedantdld atridi tengd raforku-

innflutningi fra fslandi sem &kosti:

Slikur innflutningur dregur Ur verkefnum fyrir breska framleid-
endur &4 vélum og bunadi i kola- eda kjarnorkurafstddvar.
Ahrifin 4 atvinnudstandié i pessum idngreinum til skemmri og

lengri tima 1litié getu vel valdid Sanzgju.

Innflutningur frd fslandi taknar frekar adferslu & raforku inn
4 kerfi bar sem vinnslugetan er nu begar verulega umfram
eftirspurn (uppsett afl er sem stendur um 35% meira en mesta

alag) -

Ekki er um ad rada méguleika & orkuskiptum, b.e. flutningi

1 bdsar attir & mismunandi timum, bannig ad sa avinningur sem
fylgir samtengingum sem @tladar eru fyrir orkuskipti og stafar
af bvi ad Alagstoppar falla ekki saman; heildaraflbdrf verdur
minni; samtengdu svadin geta hjalpad hvort 68ru i bilanatil-
vikum o.s.frv., er ekki fyrir hendi i bessu tilviki. (Til bpess

er islenska raforkukerfid allt of 1itid)

Vafi leikur & hversu 6ruggur er flutningur raforku um 1000 km
sestrengi, og bessi vafi verdur fyrir hendi uns frekari reynslu

hefur verid aflad af svipudum orkuflutningu annarsstadar.

Rakstraums- haspennuloftlinurnar munu liggja um brja £3jordu af
lengd Skotlands. Erfidleikum er ni pegar bundid ad fa land-
rymi undir haspennulinur, og loftlinur sem pessar kunna ad mzta

mikilli andst&édu fra umhverfissjonarmidi.



Ekki. liggur 1jdést fyrir hvert yrdi kostnadarverd islenskrar raforku,
kominnar til strandar austanlands, t.d. a Rey&arfirdi. Meginhluti
beirra 16000 GWh/ari sem rett er um ad flytja Gt geti komid fra
virkjunum i Jdkulsa & Bri. Orkustofnun er beirrar skoéunar, ad
vantanlegur munur a peim kostnadi og 14,2 mills/kWh sé of 1itill

til ad vera verulega ahugaverdur pegar tekid er tillit til beirrar
miklu 6vissu sem tengd er Utflutningi sem pessum, ba&di vardandi
vinnslukostnad raforku i Bretlandi og stofnkostnad flutningsvirkjanna.
Ventanleg hagkvemni raforkuttflutnings fra Islandi til Bretlands
verdur bannig ad teljast vera svo nalagt nullmarkinu pegar a allt

er 1litid ad ekki sé sem stendur tilefni til frekari adgerda 1 malinu.
Hins vegar er rétt ad fylgjast afram med brduninni i bessum efnum

og gera nyjan samanburd ad hafilegum tima lidnum eda strax og vart
kynni aé verda verulegrar hazkkunar a vinnslukostnadi raforku 1

Bretlandi frd bvi sem gert er raé fyrir i athugun bessari.

Allra virdingarfyllst,

/

Jakob Bjdrnsson






Letter of Presentation to the
Ministry for Industry
July 23rd 1980 by the National Energy Authority

Electric Power Export from Iceland

Enclosed we are presenting to the Honoured Ministry for Industry a report
on a study undertaken under the auspices of the National Energy Authority
of the technical and economic feasibility of exporting electric power from
Iceland via a HVDC submarine link to the United Kingdom. The report is a
revision of a similar study undertaken in 1975. The study was performed
for the National Energy Authority by a London-based consulting engineering
firm, Londwatt, Ltd, in cooperation with Virkir Ltd, Consulting Engineers,

Reykjavik.

The Study is based on an export of 2000 MW and 16 000 GWh/year of power.
The transmission is assumed to take place form the east coast of Iceland
via six submarine cables over a distance of 950 km to the north coast

of Scotland in the neighbourhood of Cape Wrath, and thence over three

440 km HVDC overhead lines down to the Glasgow area, where the linke would
be connected via a converter station to the U.K. 400 kV National Grid.
There would be three parallel transission circuits, each transmitting

667 MW. The DC voltage would be + 330 kV and the DC current approximately

1000 amperes.

The results of the economic feasibility study are presented in the form of

a minimum or break-even cost for Icelandic power, at the AC busbars of

the converter station on the Icelandic side for it to be competitive, at

the AC busbars of the U.K. converter station, with coal and nuclear generated
power in the U.K. The report discusses to a considerable extent the

probable near-term production cost of electricity from coal-fired and
nuclear power stations in the United Kingdom. It is expected to be as

follows, expressed in U.S. mills per kWh (1 mill is one thousandth of a

dollar):
From coal-fired plants 41.3 mills/kWh
From nuclear plants, PWR 37.7 "

From nuclear plants, AGR 39.7 "
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The basis for the study is taken as 37.7 mills/kWh, the expected cost of

PWR nuclear power.

The principal results of the study may be summerized as follows:

- Transmission of electricity from Iceland to the U.K. via a HVDC sub-
marine link appears technically feasible, even though some development
work should be expected for cable tensile strengthening and cable lying,

burial and burial surveillance.

~ The break-even cost at the AC busbars of the Icelandic converter
station of Icelandic power is 14.2 mills/kWh, based on an assumed cost

of nuclear generated electricity in the U.K. of 37.7 mills/kwh.

- A sensitivity analysis :of the effects on the results of a variation in

the values of the basic variables in the study reveals the following:

Break—-even cost

Variable Variation in Iceland
millsykWh
Cable and +30% 9.4
Line Cost -15% 16.6
U.K. Generation +20% 20.7
Cost -10% 10.9
Discount Rate From 10 to 12% 15.4
From 10 to 8% 13.7
Base value None 14.2

All costs are based on early 1980 price level

The sensitivity analysis clearly shows that the break-even cost in Iceland
is fairly sensitive to variations in U.K. generation cost. Thus, ca.
1 '20% increase in this cost raises the Icelandic break-even cost from 14.2

to 20.7 mills/kWh, or by 46%.

This means that should the generation cost of electricity in the United
Kingdom turn out to be appreciabley higher than assumed in the study,

as a result of for instance increased public opposition to nucleas power;
more stringent safety requirements for nuclear plants or wage claims

by coal-mine workers over and above the general rate of inflation in the
U.K., the competiveness of power imported from Iceland might be appreciably
enhanced. On the other hand, the construction cost of the transmission

facilities, especially the submarine cables, is subject to considerable
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uncertainty, so that a marked increase in this cost over the level
assumed in the study could nullify a calculated economic benefit of the

scheme.

The total construction cost of the transmission scheme is estimated at
$2473 million at the early 1980 price level, or approximately Icelandic
krénur 1230 billion (109). The scheme is assumed to be constructed in
three stages, or circuits, and the construction would extend over a
period of 9 years. Each circuit would be put into operation as soon as
it is finished.

It is concluded that from a U.K. viewpoint the HVDC scheme could provide

the following advantages, apart from its economics:

1. The displacement of fossil fuel burning or reactor powered generation

would be attractive to énvironmentalists.

2. One less large power station site would be needed. With the current
U.K. generation programme, problems are being experienced in obtaining
new sites. A converter station is expected to present less of a

problem.

3. The U.K. export-oriented industries associated with converter equipment
and cable design and manufacture would be boasted by the involvement
in a scheme of this magnitude and complexity. In fact, the involve-
ment of British industry in the design, manufacture and construction

can be expected to be a prerequisite for acceptance of the scheme.

4. An electricity source with a negligible fuel cost content would

provide a counter to ever-increasing coal, oil and nuclear fuel costs.

On the other hand, the following problems associated with the scheme may

be foreseen, again apart from economics:

1. Acceptance of an energy input which would displace activities from
the U.K. manufacturing and energy supply markets. The deleterious

effect on short and long term employment could be unpopular.

2. A further input of electricity to a system which has already a surfeit
of generation capability (i.e. a spare plant margin of around 35%

at present).

3. Lack of apportunity for reciprocal energy exchanges, so the benefits
of diversity, reduced total plant reguirements and mitigation of

operating problems cannot be realised to the extent possible with an
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exchange scheme (the Icelandic power system is far too weak for

meaningful reciprocal exchanges)

4. Doubts about the security of a 1000 km undersea transmission link
may exist until more performance data on comparable schemes is

collected.

5. Overhead HVDC iines would need to traverse about three-fourths of
the length of Scotland. Transmission line way-leaves are difficult
to obtain and a link such as this could meet strong environmental

objections.

The cost of Icelandic hydro-generated electricity at the east-coast,
Reydarfjdéréur for instance, is at present somewhat uncertain. A substantial
part of the 16000 GWh/vear involved in the export-scheme could come from
plants on the J&kulsa a Bru River close to the coast, which are expected

to be very economical plants, even if their costs are still not well

known. However, in view of the National Energy Authority, the expected
difference between these costs and the break-even cost of 14.2 mills/kWh

is too small to be of great interest when considering the very substantial
uncertainties associated with the export scheme, both regarding U.K. gener-
ating costs and the construction costs. In other words, the economics

of the scheme is quite marginal and, taking the uncertainties into account,
too marginal to warant further consideration for the time being. However,
developments of HVDC underseas transmission technology should be monitored
as well as U.K. generating costs, and a new study undertaken when appropriate,

especially if U.K. generating costs should rise appreciabley above the level

assumed here.

Yours respectfully,

AW@M

Jakob Bjdrnsson
Director General
National Energy Authority
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SUMMARY

In this report, the technical and economic aspects of the export of bulk
electrical energy from Iceland to the United Kingdom are examined. The
study performed by Londwatt and Virkir in early 1975 has been revised to
take into account technological developments in HVDC transmission and
policy changes affecting base load generation in the U.K.

While the scheme to export hydro generated electricity from Iceland is
technically feasible, many complications are presented in selecting a
suitable undersea cable route. Oceanographic conditions between Iceland
and Scotland are not conducive to simple power cable laying and the

route Tength is far greater than that of any existing submarine cable.

In addition, cable would have to be laid in water depths of approximately
1000 m which is twice as deep as that encountered in any existing HVDC
scheme.

For the scheme to be economically viable, i.e. to produce cheaper elec-
tricity than base load generation in the U.K., electrical energy delivered
to the AC busbars of the converter station in Iceland would have to cost
less than 14 US mills/kWh, based on the equipment prices established in
this Report.






1.

1

INTRODUCTION

Original Report

In April 1975, Londwatt Consultants Ltd and Virkir Associated
Engineering Consultants Ltd prepared for the National Energy
Authority of Iceland (NEA) a report on the viability of a power
1ink between Iceland and Scotland.

The pre-feasibility study included an examination of the tech-
nical and economic aspects of a unidirectional high voltage
direct current (HVDC) link between the countries in order to
utilise part of the extensive hydro electricity potential in
Iceland. The generation source in Iceland was nominated by NEA
to produce 2000 MW with an output of 16 TWh per annum.

As well as examining the basic technical requirements for this
scheme, including AC/DC converter stations in the two countries,
undersea HVDC cables and overhead transmission lines, the report

- provided an assessment of the maximum allowable cost of genera-

tion at the converter station AC busbars in Iceland to make the
scheme economically acceptable. For the conditions prevailing in
early 1975, it appeared that electricity total production costs
would need to be between 7 and 16 US mills/KWh, depending on
whether a pessimistic or optimistic view was taken of displaced
nuclear generation plant programmes in the United Kingdom.

The report showed also that the scheme was technically realistic,
but cable routing would be a problem. No HVDC scheme had ever
been undertaken where cables had to span such great distances or
be laid in such deep waters.
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Terms of Reference for Revision

Since the original report was prepared, there have been develop-
ments in HVDC scheme technology, national generation programmes
have been modified and both capital plant and fuel costs have
changed.

In late 1979, the NEA of Iceland commissioned Londwatt and Virkir
to reassess the proposed Iceland to Scotland scheme in the Tight
of technical and cost movements. The Terms of Reference for this
First Revision are as follows:

1. Revision and evaluation of the basic cost of energy pro-
duction by nuclear and coal-fired power plants, taking into
account current U.K. policies and possible future develop-
ments.

2. Revision of the costing of the 2000 MW undersea HVDC 1ink,
including terminal equipment and cables.

3. Revision of the economic comparison of the schemes deliver-
ing energy by HVDC and U.K. based generation.

4, Basic appraisal of technological developments in so far as
they affect item 2 above.

A 2000 MA rectifier station would be located in Iceland. Cables
would be used for the sea crossing to Scotland where the trans-
mission to the inverter station, at a suitable load centre, would
continue by overhead Tine.
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Methodology for the Study

In order to provide a sound basis for the HVDC scheme's technical
evaluation and costing, the latest developments and comparable
schemes have been examined using data provided by Scandinavian,
British and Continental manufacturers as well as information
published in the technical literature.

Without making a formal approach to the electricity generation
authorities in Britain, medium term development plans for genera-
tion and transmission have been assessed. Included in this was
an examination of power station future fuelling trends.

For generation plant pertinent only to the U.K., budgetary costs
based on current data have been derived. For generation plant
hitherto unused in the U.K., costing has been based on inter-
national figures, weighted in accordance with possible require-
ments relevant to the U.K.

As the technical features for the HVDC 1link include a high load
factor of 91.3%, it would constitute a base load bulk trans-
mission scheme. Consequently the economic appraisal of the
scheme has been centred on the displacement, at a common point,
of the equivalent amount of base load energy generation in the
U.K. For the HVDC scheme to be viable, the cost of Icelandic
generation, annuitised with both 'fixed' and 'running' compo-
nents, should be below the calculated break-even value.

In the economic analysis of the scheme, a generally optimistic
attitude to U.K. generation costs and construction programmes has
been assumed while a cautious attitude to the HVDC scheme has
been adopted. Consequently, any unforseen development cost
increases or station construction postponements and delays in the
U.K. generation programme will bias the costs in favour of the
HVDC scheme.
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Assumptions

As the calculated cost of generation in Iceland applies to the
EHV AC busbars of the converter station in Iceland, no allowance
has been made for the costs of transmission from the generation
source to the converter station. The voltage of the converter
station busbars has been taken to be 220 kV. In addition, it has
been assumed that the converter station would be located on the
south east coast of Iceland, near latitude 65°.

The rate of build-up of generation capability in Iceland would
not be less than that required by the commissioning programme for
the HVDC 1ink.

Budgetary costs are relevant to early 1980 and the following
exchange rates have been used:

Currency Equivalent for £1 Sterling
U.S. Dollar ‘ 2.2
Swedish Crown 9.7
Norwegian Crown 11.3
Icelandic Crown 1050
Swiss Franc 3.9

A11 costing in the study has used USA dollars.

The opportunity cost of capital has been taken to be 10% pa and
discounting has been performed using this rate. Sensitivity
analyses have used rates of 8% and 12% pa.
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APPRAISAL OF HVDC CONVERTER TECHNOLOGY

Review of Principles and Parameters

General
Where two AC systems or power sources are interconnected by a DC
link, the converter stations at each end of the DC link contain

- converter bridges, with controls, to rectify from AC to
PC or invert from DC to AC

- tap-changing converter transformers to isolate AC and
DC, obtain optimal nominal voltage levels and provide
coarse control of working voltage

- reactive power sources for the converters

- harmonic filters and smoothing reactors

- ancillary systems

In this context, a link comprises the transmission cable or
overhead line together with the converter stations.

Both magnitude and direction of power flow through the 1ink are

controlled by delaying the start of the conduction period of the
converting devices at each end. This control over the 'gating'

or 'firing' of the converters permits the ratio of mean DC volt-
age to rms AC voltage to be varied in magnitude and sign.

Descriptions of the operation of each element and a scheme were
included in the original report of April 1975.

Offsetting the complexity and high cost of AC/DC conversion
equipment are the following scheme advantages. While the deci-
sion to proceed with an HVDC project may be based on one of these
factors, as listed, supplementary benefits from some of the other
features can often be achieved.
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- AC systems, interconnected by an HVDC link only, operate
asynchronously with neither system contributing to the fault
level of the other.

- Long distance bulk power transmission may be obtained more
economically with HVDC than with a scheme emplioying alter-
nating current.

- Difficulties in obtaining wayleaves for overhead lines
feeding high load density areas can be minimised by using
high rated DC cable circuits which can be buried. AC fault
levels in the load area will, of course, be kept at’existing
levels.

- With bidirectional DC links, reserve plant can be shared
between the two systems, thereby minimising total installed
capacity, without worsening stability and fault performance.

- Dynamic performance of an AC system under fault can be
improved with judicious'selection of converter controls at a
DC infeed or DC circuit in parallel with an AC circuit.

In some situations, such as this unidirectional link between
Iceland and Scotland, electrical power transmission is possible
only with DC. The high level of capacitive charging current for
an AC cable precludes the use of a cabled EHV AC system over dis-
tances greater than approximately 50 km.

A three phase system can be transposed to multi phase operation
by the judicious selection of transformer winding vector groups.

In the process of conversion between AC and DC, the greater the
number of AC phases contributing to the DC voltage, the higher
will be the mean DC voltage capability and the lower will be the
total harmonic content. For high power installations, the choice
has been usually between 6 and 12 pulse operation. Schemes



~employing mercury arc rectifiers have usually adopted the 6 pulse
per pole configuration due to insulation problems and the high
cost of rectifier transformers.

Semi-conducting thyristors have provided an enhanced opportunity
to employ 12 pulse operation. A schematic representation of a
typical 12 pulse group using the double Graetz circuit is shown
in Figure 2.1. With this arrangement, the 5th and 7th harmonics
present in 6 pulse operation are virtually eliminated from the AC
side, Teaving only 11th, 13th and higher order characteristic
harmonics in the series (12n+1). On the DC side, 12th multiple
characteristic harmonics are present. Harmonics generate losses
and interfere with communication circuits. Filtering for the AC
harmonics, at least, is required in each HVDC scheme.

Although more converter transformers are required for 12 pulse
operation, the reduced filtering requirements, l1oss reductions
and transformer design improvements have meant that the 12 pulse
arrangement with thyristors is cheaper.

A significant advantage offered by thyristor valves is that con-
verter voltages can be selected to suit extraneous requirements,
such as a cable voltage rating. As thyristor valves are made in
modular form and employ a large number of series connected low
voltage rated devices, there is less need for the voltage stan-
dardisation which is characteristic of AC systems.

Undersea cable capabilities will govern the plant arrangements
which are suitable for this HVDC system. Many combinations of
valve groups are possible and some of the arrangements are
sketched in Part 3.4.4 of this report. To achieve maximum econo-
mies in the converter stations, the highest feasible current
ratings and the minimum number of valve groups should be adopted.



FIG 2.1 TYPICAL 12 PULSE GROUP USING THYRISTORS
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Both rectifiers and inverters consume reactive power. Some of
this need can be met by static capacitors in the harmonic filters
and some from the AC network. The balance must be provided by
additional static capacitors or, if busbar voltage levels are to
be controlled rapidly, by synchronous condensers or static com-
pensators.

By keeping the rectifier valve firing control angle (a) and in-
verter extinction angle (v) low, variations in harmonic content
and the ratio of reactive to active power can be kept to a mini-
mum. Consequently plant cost and losses can be kept down. As a
general indication, reactive power requirements are approximately
half the rated active power level at a converter station.

In a region of high fault level, the existing AC system may pro-
vide an adequate reactive power source. However, detailed
studies are necessary to establish the reactive power needs based
on AC system stabilisation and filter capacitor requirements. By
locating the inverter station where fault levels are reasonably
high, i.e. in a high power density area, there may be no need to
install synchronous condensers or static compensators. System
capability should then be adequate to control inverter station
voltage levels and maintain DC power transmission during periods
of AC system severe disturbance. For example, a fault level of
approximately 5000 MVA could be sufficient for a received DC
power level of 2000 MW.

New_Schemes

Interest in and the size of HVDC schemes is increasing. Part of
this greater interest is due to the wider application of HVDC as
an aid to EHV AC system stability control.

Basic data on recent and planned large HVDC schemes are set out
in Table 2.1. A1l except Nelson River 1 employ thyristor valves.
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2.2

2.2.1

2.2.2

Converter Station Developments

Plant_Items

The general items of plant listed in 2.1.1 comprise conventional
AC plant as well as plant specific to AC/DC conversion. In the
following sections reference is made to the principal develop-
ments in plant technology over the last 5 years.

While most improvements have occurred with conversion plant, some
gains have been reaped from advances in conventional AC switchyard
capabilities.

For new schemes or the augmentation of existing schemes, thyris-
tors have virtually supplanted mercury arc valves as the conver-
sion devices. The main advantages offered by thyristors over
mercury arc valves are:

- reduced station dimensions

- cheaper valve and auxiliary equipment costs

- modular valve construction with inbuilt redundancy

- composite voltage grading of thyristor assemblies and
auxiliary power inputs

- reduced maintenance requirements

- increased reliability

- improved performance characteristics, including freedom from
arc-back

Research and development have concentrated on improving thyristor
power performance and control circuits. Although there has been
some increase in thyristor voltage blocking capabilities, the
most noteable improvements have been in current-carrying capabi-
lities using larger area semi-conducting wafers. Some thyristors
are able to carry continuous currents in excess of 3000 A. As a
result, there is Tittle need to operate units in parallel to
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achieve full pole currents so the number of devices per pole,
including associated controls, can be kept to a minimum. Series
thyristors employ working voltages of approximately 1.5 kV each,
with rated blocking voltages up to approximately 4 kV.

As a general indication, higher current levels will result in
Tower converter station costs for a given power transmission

requirement. For thyristors with ratings above 1500 A approx-
imately, water cooling of the valves is usually employed. The

quality and reliability of water cooling systems is considered to
be quite high.

Reference to thyristor redundancy is made in Part 2.3.2.

Improvements in valve, transformer and filter designs have re-
sulted in a decrease in converter station losses. A typical
figure of 2% full load losses, including auxiliary power require-
ments, covering both rectifier and inverter stations can be
applied to a scheme of this size. These losses are divided
almost evenly between converter transformers and the rest of the
plant. Consequently; for this 2000 MW scheme, converter station
losses will amount to 40 MW approximately.

Protection_and_Control

One recent technological development which will be important to
this scheme is the advent of the non-gapped zinc oxide surge
diverter. Conventional gapped diverters would be hard pressed to
handle the high discharge currents of the long DC cables. The
new diverters should be adequate.

The precise characteristics of zinc oxide diverters should permit
basic insulation levels to be reduced.

While the basic control of a DC transmission link is via current
at the sending (rectifier) end and voltage at the receiving end
plus current margin between ends, the application of more complex
controls has increased. DC link control can employ either:
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- constant power transmission

- constant current/extinction angle

- constant receiving system frequency
- ¢ astant AC system power factor

- AC system stabilisation (damping)

An HVDC 1ink can function reliably with separate but coordinated
controls at each end, i.e. with no communication 1link. However,
for rapid system start up after shut down and enhanced control
over the performance of the connected AC system, a reliable high
speed communication link between the two ends is needed. As well .
as transferring system data to the master station, control
instructions can be automatically and simulatenously set up at
each end.

Controls and auxiliary supplies can be provided with sufficient
security (i.e. redundant mode) so that failure of one pole will
not interrupt or curtail the performance of any other pole in the
converter station.

With mercury arc valves, problems were experienced in the control
of valve firing as auxiliary transformers required insulation for
high voltages. The commonly used technique with thyristor valves
is to draw auxiliary power from the thyristor external grading
circuits which are used to proportion voltage stress over the
thyristor assembly. Light guides are used to transmit control
signals to these auxiliary circuits at valve voltage. This
development has resulted in improved valve reliability.

Although not required for this scheme, development work is con-
tinuing with the aim of producing a satisfactory HVDC circuit
breaker. The main application for DC circuit breakers will be in
multi-terminal schemes.

Traditionally, synchranous compensators have been used to provide
rapid (approximately 500 msec overall response time) and continuous
control of converter station AC busbars in all but the strongest
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(low impedance) AC systems. These rotating machines are expen-
sive and require regular maintenance.

It is likely that more use will be made of static compensators
which are cheaper and provide an even more rapid control of
voltage. Overall response times down to 10 msec can be obtained.
Static compensators comprise elements of static capacitance and
reactance plus control of their relative contribution to the
overall MVAr level. Reactive power capability can be varied from
generation to absorption. A significant advantage is that they
do not contribute to the fault Tevel, whereas a synchronous
compensator can supply fault currents approximately 4 to 6 times
its rating.

Some static compensators employ a controllable saturable reactor
with harmonic compensation. Consequently an almost sinusoidal
fundamental waveform of current is produced. As with synchronous
compensators, a voltage transformer is required for connection to
an EHV busbar.

Another type of static compensator employs thyristors to switch,
in a controlled mode, a high inductive impedance. This switched
inductance, in association with static capacitors connected in
parallel with it, provides a controllable reactive power source.
Although primarily intended for rapid voltage control as a sta-
bility aid on EHV AC systems, the arrangement is applicable to AC
busbar control in converter stations.

A further type employs a reactor in parallel with thyristor
switched capacitors.

Particularly for locations where station siting is difficult,
interest is growing in the use of compact stations using SF6 gas-
insulated metal-enclosed busbars and components. Gas insulation
for valves has not been promoted actively as water and air
cooling methods are well established.
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While gas-insulation is commonly employed now in EHV AC installa-

tions, its application to HVDC is already considered satisfactory
for voltages up to + 400 kV.

Substantiut reductions in station size could be achieved if
static capacitors were to be gas insulated. Some developmental
work is in progress in this area.
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Station Reliability

Plant_Performance

With the advent of the high-rated thyristor and better control
circuits, converter station reliability has been improved.
Factors which have contributed to this improvement are in-built
redundancy of thyristor strings and redundancy in the design of
auxiliary supply and control circuits. A failed thyristor pro-
vides an effective path for normal or fault current flow so
converter operation can continue unimpeded provided the redun-
dancy margin (see 2.3.2) has not been used. Under these latter
circumstances, voltage stressing of individual thyristors in-
creases to nominal design values.

The available long-term averaged statistics on converter station
availability do not yet distinguish between mercury-arc valves
and thyristor valves. 'Availability' is described in the Defi-
nition of Terms appended to this report. While overall figures
show a typical availability of better than 98%, general comments
indicate that thyristor valve availability is considerably better
than that for mercury-arc valves. It should be borne in mind
that this quoted availability includes both HVDC and conventional
EHV AC plant in the converter station, but does not include
outages for maintenance, repair or testing. (Conventionally,
'availability' includes a component for scheduled outages, as
well as those which are unscheduled, or forced).

Based on operating experience, the expected failure rate of a 12
pulse thyristor valve group is approximately 0.05 per year,
compared with a slightly lower value for power transformers.
Unlike power transformers, however, valve outage time for repairs
is short, being only part of a day, as automatic monitoring and
modular construction permit easy identification and removal of
the faulty unit.

From manufacturers' figures for thyristor converters plus other
HV plant and auxiliary systems, availability for a complete
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bipole (rectifier and inverter stations) is expected to be
approximately 99.8% for forced outages. This assumes a spare
converter transformer is available at each station.

Plant_Maintenance

Maintenance requirements for the conventional AC equipment in a
converter station are already well established by individual
power authorities. Most maintenance work in a converter station
is governed by AC plant, such as HV circuit breakers, transformer
tap-changers, etc.

Valve maintenance is required every one to two years, when con-
trol, auxiliary and cooling systems are checked and suspect or
faulty thyristor modules replaced. This work takes less than one
week for a valve group.

To keep converter station maintenance infrequent (e.g. 2 yearly),
approximately 3% redundancy of thyristors is designed into the
valves. With this va]ue; an operator can be reasonably confident
that thyristor failure will not cause forced outages. Should an
excessive number of failures in a module occur, however, auto-
matic monitoring will provide an operator with sufficient warning
to prepare for a hurried scheduled outage.

—— - - = ——— - - '

When ‘unavailability' for scheduled (e.g. maintenance) outages is
added to the unavailability due to forced outages, a total of
approximately 1% to 2% is obtained, i.e. an overall availability
of approximately 98%.
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Plant Requirements for Scheme

Adopting a conservative approach to supply reliability, as fur-
ther explained in Part 3.4.4, the AC and DC arrangement proposed
for the two converter stations is shown in Figure 2.2. The "1}
circuit breaker" arrangement is suggested for a high level of
security.

As well as AC filters (11, 13th harmonic and high pass) at the
inverter station, a source of controllable reactive power has
been shown tentatively. In the costing of the scheme, it has
been assumed that the receiving-end busbars would be 400 kV,
or 275 kV and near the 400 kV system, and no such compensation
would be required.

If generators are to be used specifically for the HVDC scheme,
the harmonic filters at the rectifier station may not be needed
as generator windings could be designed for harmonic control.

Switching, bypassing, and surge diverting requirements have not
been shown. Nor has DC shunt filtering been included as the
parameters of the DC transmission link may not require it. Only
a detailed system analysis will show whether or not this extra
filtering is necessary.

Although transformer reliability has been increasing over the
years and the absence of arc-back phenomena with thyristors means
that short-duration transient over-voltage stressing of trans-
former insulation is reduced, any outage of a converter trans-
former would mean an extended supply loss for the valve group
concerned. It is suggested therefore that a spare transformer be
available on site at each converter station. Basic transformer
design, i.e. whether single or three phase and/or 2 or 3 winding
type, would be influenced by the requirement of the spare trans-
former to take the place of any vector group transformer in the
station.
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Transport weight will be a limitation to converter transformer
rating. Within Britain, it is necessary to change from three
phase to single phase construction for units above 300 MVA
approximately.

On the basis that extended monopolar operation will not be
allowed, earth electrodes need only be dimensioned for inter-
mittent operation.

2.4.2 Faeroe_Islands Station
A small teed connection supply to the Faeroe Islands is feasible,
although the specific cost ($/kW) of conversion equipment will be
high owing to the need to over-rate the equipment to meet the
main system DC voltage and surge current conditions.

Either a parallel or series arrangement could be used. Even
though a series arrangement offers the benefit of reduced voltage
rating, a parallel arrangement is preferred as failure of the
cable between Iceland and the Faeroes would permit supply to be
taken via a DC tie in Scotland after the faulty cable had been
isolated. In this case, an HVDC circuit breaker in the tee

would be advantageous as a fault in the small (parallel) converter
station would permit the main link between Iceland and Scotland

to operate with negligible disturbance during the fault. Without
such a circuit breaker, pole current would have to be reduced to
zero, by thyristor control, until fast-acting isolators disconnected
the tee-off station.

If this arrangement were to be effected at some time after the
main scheme commissioning, the cable nearest to the Faeroe Islands
could be cut and jointed sections led into the Island. Isolation
facilities would be provided at the DC busbar on the Faeroes.

It is assumed that a tee-off to the Faeroe Islands would not be
required if the 60 MAd single cable HVDC Tink between Iceland and
Faeroes were to be installed in the near future.
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Communications

As high attenuation in the DC cables would preclude the possibility
of power line carrier communications between the two ends, it is
proposed that a high speed link using, for example, two 1200 baud
data channels be provided by satellite. It is understood that an
earth station associated with a synchronous satellite over the
North Atlantic is to be established soon in Iceland. Such a link
should provide higher security than the existing undersea tele-
communication cable. Naturally, a link between the land station
in Iceland and the HVDC converter station would have to be
established.

A secure communication link would be required for load despatching,
as well as for converter control.

Design and construction of a converter station take, in all,
approximately 3 years.

As sections of the scheme should be commissioned as quickly as
possible, and a considerable period of time would be involved in
manufacturing and laying the cables, it is expected that the pro-
ject would be commissioned as each bipole is completed, i.e. in 3
stages.

If monopolar operation were allowed by the UK authorities (Ref.
3.4.3), a 6 stage programme would be possible and maximum use
could be made of each cable as soon as laid.
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Converter Station Costing

Unit_Costs

Costs of modern converter stations were obtained from Scandina-
vian, British and Continental manufacturers. The costs quoted in
this report represent an amalgam of the individual budgetary
figures.

In real money terms, there has been a decrease in converter
station specific costs over the last 5 years, in spite of cost
increases in conventional AC switchyard equipment and converter
transformers. Plant cost reductions have almost equalied the
national rates of inflation. The effective cost reduction has
been achieved mainly by improvements in both thyristor ratings
and thyristor manufacturing techniques.

Costs for AC switchgear have increased. Switchyard costs will be
influenced, however, by power authority requirements and design
standards.

. The following generalised costs refer to converter stations with

valves, transformers (including spare), filters, DC equipment,
auxiliaries, controls, and engineering, but exclude buildings, AC
switchgear and telecommunications. Except for the monopolar sta-
tion on the Faeroes, costs encompass the equipment for both ends
of the link, i.e. they are 'scheme' and not 'per end' costs.

- $102/kW for 300 to 350 MW poles at 330 kV

- $ 87/kW for 450 to 550 MW poles at 330 kV

- $ 77/kW for 600 to 700 MW poles at 330 kV

- $120/kW for a monopolar 60 MW station (Faeroes) with full
voltage and surge current ratings

If static compensation were required, its cost would be approxi-
mately $20/kVA.
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Equipment, including auxiliaries for a "1} breaker" bay is expec-
ted to cost the following amounts. These represent approximately
10% pa increases over the last 5 years

- $550,000 at 220 kV
- $770,000 at 400 kv

Buildings and civil works for the DC and AC constitute approxi-
mately 10% of equipment costs.

For the arrangement shown in Figure 2.2, the estimated combined
capital costs for both terminal stations are as set out in Table
2.2 below

Table 2.2
Station Capital Costs

7 Number Cost
Plant Required $ Million
Converter Station |
- 3x330 MW bipoles 2 204.0
400 kV AC switchgear bays : 12 9.2
220 kV AC switchgear bays 12 6.7
Building and civil 22.0

General & Engineering 22 .0
contingencies (10%) _Lee
TOTAL 263.9

An economic life of 40 years has been assumed.

Annual_Costs

Converter station operation and maintenance costs are taken as 1%
of capital costs. Although the satellite 1ink to Iceland has not
yet been established, the possible annual charge for the rental
of two dedicated channels will be $0.2 million.
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APPRAISAL OF HVDC CABLE AND OVERHEAD LINE TECHNOLOGY

Review of Principles and Parameters

As stated in Part 2 and the original report, the capabilities of
conversion equipment are well established and the requirements
for this scheme can be reasonably well defined. Continuing
research is improving the costs and reliability of conversion
plant.

Roughly 80% of the scheme's capital cost will be devoted to the
transmission cables and overhead lines and of this more than 90%
will be attributable to the undersea cables. Unfortunately, the
technical and cost features of the cable system are much more
difficult to define that those of the converter stations and sea
bed conditions along the route will exert a dominating influence.

The capabilities and pafameters of cables and Tines were described
in the original report. Apart from a review of requirements this
report will concentrate on developments since the mid 1970's.

The characteristics and Timitations of three undersea cable types
were detailed in the original report. The cables were classified
according to insulating media.

- 0oil filled with paper insulation, the 0il being of Tow
viscosity

- gas filled with pre-impregnated paper

- 'solid' oil/paper insulation using a high viscosity oil
which would undergo negligible local migration during the
life of the cable

For long sea crossings, these cable types have differing suita-
bilities.



0i1 Filled Cables:

This type of cable can be used only for very short routes as oil
reservoirs are necessary to maintain adequate 0il pressure and
contain oil movements resulting from thermal expansion and con-
traction.

In addition, oil filled cables are usually manufactured in short
lengths so excessive jointing would be required for this project.
Reservoirs could not be provided in mid ocean.

0il filled cables cannot, therefore, be used for this scheme.
Gas Filled Cables:

Interest in the development of gas filled cables has been dimini-
shing over the years.

If a gas filled cable were to be located in deep water, an extre-
mely high gas pressure would have to be maintained to counteract
cable crushing due to the external water pressure. To prevent
water ingress at mechanical faults, gas pressure must be higher
than maximum water pressure. In addition, allowance must be made
for gas movement over very great distances during expansion and
contraction of the cable, or before and after repair jointing.

Jointing itself would be a difficult and protracted activity due
to the degassing and regassing and the need to prevent water
entry. If water entered the cable, substantial Tengths would
have to be replaced, thereby delaying the return to service.

Even though gas filled cable permits slightly higher electric
stressing (kV/mm) than solid cables, the above mechanical compli-
cations preclude its use for this scheme.
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Solid 0il/Paper Cables:

As elaborated in part 3.2 of this report, solid cable presents
now the only feasible solution to the problems of the long and
deep sea crossing between Iceland and Scotland. No movement of
the insulating medium in the cable is entailed and the cable can
be manufactured in long lengths.

For HVDC overhead line transmission, the principal Tine configura-
tions are monopolar or bipolar. With the former, either a second
monopolar line or earth can be used for the return circuit. With
the latter an earth return can be used for an outage of one pole.

For a given power transmission requirement, DC lines are roughly
30% cheaper than AC as insulation levels are lower, tower pro-
files are smaller, conductor permissible current loading is
higher and lower corona levels mean fewer and larger diameter
conductors can be used {nstead of multi-conductor bundling.

The selection of the line configuration will be dependent on
economics, acceptable levels of supply security, environmental
aspects of the lines and way-leave availability.

Unlike AC cables, where electrical stress grading is mainly a
function of permittivity, insulation conductivity is the critical
parameter determining cable insulation performance under DC con-
ditions. As well as having to be suitable for working DC stresses,
a cable must be able to withstand voltage reversal or step changes
and transient over-voltages caused by converter station faults

and AC system disturbances.

An intrinsic problem with oil/paper insulation under DC conditions
is that the conductivity of the insulation is influenced by temp-
erature and applied electrical stress. As a result, the highest



stress gradients occur near the conductor in an unloaded cable
and near the sheath if the conductor temperature is raised
sufficiently. In general, a maximum temperature of approximately
50°C is usually imposed on the conductor so that electrical
stress instability and failure adjacent to the sheath do not
occur.,

A supplementary effect of the limitation imposed on the tempera-
ture gradient across the insulation is that sea water temperatures
have much Tess effect on the current ratings of DC cables than AC
cables. Burial of this type of DC cable in the sea bed imposes
negligible derating.

Gas and low viscosity oil filled cables have an advantage over
solid cables in that the insulating medium is sufficiently mobile
to take up thermal expansion and contraction of the cable insula-
tion. With solid cables the possibility exists that the rela-
tively inelastic lead alloy sheath may allow insulation voids to
form after excessive expansion of the central conductor, insula-
tion and subsequently sheath; The outcome can be electrical
failure after the insulation cools and voids are created by
negative pressure. Maximum stress gradients in solid cables are
usually limited to approximately 30 kV/mm. The highest working
voltage in an existing undersea solid oil/paper cable is 263 kV
in the Skaggerak link. This corresponds to 250 kV nominal. For
the planned Cross-Channel Tink, 270 kV nominal voltage solid
cable is proposed.

Electrical performance will be influenced by conditions at one or
more terminii as in deep water the temperature is cooler and com-
pressive forces improve the insulation strength.

An additional requirement, particularly in the waters around
Britain, is that of minimised interference to navigation where a
magnetic compass might be used. In the case of the proposed 2 GW
Cross-Channel 1ink between England and France, forward and return
cables in a pair will have to be buried in the same trench to
nullify the magnetic field effect.
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The lead alloy sheath over the insulation prevents the ingress of
water. The electrical loading pattern, both in magnitude and
frequency of load changes, affects the expansion and contraction
of the sheath via the conductor and insulation. The pattern of
load cycling of a cable must be examined, therefore, so that the
risk of fatigue failure of the sheath is minimised.

In the case of the Iceland-Scotland scheme, it is expected that
the current will remain relatively steady in the long term pro-
vided the scheme remains a unidirectional supplier of base load
energy.

The principal limitations occur with tensile, torsional and
impact stressing of the cable. The armouring must be sufficien-
tly strong to permit laying and retrieval and resist impact
loads, such as from fishing trawls, and chafing in rocky areas.

Cable joints, whether they be made in production or at sea, must
be compatible with the mechanical and electrical strength of the
basic cable. The manufacture of satisfactory flexible joints has
been a problem with undersea power cable and the reliability of
Jjoints has caused concern.

The selection of a route for an undersea cable may have to be a
compromise between economics, which generally dictates the
shortest route, and cable protection which could require a more
circuitous route.

The principal influencing factors are as follows:

- sea bed conditions where abrasion or bending may occur,
particularly if sea currents are strong. In particular,

bottom conditions are most important if cable burial is
required.



fishing areas, where possible trawl damage must be mini-
mised. Cable burial may be required.

water depth which directly influences the tensile strength
of the cable so it can be laid and retrieved. In addition,
it governs cable spacing and corridor requirements.

maximum water temperature at the warmest landing point, in
that it will exert some influence on the cable rating.

route length as it governs the number of sections in which
the cable is to be manufactured and transported as well as
the cost.

landing sites which should be sheltered and provide suitable
sea bed conditions for protective burial.
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3.2.1

3.2.2

Cable and Overhead Line Developments

In the last five years there have been a number of developments
in DC cable and line design, although undersea cable developments
have been more marked and they exert a greater impact on scheme
viability. Advances, relevant to this project, are described in
the following sections.

The most important new project in undersea HVDC transmission in
the late 1970's has been the Skagerrak link between Norway and
Denmark. The 125 km crossing of the Skagerrak sea involved the
laying of heavily armoured cable in waters up to 550 m deep. No
scheme prior to this necessitated the Taying of cables in such
deep waters. New designs and laying techniques, for both the
cable and its flexible joints, had to be developed.

The two sea cables, each having 800 mm2 copper conductor with a
rating of 1000 A at 250 kV, were laid in single lengths. For
transport and laying a special vessel, containing a deck-mounted
32 m diameter turntable, was constructed. The weight, in air, of
one metre of cable is 48 kg.

Double steel wire armouring, of opposite lay, protected the
circular section oil/paper cable from the risks of kinking and
twisting during laying. In addition, the armouring provides
resistance to insulation damage resulting from impact and bending
forces.

In Figure 3.1 is shown the composition of these cables and the
depth profile of the sea bed.

A new HVDC Tink between England and France is planned for the
mid-1980's. Although no contracts for cable supply have yet been
let, it is proposed that British and French manufacturers will
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contribute to the scheme requirement of 8 cables, each 270 kV and
925 A, for a transmission capacity of 2000 MW.

As a compromise between the manufacturing industries, and to
minimise the risk of oil discharge after cable damage, each of
the 50 km cables will be of the solid oil/paper insulation type.

The single armoured cables, weighing 30 kg/m, will be Taid (in
pairs) in 1.5 m deep trenches to minimise the risk of trawl and
anchor damage.

Although most emphasis has been placed on the development of the
mass impregnated solid cable for DC applications, as used for the
Skagerrak Tink and proposed for the Cross-Channel Tink, some work
has been done on polymeric materials such as cross-linked poly-
ethylene (XLPE or PEX) insulation. For AC applications working
voltages of 150 kV are now accepted and higher voltages are
expected after further deve]opment work. XLPE cable is soon to
be used on some 220 kV systems.

XLPE has a number of mechanical advantages over impregnated paper
insulation, such as increased resistance to crushing or impact
forces and better bending and jointing capabilities. As it is
impervious to water, lead sheathing can be thinned or even
eliminated.

Unfortunately, the attempts to adapt XLPE to HVDC use have not
been successful to date. Electrical stress distribution with DC
is dependent on the conductivity of the insulation and the high
resistivity of XLPE and space charge effects have meant that
breakdown levels are very indeterminate. Unless the basic para-
meters can be altered by chemical modification, XLPE's suita-
bility for HVDC seems very 1imited.

Although some research into the use of XLPE for HVDC is continuing,
there is 1ittle inducement to accelerate it as the industry sees
too few applications at this stage to justify the expenditure.
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Because of difficulties in designing flexible joints which would
withstand cable laying and retrieval, the operating voltage for
the Skagerrak cables was set at 250 kV. Subsequent development
work, including closer quality control and more rigid tolerance
requirements for both the semi-automatically made production
joints and the repair joints made at sea, has resulted in an
improved capability. Type testing for 350 kV, in accordance with
the internationally accepted CIGRE testing recommendations, has
now been completed satisfactorily for this cable by one manu-
facturer who expects that further research and development will
produce a 400 kV, 500 M cable within the next 5 to 10 years.

A conservative approach is adopted by the English and French
electricity supply industries so a maximum voltage of 270 kV is
proposed for the new link. Concern about the risk of insulation
void generation after lead sheath expansion compels the UK indus-
try to claim 300 kV as an upper limit to solid cable voltage.

For such higher voltages, further research work would have to be
funded.

Even though increases in either voltage or current ratings intro-
duce the possibility of reducing the total number of cables
required in a scheme, there is an optimal relationship between
voltage and current for a particular power rating of solid DC
cable. This optimisation is a function of a number of economic
and technical factors, including thermal stress grading across
the insulation. Although current ratings of approximately 1500 A
per cable are achievable, a lower rated 1000 A cable is more
suited to working voltages in the range 250 to 350 kV. This
applies to the type of cable employed in the Skagerrak crossing.

Not only is cable armouring used for basic protection, but it
also provides the necessary tensile and torsional strength during
laying and retrieving. For the laying of the Skagerrak cables in
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the 550 m deep sections, tensile forces were of the order of 23
tonnes. For this and protection against impact, kinking or
twisting, double steel wire armouring of opposite lay was found
to be necessary.

Unfortunately such rigid cable is difficult to handle so conven-
tional coiling methods could not be used. Instead the cable had
to be loaded onto and unloaded from turntables.

As well as providing the required rigidity and strength when
laying in waters deeper than 300 m, heavy double armouring gives
adequate protection against 1 to 1% tonne "otter board" fishing
trawls. The advent of the heavy beam trawls (several tonnes) has
resulted, however, in severe damage to all forms of heavily
armoured cable, so armouring is considered inadequate in these
circumstances. For such protection, burial appears to be the
only solution if the area in question cannot be avoided.

Burial of Cables

Burial provides good protection against trawl damage and moderate
protection against anchor drag. It can be regarded as a supple-
ment to armour protection as only endangered sections of cable
routes require burial.

After two cases of cable rupture by beam trawls, approximately 30
km of the Skagerrak cable route were buried. This was done not
long after the scheme was commissioned and has proved to be
effective as no further faults have occurred.

In the case of the proposed English Channel crossing, the risk of
anchor drag is large. Consequently cables will be trenched
approximately 13 metres into the soft rock (chalk) bed. Whilst
this approach may be understandable in a zone of very high den-
sity shipping traffic, the probability of a ship's anchoring near
the route of an Iceland-Scotland cable is low. In addition,
there will be relatively soft-bottomed areas along the North East
Atlantic cable route where the anchor from a very large ship
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could penetrate to depths of several metres. For these reasons
cable burial, solely for protection against anchor drag, is not
considered justifiable for this scheme.

To avoid beam trawl or very heavy otter board trawl impact damage
it is necessary to bury the cable. Beam trawling is restricted
to water up to approximately 100 m depth as this technique is
used only to catch flat fish. However, beam trawling is not
conducted in the north east Atlantic and there appears negligible
prospect for its being introduced. The extent of cable burial
required must be determined by a probabilistic approach to damage.
This should take into account likely fishing areas and fishing
densities. Cable burial is so expensive, approximating the cost
of the cable itself for the Cross-Channel Tlink, that an accurate
knowledge of route conditions would be required before a scheme
could be costed in detail. In general, a burial depth of up to 1
metre should suffice if anchor drag is not to be considered.

An alternative to burial, as a form of protection against traw-
ling, was used in the Italy-Sardinia Tink. Steel cables were
suspended in catenary form above the cable route. While pro-
viding a satisfactory protection, it destroys trawls. Such a
scheme could not be envisaged for deep and open waters.

Work on the techniques for burial of the Skagerrak and new Cross-
Channel cables has produced devices for jetting, ploughing or
cutting of trenches. For the Skagerrak cables various techniques
were tried, culminating in a sea bed crawler with jetting action.
For the channel crossing, it is expected that a trench cutting
machine will be used. This machine will lay a steel guide cable
in the trench. At a later stage a plough will winch itself along
the guide cable and feed the power cable into the trench vacated
by the guide.

Although trenching techniques may need to be developed for this
scheme, technology from the oil/gas industry could be incor-

porated in cable burial proposals. The need to bury small dia-
meter steel pipelines and umbilical cables in the North Sea has
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spurred development of new types of sea bed crawlers which can
work in depths up to 200 or 300 metres. Such devices will jet or
plough trenches and then bury a prelaid pipe. It is expected
that extensive use will be made of TV surveillance in the
trenching/burial operation.

While burial to 200 or 300 metres may be considered necessary to
minimise the risk of trawl damage, deeper water often provides
some protection as sand and mud sedimentation generally increases
with depth. Consequently, cables can sink into such sediment,
provided there are no strong water currents to remove the covering.

Finally, protection against chafing is achieved mainly by avoiding
heavy current and rocky areas of the sea bed. The comparatively
rigid double armouring provides an inherent element of protection
against such damage to those sections of cable which hang as a
catenary between support points in rough terrain. In areas of
sand waves, however, unacceptable cable catenaries may be formed.

Summarising, it can be said that a cable from Iceland to Scotland
should be double (opposite lay) armoured throughout its length
with the emphasis on protection capabilities in shallower waters
and tensile and torsional strengths in deeper waters. Where a
substantial degree of fishing is expected in waters up to 200 m
depth, some burial of the cable to a depth of approximately 1
metre may be advantageous. If burial is too difficult or too
expensive the route should avoid the area in question.

Heavy undersea cables are made in lengths from 10 to 50 km,
sheathed, jointed and then armoured overall. Flexible joints are
required so that the joints as well as the cable can be handled
by the capstans and guides on the cable laying vessel. Apart
from joints made at sea, where the armour splicing results in an
overall cable diameter which is only a few millimetres greater
than the basic cable, the cable joints should, as far as possible,
be homogeneous with the cable.
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As stated in 3.2.4 continuous improvements to quality techniques
for jointing during production and at sea have meant that elec-
trical performance restrictions are being eased. Further improve-
ments are expected when larger diameter capstans (e.g. 10 metres)
are employed as bending radii will be increased.

Based on the assumption that manufacturing and transport 1imi-
tations would restrict one section of cable to a weight of, say,
15 000 tonnes (in air), a special ship or barge would be required
to carry the cable. The purpose-built vessel used for the laying
of the Skagerrak cables can carry approximately 7000 tonnes of
cable.

As an alternative to constructing a new vessel, it may be poss-
ible to modify a semi-submersible craft of the type used to lay
0i1/ gas pipelines in the North Sea. These vessels can carry
substantial weights of reeled pipeline, are stable in heavy seas
and are self propelled with a speed of approximately 10 knots.

A further outcome is that a cable between Iceland and Scotland
would have to be made in at least 4 sections and these sections
then jointed at sea. Consequently, high standards of materials,
workmanship and equipment would be required not only during
production jointing, but also at sea. The same techniques would
be used in jointing the sections as well as repairing any faults.
As power cable is more delicate than telephone cable, the vessel
used for jointing would have to be suitable for maintaining a
stable position while holding a cable end.

Interest is increasing in the possible jointing of sea cables in-
situ. Techniques are already available for undertaking pipeline
welding repairs on the sea bed using a habitat lowered from the
surface. The pipe is 1ifted approximately 1 metre and enclosed
by the structure. The sea bed habitat, which can offer a con-
trolled environment, is accessible by submersibles. There is no
significant water depth limitation. As well as eliminating the
need for a standby cable repair ship, the method offers the

advantage that long cable inserts are not required when repairing
faults.
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It can be seen that the coordinated timing and rate of manufacture,
laying and jointing of all cables in the Iceland-Scotland scheme
would need to be analysed carefully. For example, cable laying

is 1ikely to be carried out in the period April to September only
as weather conditions are then at their best. For practical
purposes a complete cable (950 km) should be Taid in one season.

Some manufacturers claim that the way is now clear to design
cables and laying machinery where the route traverses areas with
a water depth up to 1200 metres. With such a capability, some
choice would be available in selecting a route between Iceland
and Scotland, and substantial use could be made of the protection
offered by very deep water.

3.2.8 Qverhead Line Design
While no radical changes in the basic design of monopolar and
bipolar 1ines have occurred lately, there have been some instal-
lations using double bipolar circuits on one tower. This arra-
ngement was used on both the Norwegian and Danish ends of the
Skagerrak link. Consequently each tower supports circuits with a
total capability of 1000 MW.

Developmental work is continuing on the use of composite insula-
tors, i.e. insulators made of fibre glass cores surrounded by
mouldings of resin or silicone rubber. Although a few AC Tlines
employ these new rigid insulators, further in-service experience
and development work will be requied before their general accep-
tance by power authorities. When introduced on a substantial
scale, it is expected that line costs will be reduced. This will
be due partly to reduced insulation costs and partly to the
change in tower profile.
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Cable Reliability and Routing

"Scotice’ Communication_Cable

In January 1962, a telephone/telegraph cable linking Iceland, the
Faeroe Islands and Scotland was commissioned. The northern
section ("Scotice North") is controlled and maintained by The
Great Northern Telegraph Co. Ltd and the southern section, i.e.
from Faeroes to Scotland, by the British Post Office. The sea
cable is armoured throughout, but the heaviest, or double,
armouring is used in the shallowest waters with emphasis on
fishing areas. In general, such types of cabled routes are
armoured (single or double) for depths to about 700 metres.
Trawling does not usually extend beyond 600 metres depth so
armouring is considered unecessary. The unarmoured Tightweight
cable has sufficient tensile strength for laying and retrieval.
This cable is of considerable interest to a possible HVDC link as
information on its reliability and routing can be used in assess-
ing HVDC cable performance and routing.

It is appreciated that considerable divergence between routes
would occur near Iceland, as the communication cable terminates
at Vestmannaeyjar while the DC cable route is likely to start in
the Sudur Mula Sysla region on the south eastern coast.

References to "Scotice South" cable faults and reliability were
made in the original HVDC Study report of April 1975.

In Table 3.1 is set out a summary of the performance of the two
sections of cable since they were commissioned.
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Table 3.1
"Scotice" Communication Cable Performance

Cable Sea No. of Nature of fault Average | Average

length| faults as % of total outage outage

(km) time rate per

. (days*) | year per

Trawl | Chafe| Corrosion | Anchor 100 km

Scotice| 530 | 25 76 20 4 - 12% 0.26
South

Scotice!l 745 12 92 - - 8 7 0.09
North

TOTAL | 1275 | 37 81 13 3 3 0.16

i

* includes ship transit time from port and fault locating
+ since 1976 only

1.86 km
1.83 metres

1 nautical mile
1 fathom
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The mean time between failures over the 18 year period was approx-
imately 6 months. If a fault took, on average, 10 days to locate
and repair (including travelling time from port), the unavail-
ability of the total 1275 km cable was approximately 5%.

In August 1970 a section of single armoured cable in the Scotice
South 1link which suffered repeated trawl damage was replaced with
double armoured cable. The subsequent fault rate decreased
markedly. Unfortunately the number of trawl breaks on Scotice
North (mainly single armoured) increased substantially since the
early 1970's, with the result that the mean time between failures
for both cable sections has remained at about 6 months. The
repair times for Scotice North has been shorter than from Scotice
South so the total unavailability of the Iceland to Scotland Tink
has dropped to approximately 31% i.e. the availability has
increased to 9631%.

From an examination of the fault statistics, it appears that
cable breaks have been concentrated in 3 zones where fishing is
intensive

- approximately 100 km from the coast of Scotland in
waters up to 400 metres deep

- between 50 and 100 km from Faeroes (Scotice South) in
waters up to 200 metres deep

- between 100 and 150 km from Faeroes (Scotice North) in
waters up to 600 metres deep and with an average fault
depth in excess of 400 metres.

The sea bed near the Faeroes is rocky and water currents are
strong. As a result, some instances of breakage due to chafing
have occurred. Where particular problematic Tocations can be
identified, flexible steel housings have been bolted over the
cable to reduce cable bending. This technique cannot be trans-
ferred, however, from the telegraphic cables to the heavy DC
cables. Fortunately, double armouring provides inherently a
similar form of protection.
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The authorities controlling this cable realise that armouring
will not always protect the cable from damage caused by trawls.
Consequently, the general policy is to route a cable through the
maximum depths possible and keep away from fishing areas and
regions of sand waves and severe water currents. These same
principles could be applied to an HVDC cable route.

The first Skagerrak cable was commissioned in October 1976 and
the second in July 1977. There have been 2 mechanical and no
electrical faults to date. Both the mechanical faults occurred
on the first cable, one in 1976 and one in 1977. The faults were
caused by heavy beam trawls and necessitated the burial of part
of each cable, as referred to in part 3.2.6. With no further
incidence of such damage, the expensive burial of the cable
appears to have been vindicated.

Although the service experience is still limited, data relevant
to the above faults show an outage rate of 0.14/year/100 km of
route length, i.e. for each 100 km of cable the effective time
between forced outages was 7 years approximately. This figure is
similar to the outage rate for the Scotice communication cable.

On the basis of the average 2 week outage to move the repair
vessel to the fault point, locate and repair the fault, the
availability of the 2 cable link has been 98.5%.

A number of cable faults on the Konti Scan HVDC 1ink, between
Sweden and Denmark, were caused by shipping. Since a length of
approximately 30 km of replacement cable was buried in 1974, the
number of failures has decreased. In the buried section only one
repair, to a faulty joint, has been necessary.
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If none of the 950 km future HVDC cables between Iceland and
Scotland were to be buried, the above statistics for the Scotice

and Skagerrak cables suggest that each cable could expect an
Although such
a frequency would be unacceptable, strategic locating or burial
of the cable should reduce the expected outage rate to a low

outage lasting, say, 2 to 3 weeks every 8 months.

value.

While these repair times are 'typical', poor weather conditions

could mean extended outage periods.

constitute the approximate limit for such repairs at seas.

Winds of force 6 Beaufort

Long

term outages due to bad weather will 1imit the acceptability of
the scheme and weather conditions in the North East Atlantic are

notoriously bad.

Statistics on HVDC system behaviour for the period up to 1976

show the following values of 'average system availability' for

schemes involving undersea cable Tinks (Table 3.2).

'Average

system availability' includes forced outages, but no regular
maintenance or testing outages, of cables, overhead 1lines and

converter equipment.

The figures give a useful indication of

cable reliability, however, as overhead lines and converter
stations have suffered far fewer faults than cables.

Table 3.2

Average System Availability of Undersea HVDC Schemes
(to 1976)

Scheme and Country

Year Commissioned

Availability %

Gotland
English Channel

Konti Skan

New Zealand
Sardinia
Vancouver Island

Sweden

France
England

Denmark
Sweden

1954 & 1970

1961
1961

1965
1965

1965
1967
1968

98.

76.
81.

97.
87.

99.
/2.
99.

*

S o A PP 0O—- W

* Partially due to numerous instances of anchor drag
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For the Cross Channel 1ink, an availability better than 95% is
aimed for.

In selecting a cable route between Iceland and Scotland, the
following features have been considered. Oceanographic data to
aid route selection is available from the Deutches Hydrograph-
isches Institut (Hamburg, Germany), Institute of Oceanographic
Sciences (Surrey, UK) and Stoedisutbugvingin (Thorshavn, Faeroes)
and national fisheries departments.

- The intensive fishing areas on the Iceland Shelf, Faeroe
Shelf and Shetland Shelf have been avoided, as far as
possible. The scope of this study does not, however,
Justify the detailed analysis of existing and forecast
fishing areas. This analysis would be required before a
cable corridor survey is undertaken.

- Within the limits of protection, cable laying and retrieval,
as deep a route as possible has been selected. However, the
heavy current areas at the bottom of the Faeroe Bank Channel
have been avoided by selecting a route along the channel
flank. This route is a compromise between the heavily
fished area of the shelf and the sedimentary protection of
the deepest parts of the channel. For the unavoidable
crossing of the Faeroe-Shetland Channel, a short crossing
has been aimed for.

- The rocky sections of the Iceland-Faeroe Rise should be
skirted. Even though trawling is limited over this rise
because the sea bed is potentially damaging to trawls, a
suitable cable route may be difficult to find.

It is understood that a route to the north east of the Ice-
land-Faeroe Rise offers much better bottom conditions than a
route to the south west of the rise, and fishing is less in-
tensive on the north east side as the water is colder.
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In general, fishing areas with water depths to about 200 m
have been avoided. However, in unavoidable areas some cable
burial may be required.

Crossings of telecommunication cables should be avoided or
minimised. Route selection would involve negotiations
between the various authorities. It is expected, however,
that the Scotice cable will be removed after the new sate-
11ite link is well established. Apart from the problem of
extended outages in times of bad weather, the technical Tife
of the cable repeaters is becoming 1imited.

UK Board of Trade regulations are likely to require that
forward and return cable pairs, in waters up to about 100 m
near Scotland, are laid in the same trench or side-by-side.
Further reference is made in Part 3.4.3.

Cables should be spaced so that identification and retrieval
are easy and safe, and shipping or trawling damage to one
cable will not affect ahother. In addition, allowance must
be made for cable repair when a section of new cable has to
be spliced-in and then laid on the sea floor. The inserted
cable Tength should not lie across or be too near an adjacent
cable.

If 2 cables were to be laid in 1000 metre depth water, the
spacing between the cables should be at least 3 km to allow
margins of safety for routing and relaying a repaired
section. Consequently a 6 cable system in deep water would
require a corridor approximately 20 km wide.

Provided a tee connection to a small HVDC station on the
Faeroe Islands is not required in the near future, the
cables should avoid the rocky, high sea current area in and
around the Faeroes Shelf and the complexity of landing on
the islands. Avoiding the Faeroes does make it more diffi-
cult, however, to locate cable faults as the accuracy of the
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measurement of distance to the point of fault is a function
of the length of cable section.

If a future converter station is required, one of the cables
could be cut and new end sections joined and laid to the
islands.

From an analysis of the above features, three possible cable
routes, each approximately 950 km long, have been suggested. The
routes are shown in Figure 3.2, together with an indication of
sea bed conditions.

Route A traverses the difficult terrain to the south east of
the Iceland-Faeroe Rise. While the bottom is generally of a
gravel nature, there are scattered boulders in the area.
This route is considered the most difficult.

Route B follows the easier conditions between the Iceland-
Faeroe Rise and the Norwegian Basin to a landing on the
Faeroe Islands. Between the Faeroes and Scotland conditions
are apparently mixed gravel and sand with some boulders.

Route C also utilises the protection of the sedimentary
deposits to the north east of the Iceland-Faeroe Rise, but,
like Route A, follows the gravel/rocky flank of the Faeroe
Bank Channel. If a landing on the Faeroe Islands is not
required, this may offer the easiest route.

For all routes, the rock strewn area of the Iceland shelf must be
negotiated, hopefully making as much use as possible of the
interspersed coarse sand/gravel areas if cable burial is required.

It should be emphasised that the route selection has been based
on generalised oceanographic data. Before any project were to be
instituted, a survey of the various route corridors should be
undertaken. If two passes at a speed of 5 knots were to be made
over each of two routes, the expected survey cost would be
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approximately $650 000. Conventional navigation, such as Loran
C, would be satisfactory for mapping of the route corridor.

For the later selection of individual cable routes, a navigational
system with a higher resolution than the approximate 300 m offered
by Loran C would be required. The detailed route selection would
require sea bed surveying such as high resolution seismic and
side-scan sonar.
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Cable and Line Requirements for the Scheme

If a scheme were to be instituted soon, the recent technological
developments should permit a cable rating of + 330 kV and 1000 A.
These ratings have been tailored slightly to a 2000 MW scheme
using 6 cables. As stated previously, the scheme should aim for
the minimum number of cables.

Although this analysis will concentrate on a 6 cable arrangement,
an 8 cable scheme, similar to the English Channel 2000 MW 1ink,
will be examined technically as it represents the 1limit to which
UK and French power authorities are willing to go now while
maintaining a high level of reliability and availability.

The extremely high capital cost of manufacturing and Taying deep
sea cables, together with the satisfactory performance to date of
buried sea cables, precludes the introduction of a spare cable.

Using 800 mmz'copper conductors, the anticipated full load loss
per 100 km of route length would be 2.45 MW. Consequently 6
cables, each approximately 950 km long, would give a 140 MW loss.
This corresponds to 7.0% of input power. The voltage drop would
be 6.7% or 22 kV per pole.

Should expectations of rating increases be realised, a scheme
with only 4 cables, each of + 400 kV and 1250 A may be possible
in several years' time. Converter station technology is already
adequate for such a scheme. Comments on a possible future scheme
are made in part 3.4.4.

Cable Manufacturers

Cable of the required type can be manufacturered now in lengths
of only 100 to 200 km per year at any one works. As a result,
existing manufacturing facilities would need to be expanded and
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more than one manufacturer may need to be involved. To avoid
Jointing dissimilar cables, it is suggested that each manufac-
turer should make at least one complete cable. If production at
a works could be increased to say, 500 km a year, one complete
cable could be laid every year if two manufacturers were involved.
Each manufacturer would have to stockpile over 2 years. A 6
cable scheme would then be commissioned, in stages, over 6 years.
Alternatively, a 250 km per production per annum and stockpiling
would require an extended project covering 12 years, which is
considered to be too long.

Should a 4 cable scheme be achievable in the future and employ an
8 year project commissioning programme, 250 km of cable per year
from each of 2 manufacturers would be required. This arrangement
should provide a better compromise between a long project pro-
gramme and an extensive cable manufacturing commitment.

In the waters around Britain, care must be exercised that there
is negligible interference to the proper functioning of naviga-
tional devices. Safety of navigation is administered by the
Board of Trade using the Coast Protection Act of 1949.

As direct current cables generate a concentric field which dimi-
nishes in inverse proportion to the distance from the conductor,
ships' magnetic compasses are influenced by the magnitude and
direction of this field as well as the earth's field.

Although each case is examined on its merits by the Department of
Trade in conjunction with its technical advisor, the Admiralty,

it can be said that any scheme involving HVDC power cables in the
continental shelf waters around Britain can expect to include the
requirement that the forward and return cables in a DC circuit
will need to be adjacent to each other so that cable field effects
are nullified. In the case of the proposed Cross-Channel 1link,
cable pairs will be buried in the same trench, The same require-
ment is expected of the possible link across the Irish Sea to
Northern Ireland.
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As well as influencing cable ratings, especially in the shallow
waters near the landing point, scheme security is reduced by this
requirement as physical damage to one cable in a pair is likely
to involve the other. In addition, a fault in one cable will
mean 1ifting of the pair for rejointing if operations are to be
carried out from the surface.

Pairing of cables introduces a further scheme restriction if
unbalanced operation, i.e. one pole with earth return, is per-
mitted only for very short periods; namely, that a cable could
not be commissioned without its return cable. As a result,
commissioning would have to be delayed until completion of the
installation of a complete bipole and corresponding cable pairs.

For this study it has been assumed that pairing of forward and
return cables would be required from the Scottish shoreline to a
point where the water depth is approximately 100 m, i.e. roughly
50 km route distance. If the cable were to run north-south, a
ship heading in the same direction would have its magnetic com-
pass 'trapped' by the cable field only if the ship's course were
approximately 1 to 2° off the line of the cable. Ships following
a magnetic compass while crossing the line of the cable would
undergo a very slight parallel offset in course from the original.

As stated in 2.1.3, converter poles can be rated and assembled to
suit a multitude of scheme configurations. Three possible arrange-
ments based on 6 cables are shown in Figure 3.3.

- Arrangement 1 : With 6 x 12 pulse poles, each of 1000 A
rating, this scheme is the most expensive because of the
size of the converter stations and ratings of items of
equipment. However, it offers the highest level of supply
security and permits simple cable pairing for magnetic field
annulment.
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- Arrangement 2 : Failure of a pole would result in the loss
of 670 MW until the faulty cable in a parallel pair is
isolated. However, this scheme employs one monopole with
earth return so does not permit cable forward and return
path pairing for field annulment. Although the arrangement
offers the best compromise between supply security and
converter station costs, it must be rejected unless the
Board of Trade requirements are relaxed or the scheme power
rating is altered.

- Arrangement 3 : With 3000 A, 330 kV converter poles, the
cheapest converter configuration is possible but supply
reliability is lowest. System security is further referred
to in the following:

In Figure 3.4 is shown the same Arrangement 1, expanded to inciude
the overhead line to the converter station in Scotland and cable
pairing in the UK continental shelf waters.

This Arrangement 1 offers the highest level of security, but the
highest costs. It will be used as the basis for scheme economic
evaluation in Part 5. The main operational features are as
follows:

- Failure of a cable pair (continental shelf) or a bipolar
line support structure would result in the instantaneous
loss of 670 MW. This power level is comparable to the
rating of the largest expected generator in the UK system.

- Providing a temporary 'unbalanced' operation is allowed,
failure of a pole in a bipole arrangement would result in
the loss of oniy 330 MW. This assumes, of course, that
auxiliaries and ancillaries for the converter stations are
designed for the necessary redundancy mode.

Although Arrangement 3 in Figure 3.4 offers the Towest capital
costs, a fault on a pair of cables near the Scottish coast
(continental shelf) would cause instantaneous loss of the total
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capability of 2000 MW. Isolation of the faulty cable pair would
permit the scheme to operate then in a balanced mode at 2/3 power
level, i.e. loss of 670 MW. Failure of one converter pole or one
monopole 1ine would reduce scheme capacity by a half, i.e. to
1000 MW.

In Figure 3.5 is shown a cable-intensive scheme based on the
proposed Cross-Channel arrangement. Failure of a cable pair
would result in an extended loss of 500 MW of transmission capa-
bility. Consequently, security is only marginally better than
with the 3 bipole arrangement in Figure 3.4, assuming cable
faults present the highest outage risk. It should be borne in
mind, however, that failure of the cable pair would cause the
short term loss of 1000 MW before the faulty circuit is isolated.
This loss would have to be covered by spinning reserve on the UK
system unless extremely rapid automatic isolation and restoration
was possible.

With the requirement of normally balanced bipolar operation, ex-
tended outage of a converter or overhead line pole would mean the
loss of 1000 MW of capability.

A possible future scheme using 4 higher rated cables and two 1000
MW bipoles is set out in Figure 3.6.

Overhead Line Parameters

The route length of each overhead line from the cable landing
point at Cape Wrath to the Glasgow area would be approximately
440 km. The 400 kV network around Glasgow would be more suitable
for the absorption of 2000 MW than the 275 kV system to the north
which is inadequate for the HVDC scheme power level. Instead of
reinforcing the 275 kV AC system and considering incremental
losses within it, the cheaper overall scheme with HVDC inverters
feeding directly into the Tower impedance 400 kV network is
preferred.



270KV 925A

/_——X BIPOLAR
LINE
P— r

270KV 925A

4

!

|
! l

500
BIPOLAR
LINE ||Al’
—— |
FIG.3'5 SCHEME USING 8 LOWER RATED CABLES
(as per English Channel )
400KV 1250A
500 MW t
BIPOLAR
LINE "
500 MW / \ l
400KV 1250 A
o U T
BIPOLAR
LINE <
500 m l
! |
| |
ICELAND : | CONTINENTAL | SCOTLAND
| SHELF |
|

FIG.36 POSSIBLE FUTURE SCHEME USING & HIGHER RATED CABLES




3-29

Various tower and line configurations are possible for the Cape
Wrath to Glasgow overhead Tines. Examples are shown on Figure

3.7. The scheme proposed in this report employs three bipolar

circuits. While this arrangement is expensive of wayleaves, it
offers a high level of security.

To minimise corona disturbances, the maximum voltage gradient of
conductors to air should be approximately 27 kV/cm. In order to
achieve this level, conductors with a higher current capacity
than necessary must be used. With twin 32 mm (or single 52 mm)
diameter smooth bodied aluminium and steel core reinforced con-
ductors, the current rating will be slightly in excess of 2000 A.
This assumes a design temperature of 75°C. With a short time
allowance of 85°C, the emergency rating would be approximately
3000 A.

Conductor capability could be used more efficiently only if the
number of overhead line circuits could be reduced.

Adopting a working temperature of 500C, the resistance of twin 32
mm conductor would be 0.031 ohm/km.

13.6 kV at 1000 A
and power loss per pole = 13.6 MW

Hence the voltage drop per pole

82 MW
or 4.1% of transmitted power

For all 6 poles, overhead 1line losses
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Cable and Line Costing

Cable_Costs

Cable manufacturing costs are sensitive to movements in inter-
national prices of copper, lead and 0il and all these have in-
creased substantially over the last five years. A yardstick for
the change in cost of manufactured cable is the Retail Price
Index (RPI). In Britain, the RPI has doubled in five years.

Budgetary estimates for the cost of supplying and laying double
armoured solid oil/paper insulation cable were obtained from both
Scandinavian and British manufacturers. For 330 kV, 1000 A
cables to satisfy this scheme, the following costs will be
applied (Table 3.3)

Table 3.3
Cable Cost Rates

Entity | Unit Value
Manufacture $/metre 240
Transport and lay % manufacture 12.5
Trench & bury down
to 100 m depth $/metre 4 160
Trench & bury from
100 to 200 m depth $/metre 250

Allowing for 250 km (150 km shallower and 100 km deeper water) of
trenching and burial of each cable, i.e. over part of the west
Shetland and Iceland continental shelves and through a small part
of the Faeroe Shelf flank, the total capital costs for one 950 km
cable in a 6 cable scheme will be approximately $339 million.
This figure includes a 30% contingency for the cost of laying the
cable and the uncertainty of burial requirements in a sea bed
terrain for which only limited data is available.
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The approximate cost of a ship to transport the cable sections to
site would be $25 million.

With solid cable, maintenance costs would be negligible. This
assumes that very few repairs would be necessary over the life of
the cable. '

Line_Costs

Budgetary cost estimates for HVDC transmission lines in Scotland
have been obtained from the line construction industry in Britain.
Over the past 10 years, the costs of high capacity overhead steel
towered transmission lines have escalated at an average rate of
approximately 17% pa in the UK. This corresponds roughly with
monetary inflation rates.

Using 2 x 32 mm diameter conductors, the costs of monopolar, bi-
polar and tripolar 1ines would be as follows. These costs include
surveying, material supply and erection together with a 20%
allowance for access difficulties, wayleave clearing and contin-
gencies.

The 1ines would be Tikely to traverse areas where ice loading
could be a problem. This has been allowed for in design costing.

Monopolar $ 97,000/km
Bipolar $ 145,000/km
Tripolar $ 198,000/km

Consequently 3 bipolar lines, each of 440 km, would cost approx-
imately $§ 191 million total.

Line maintenance is taken as 1% pa of capital costs.






ELECTRICITY GENERATION IN THE UNITED KINGDOM

Electrical Network

For the purposes of generating and transmitting electricity in
England, Scotland and Wales there are three geographic zones,
each controlied by a supply board :-

- Central Electricity Generating Board (CEGB) for England and
Wales

- South of Scotland Electricity Board (SSEB) for the southern
area of Scotland, up to a boundary line which is slightly
north of Glasgow and Edinburgh

- North of Scotland Hydro Electricity Board (NSHEB) for the
large northern area of Scotland.

While the SSEB and NSHEB pool their resources for operations and
planning to meet the electricity requirements in Scotiand, the
CEGB develops its system independently. The Scottish and English
groups do, however, coordinate their requirements to ensure there
is no conflict of objectives. As a result of this policy, the
400 kV systems in England and Scotland are linked only by two
double circuit 275 kV lines, as shown in Figure 4.1.

In their operating policies, the CEGB and SSEB aim for a net zero
interchange. They draw upon each others generating capability in
order to optimise production costs or to overcome operating
abnormalities. During 1978/79, the maximum (non-simultaneous)
exports from SSEB to NSHEB and CEGB were 1.8 GW and 1.0 GW respec-
tively. The corresponding maximum imports from NSHEB and CEGB to
SSEB were 0.5 and 1.0 GW.
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Electrical Network
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CEGB develops its system independently. The Scottish and English
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interchange. They draw upon each others generating capability in
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SSEB were 0.5 and 1.0 GW.
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As neither the SSEB nor CEGB is obligated to accept a net positive
import from the other, the disposal of surplus energy from one
system would have to be negotiated between the English and
Scottish boards. In fact, an outage of one double circuit line
between Scotland and England would mean a transmission capability
less than the power rating of the proposed HVDC link from Iceland.

4.1.1 Generation
The approximate distribution of net generating capabilities (power
sent out) between the three boards is shown in Table 4.1. 100%
represents approximately 65.5 GW in 1978/79.
Table 4.1
UK Plant Capacity
% Installed Capacity by Plant Type
. Plant
Board Steam Ralsing Hydro & Diesel capacity as
Coal 0il & Nuclear pumped & GT % of total
Gas
CEGB 61.4* 13.7 6.4 0.8 3.3 85.6
SSEB 6.3 2.6 2.0 0.1 0.3 11.3
NSHEB - 0.3 - 2.6" 0.2 3.1
i )
Total 67.7 16.6 8.4 3.5 3.8 100

* Includes dual coal/oil or coal/gas fired boilers

+ Includes 1.1% pumped storage



Generating plant development programmes are substantially depen-
dent on available fuels with national government involvement in
policy formulation. Trends in plant development are referred to
in the following sections.

On current planning, the largest generating units will be approx-
imately 660 MW. This applies to all types of steam turbine prime
movers, whether the steam be raised by fossil or nuclear fuelling.
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The Load Forecast

As a result of both national and international influences, the
rate of development of industry and commerce in the U.K. has
decreased in the last few years; in particular since the oil
crises of 1973/74. In addition, the continued low comparative
cost of gas has diminished the competitiveness of electricity.
Consequently, the realised demand for electricity has been less
than that forecasted previously. The maximum demand recorded on
the CEGB system, which is by far the dominant network in the UK,
during the winter of 1978/79 was 44.1 GW with a corresponding
energy consumption of approximately 225 TWh (to 31st March 1979).
During the same period the individual simultaneous maximum demands
on the SSEB and NSHEB systems were 4.5 and 1.7 GW respectively.
For the U.K. interconnected system, the maximum simultaneous
demand was approximately 50 GW. In the 1979/80 winter, the CEGB
demand rose to only 44.2 GW.

In the medium term, i.e. to the mid 1980's, it is anticipated
that maximum demand and‘energy will both grow at a rate of Tless
than 1% p.a. and an annual load factor of approximately 56% will
be sustained. Prior to the winter of 1979/80, the anticipated
growth rate of power demand was 2.2% pa. This means that a
CEGB/SSEB/NSHEB unrestricted simultaneous maximum demand of
approximately 54 GW can be expected in the winter of 1985/86.

Although the expected growth rate is low, the retirement each
year of obsolete generating plant will mean an annual requirement
for new plant of at least 1 GW in the mid 1980's.

A new element of uncertainty in growth predictions has been
introduced by the consumer pricing of alternative sources of
energy, particularly that of natural gas. At the moment most
natural gas pricing is dependent on costs of production and hence
is a function of the UK home market strength. On the other hand,
011 and coal prices are governed largely by international factors.



The net result is that natural gas is now a cheap alternative to
electricity. Should gas prices be adjusted upwards in 1ine with
governmental policy, it is expected that demand for electricity
will increase.

In establishing its load forecast, the electricity industry has

assumed that there will be a Tow to moderate long term growth in
the economy and hence electricity demand. While energy conser-

vation and renewable sources of energy are to be considered, it

is not 1ikely that they will have any significant impact on the

necessary programme for large scale traditional base load gener-
ating plant in this century.
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Fossil Fuel Usage

Coal, 0il and natural gas are the fossil fuels used by the three
U.K. generating boards. Coal is the predominant fuel and is
responsible for approximately 70% of annual electrical energy
output from all sources.

For some time the generating boards have been concerned about the
dependence on coal, especially where government policy has promo-
ted increased coal consumption for the benefit of the coal
industry. As the principal aim of the boards is to provide a
reliable, uniform supply at the most economic price, they have
expressed the need to increase fuel options. In attempting to
decrease their dependence on coal, the generating boards have
outlined the following difficulties with the present arrangement
and scope for change:

- fossil fuel resources are limited and their real prices are
expected to rise substantially.

- although oil prices are determined on an international
basis, it is expected that in the future, coal and gas
prices will keep pace with oil. Increasing scarcity of o0il
and natural gas will be the principal determinant in energy
price rises. The CEGB foresees the doubling of the real
price of fossil fuels by the year 2000.

- even though it may be possible to improve both thermal and
cost efficiences, it is certain that fossil fuel cost
increases will outstrip plant operating savings.

- U.K. mined coal has a viable future on the international
market where it is required for uses other than power
generation, e.g. in steel making and oil substitutes.



- the electricity industry needs to be relieved of the social
costs of keeping the higher cost U.K. coal mines in pro-
duction, especially when suitable coal can be imported more
cheaply.

As the real cost of coal is expected to increase at a rate of
approximately 11% p.a. until the mid 1980's while the GDP in-
creases at only 2.5% p.a., the aim of the electricity industry is
to increase the precentage contribution from nuclear sources
while allowing that from coal to diminish. Governmental policy
is to have 30% of electricity generation provided by nuclear
plant by the end of this century. Further comments on the
nuclear programme are made in the following Section 4.4.

It should be mentioned, however, that fossil fuelled stations

will continue as an important source of base and intermediate

load energy. Improvements are expected in station quality and
efficiency, by way of the control of noxious gas emissions and
the introduction of fluidised bed combustion.

Electricity production costs, based on the latest fossil fuel and

nuclear generating plants and current fuel costs, are detailed in
Section 4.5,
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Nuclear Generation

At least for the rest of this century, the need for an augmented
nuclear programme is foreseen by the electricity boards. The
programme is regarded not as a substitute for fossil fuel fired
generation but as a necessary option: Bearing in mind the
comments in 4.3 above, the principal arguments used to support a
nuclear programme are the Timited supplies of coal, oil and gas
and the cheapness of nuclear based generation.

To safeguard future supplies of uranium, the two largest elec-
tricity boards (CEGB and SSEB) are participating actively in
overseas mining ventures. Through commercial and managerial
involvement, the supply of uranium is considered thereby to be
more secure. The sources are being diversified so that the
political requirements of individual producer nations are less
likely to inhibit supply.

Recent governmental decisions in the U.K. have endorsed the aims
of the generating boards to expand their nuclear programmes. The
intention for the short term is to embark on the installation of
more generating stations with 'standardised' British Advanced Gas
Cooled Reactors (AGR). New stations, with 660 MW generators, are
soon to be constructed at Heysham (CEGB) and Torness (SSEB).
Commissioning is planned to start about 1987.

Governmental approval has been obtained also for the introduction
of Pressurised Water Reactors (PWR) based on the Westinghouse USA
design. Analysis by various U.K. authorities of the accident at
the Three Mile Island nuclear station in the USA has confirmed
that U.K. safety techniques are basically satisfactory and there
is no justification to prevent a PWR programme going ahead in the
U.K. As PWR construction is factory intensive, the opportunities
for enhanced quality control during manufacture and reduced on-
site construction costs are offered.



It now appears that the alternatives for the future nuclear
programme will be kept to the AGR and PWR. Proposals for the
development of the Steam Generating Heavy Water Reactor (SGHWR)
programme have been put aside. This reactor type was considered
as an important contender for future nuclear stations when the
original study of the HVDC scheme was done in early 1975.

The PWR installation programme is expected to start in 1982,
having allowed 2 years for required design modification and
approval. Provided no substantial delays in licensing, design or
construction occur, the first unit could be in service about
1988/89. Should the first PWR prove satisfactory, the programme
is 1ikely to be extended. Such development would be probably to
the exclusion of more AGR stations.

It is not expected that the fast ('breeder') reactor will become
a commercially viable and socially acceptable energy source for
electricity generation in the U.K. until at least the start of
the 21st century.

Nuclear development is a matter for political decision and nei-
ther major political party is opposed to the principle of a
nuclear based electricity generation programme. The only differ-
ence is 1ikely to be in extent, with the possibility of a poli-
tical party providing encouragement or subsidy for the indigenous
coal industry and so influencing the ratio of nuclear to coal-
based generation.

Even though the CEGB and SSEB are optimistic about the future for
nuclear generation, their aspirations are tempered by the possible
reaction of some environmentalists to such plans. Wherever
possible, open consultation will be held to resolve conflicting
interests. An example is the planned public enquiry on the
introduction of the PWR. While the nuclear programme is expected
to expand, costing will be influenced by the satisfying of new
environmental protection and safety requirements.
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With an increasing emphasis on the diversification of electricity
generation sources, an HYDC scheme could provide a suitable
addition to the UK power system.

Towards the end of this century, an HVDC source of 2 GW would
constitute an approximate input of 2% only of total needs.
Possible concern about the reliability of such an imported supply
should be reduced, therefore, by the ability of UK reserve gener-
ation to cover it.
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Power Station Costing

General

Two volatile factors affecting the total costing of fossil fuel
and nuclear powered generation have been fossil fuel costs, in

the case of conventional thermal stations, and capital costs of
nuclear stations.

Coal prices have been escalating considerably. The current
average price of approximately $ 75/tonne delivered is approx-
imately 3 times the price 5 years ago and more than 5 times the
price 10 years ago.

UK Nuclear stations have experienced a number of development
problems and troubles with conventional equipment such as steam
turbines, generators and pumps. These have increased consider-
ably the capital cost of stations and extended the construction
time. Wherever possible, international costs have been examined
in this report in an attempt to obtain a more realistic pricing
of future stations.

Coal Fired Stations

On the basis of a standardised 660 MW turbo alternator, Table 4.2
sets out the characteristics of typical new coal fired generation
in the UK. The units would be similar to those at the CEGB's
Drax station where Units 4,5 and 6 are planned for commissioning
in 1984, 85 and 86.

In Table 4.3 is set out the phased capital expenditure for a coal
fired steam station. To obtain total capital costs relative to

the year of commissioning, interest on capital spent during con-
struction has been compounded from the end of the year of expen-
diture. Interest rates of 8, 10 and 12% pa have been considered.
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Table 4.2

Coal-Fired Station Data

Entity Unit Value
Generator rated output MW 660
Auxiliary power requirements % 4
Unit power sent out MW 634
Thermal efficiency : % 34
Load Factor % 75
Construction period Years 5
Economic life Years 30

Table 4.3

Coal-Fired Station Capital Costs

Year relative | Percentage Expen- | Cost Cost plus interest during
to commiss- diture on plant $/kW construction - $/kW
ioning construction and
engineering 8% 10% 12%
-4 5 32 44 46 50
-3, 20 126 159 167 176
-2 ‘ 35 219 256 265 274
-1 30 188 203 207 211
0 10 63 63 63 63
Total (Year 0) 100 628 725 748 774
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With interest charges at 10% pa, the annuitised total energy
costs will be as follows:

Annual charge on capital of $§ 748/kW $ 79.3/kW

(annuitised depreciation and interest
over 30 years)

Operation and Maintenance (2.5% of capital) §$ 18.7/kW

Total $ 98 /kW

For 75% LF, the equivalent energy cost is 14.9 mills/kWh
Coal cost, including transport, is 26.4 mills/kWh

Total 41.3 mills/kWh

Nuclear PWR Stations

With no PWR stations yet under construction in the U.K. and the
expectation that design changes will have a substantial effect on
costing, it has been necessary to use planning data used by both
the U.K. electricity industry and international suppliers.

Anticipated characteristics of a PWR station are set out in Table
4.4, These values assume that a standardised design will permit
ultimately a construction time, from site investigation, of 6
years per unit. In addition, extensive operational experience
should allow a Toad factor (LF) of, say, 75% to be achieved.
International performance statistics for the period 1975 to 78
indicate that some PWR reactors have been operating with load
factors up to 80% while the average value over the period was
66%.

It is probable that 2 x 660 MW steam turbine generator units
would be used instead of one 1200 unit. A further alternative is
that a lower rated reactor may be used. Decisions on these para-
meters have not yet been made.
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Table 4.4
PWR Station Data

Entity Unit Value
Typical reactor size (approx) Mie 1200
Thermal efficiency % 33
Generator rating MW 2 x 660
Auxiliary power requirements % 4.2
Unit power sent out MW 630
Load Factor % 75
Construction period years 6
Economic Tife years 30

Table 4.5
PWR Station Capital Costs

Year relative |Percentage Expen- | Cost Cost plus interest during
to commiss- diture on plant $/kW construction - $/kW
ioning construction and
engineering 8% 10% 12%
-5 5 61 90 98 107
-4 20 245 333 358 385
-3 30 368 464 489 515
-2 30 368 431 445 460
-1 10 123 133 135 138
0 5 61 61 61 61
Total (Year 0) 100 1226 1512 1586 1666
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If plant is to be commissioned in year 0, the expenditure on
plant construction in preceding years is likely to be as in Table
4.5, Interest on year-end capité] expenditure during construc-
tion has been determined for annual compounding rates of 8, 10
and 12%.

For the case with 10% pa interest charges, the total energy
costs, annuitised over the 30 year life, will be as follows:

Annual charge on capital of $§ 1586/kW $ 167/kW
(annuitised depreciation & interest)
Operation and Maintenance (1.5%) $ 24/kW

Total $ 191/ku

For 75% LF, the equivalent energy cost is 29.1 mills/kWh

Fuel cost, including initial charge,
reprocessing & handling 8.6 mills/kWh

Total 37.7 mills/kWh

Nuclear AGR_Stations

AGR stations, with approximately 1250 MW output, are expected to
have two units with the characteristics set out in Table 4.6.
Future stations would be based on the types to be built soon at
Heysham and Torness, with a construction time of approximately 6
years per unit. A future load factor of 75% is anticipated,
indicative of increased experience with similar types of plant.
In the period 1975 to 1978, AGR stations in the UK achieved an
average load factor of 64%, but most of the outages were due to
conventional (non-nuclear) plant faults.

As in the case of the PWR reactor station, plant capital costs
have been determined for each of the 6 years in the construction
period and capitalised interest added to give a total capital
cost. The results are set out in Table 4.7.
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Table 4.6
AGR Station Data

Entity Unit Value
Reactor size (approx) MWe 660
Generator rating MW 660
Thermal efficiency % 40
Auxiliary power requirements % 6.7
Unit power sent out MW 616
Load Factor % 75
Construction period - years 6
Economic Life - years 30

Table 4.7

AGR Station Capital Costs

Yearrre]ative Percentage Expen-|{ Cost Cost plus interest during
to commiss- diture on plant | $/kW construction - $/kW
ioning construction and
engineering 8% 10% - 12%
-5 5 64 94 101 112
-4 20 255 347 373 400
-3 30 382 481 508 535
-2 30 383 447 462 478
-1 10 127 137 140 142
0 5 64 64 64 64
Total (year 0) 100 1274 1570 1648 1731




4 - 17

For a total capital cost of § 1648/kW, the annual costs will be

as follows:
Annual charge on capital $ 175/kW
Operations & Maintenance (1.5%) $ 25/kW
Total $ 200/kW
For 75% LF, equivalent energy cost 30.5 mills/kWh
Fuel cost, including initial charge,
reprocessing & handling 9.2 mills/kWh

Total 39.7 mills/kWh

4.5.5 Base Load Costs

The costs of base load generation, detailed in the previous
sections, can be summarised as follows in Table 4.8.

Table 4.8
Generation Total Specific Costs

Station Type Generation Cost Percentage
mills/kWh of PWR Cost
Coal-fired 41.3 110
Nuclear PWR 37.7 100
Nuclear AGR 39.7 105

The cheapest of these, nuclear PWR, will be used in the economic
analysis of the HVDC scheme in Part 5 of this report.

As inflation will not be allowed for in the economic appraisal,
the same generation costs will apply at all stages of the scheme.
In addition, it is assumed that a sufficient number of PWR sta-
tions will exist so that whatever amount of energy is delivered
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by the HVDC scheme in a year, the displaced nuclear station
energy would have an equivalent cost of 37.7 mills/kWh. For a
sensitivity analysis with interest rates of 8% and 12%, corres-
ponding costs would be 32.8 mills/kWh and 43.7 mills/kWh.






5.1

ECONOMIC ANALYSIS

Methodology

Under the terms of reference for this study, the annual energy
production of the 2000 MW Icelandic generation source will be 16
TWh. This represents a load factor of 91.3%, so it constitutes a
base load supply. Consequently, equivalent base load generation
in Britain would be displaced by the HVDC system.

For the sake of simplicity it has been assumed that a nuclear or
thermal power station has a load factor of 75% throughout its
1ife, even though no nuclear station in Britain has yet achieved
this value. In addition, the assumption has been made that full
rated output of a generating unit can be achieved very soon after
commissioning, although only a few conventional, and no nuclear,
stations have yet been able to achieve this.

The CEGB appears to artificially discount the value of energy
purchased from extraneou§ sources, due to limited confidence in
the security of this supply. However, no such factor has been
applied in this analysis.

A notional HVDC construction programme has been deduced for the
economic analysis. Only in the detailed planning stage can this
programme be defined accurately.

Using budgeting cost data for base load generation of approxi-
mately 2000 MW capability in the UK, the equivalent maximum
acceptable generation costs in Iceland will be determined after
taking into account the total costs of the HVDC scheme. Energy
displacement will be at a common point in the UK grid, in this
case the 400 kV network in the Glasgow area.

For the determination of net present values (NPV) of fixed and
variable costs, discounted to a common year, the following terms
will be used:



annuitised cost of the energy source at the input
to the AC busbars of the HVDC converter station in
Iceland (US mills/kWh)

net present value of total energy supplied to the
converter station in Iceland over the 1ife of the
scheme (TWh)

net present value of the capital and operation
plus maintenance costs of the HVDC scheme ($
million)

net present value of the cost of UK generated
energy which is displaced by the incoming energy
delivered by the inverter station in Scotland,
over the life of the HVDC scheme ($ million)

For the NPV costs of energy delivered to the EHV system in Scot-
land by indigenous generation and the HVDC scheme to be equal:

X.E +

therefore

X = a1



5.2

Determination of Generation Costs in Iceland

Budgeting costs for the components of the scheme have been
detailed in this report as follows:

Part 2.5 - Converter Station Costing
Part 3.5 - Cable and Line Costing
Part 4.5 - UK Power Station Costing

In Tables 5.1, 5.2 and 5.3 are set out the HVDC scheme construction
programmes and associated cash flows, together with the determina-
tion of the NPV of displaced energy from UK generation. A value

of 37.7 mills/kWh has been used for the cost of base load genera-
tion in the UK.

The phasing of expenditure, as set out in Table 5.1, has been
translated to annual cash flows in Table 5.2 using the capital
and operating costs previously established in the report. Annual
energy inputs, losses and outputs have been listed in Table 5.3
in order to arrive at a total NPV of energy displaced from UK
generation (term D).

For the HVDC scheme to be economically viable, the cost of energy
delivered to the rectifier station in Iceland should, therefore,
be less than
4293-2439

130.8

1]

14.2 mills/kWh
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5.3

5.3.1

Sensitivity Study

Three influential variables, namely cable and line cost, UK
indigenous generation costs, and the cost of capital have been
examined independently to assess the sensitivity of the economic
analysis to their movements. The outcome is summarised in Part
5.3.4.

No allowance has been made for cost inflation.

Cable_and_Line Cost Variation

As already mentioned in the report, the costs of supplying and
laying of the cables (including any route deviation and burial)
are very difficult to determine at this stage. To provide an
indicator of the impact of cost changes, capital costs used in
the basic analysis were increased by 30% and decreased by 15%.
The latter value has been included in case the contingencies
applied in the scheme costing are not fully used.

For the overhead lines, these same factors have been applied to
cover routing and design variations, even though the effect on
overall scheme costing is small.

The converter station costs represent only about 20% of scheme
costs. Consequently, with a competitive manufacturing market and
proven technology, the likely effect of changes in costs, as a
percentage of total scheme cost, is expected to be small. Con-
verter station cost variations have been neglected therefore.

For a 30% increase in cable and line costs, the break-even cost
of the Icelandic energy supply will decrease to 9.4 mills/kWh
(i.e. by 33%).

For a 15% decrease in cable and line costs the corresponding
break-even cost will increase to 16.6 mills/kWh (i.e. by 17%).



5.3.2

5.3.3

5.3.4

UK_Generation_Cost

With all other factors unchanged, the total cost of generation in
the UK was increased and decreased, arbitrarily, by 20% and 10%
respectively.

For a 20% increase in cost, the break-even Icelandic supply cost
increased by a substantial amount (46%) to 20.7 mills/kWh, indic-
ative of the fact that the NPV of the displaced UK energy cost is
roughly twice the NPV of the HVDC scheme costs; the break-even
cost of Icelandic generation reflecting this difference.

A 10% decrease in cost of UK generation would require a decrease
in the Icelandic supply cost to 10.9 mills/kWh (i.e. by 23%).

Discount_Rate

By applying discount rates of 12% and 8% to the annual values of
expenditure, the following break-even costs for Icelandic gener-
ation were obtained:

For a 12% rate, the cost could increase to 15.4 mills/kWh
(i.e. by 8%)

For an 8% rate, the cost would be forced down to 13.7 mills/
kWh (i.e. by 4%)

Consequently, a higher interest rate would increase the schemes
viability.

Table 5.4 below summarises the outcome of the study. Although
both increases and decreases in parameters have been examined, it
is more likely that cable and 1ine costs and UK generation costs
will increase rather than decrease. In addition, a scheme such
as this is more likely to involve interest charges that are
higher than 10% pa.



Table 5.4
Sensitivity Analysis

Variable Break-even Icelandic Generation Cost
.. . Change to basic study
. Variation Result of Variation ;
Entity (%) (mills/kih) value of 1?%§ mills/kWh
Cable & Line + 30 ' 9.4 - 33
Cost - 15 16.6 + 17
UK Generation + 20 20.7 + 46
Cost - 10 10.9 - 23
Discount + 2 (to 12%) 15.4 + 8
Rate - 2 (to 8%) 13.7 - 4
Base Value No Variation 14.2 0

The most significant conclusion to be drawn from this analysis is that
relatively small increases in UK base load generation costs will have

a substantial impact on the corresponding break-even cost of generation
in Iceland. Consequently the HVDC scheme will be much more attractive,
financially, should UK generation costs increase. Some of this advan-

tage will be offset, of course, if the cable and 1ine costs increase.

Further comments on the impact of the sensitivity analysis on the
concept of the scheme are made in Part 6.5.






6.1

OVERALL ASSESSMENT

To facilitate overall assessment of the scheme, an attempt is
made in the following sections to outline the technical, financial
and economic aspects of base load supply of 2000 MW from Iceland
to the UK.

Supply Security

As stated in Part 3.4, there appears no justification for pro-
viding spare cables to cover the times of cable repair outages.
It is expected that the HVDC supply can be classified as 'firm'
and UK system spinning reserve will be provided to cover the loss
of a bipole or cable pair, i.e. 670 MW. This value corresponds
approximately to the largest standardised turbo-generators now
employed in the UK. The 1likelihood of breakdown of more than one
cable circuit is sufficiently remote that it is not justified to
cover this by an additional spinning reserve margin.

While high reliability and availability of HVDC conversion equip-
ment and overhead lines are relatively well established, the same
does not apply to unburied undersea cables. In particular, the
routing between Iceland and Scotland will be onerous and fears
must exist about diminution of security through damage by fishing
and geophysical events. Cable burial will provide the only
reasonable form of protection in the worst areas. Not enough is
known of the extent of exposure to risk of damage to permit
making a reliable assessment of availability. Only a route
corridor survey and detailed analysis of fishing patterns and
sea-bed data will permit this assessment. This report has assumed,
nevertheless, that a substantial amount of cable burial will be
required.

Should the proposed scheme be accepted, it is likely that cable
repair facilities and personnel would always have to be on stand-
by to ensure outage times are kept to a minimum. The most
important feature would be the locating of a suitable repair



vessel, possibly at the mid point (Faeroes), for the duration of
the scheme. For this reason, the entire cost of a new ship has
been charged to the scheme. This requirement would be mitigated
when sea bed habitats are available for in-situ repairs.

The installed generation capacity in Scotland is likely to be
increased in the early 1990's by the establishment, by NSHEB, of
a pumped storage scheme just north of Glasgow. The Craigroyston
scheme near Loch Lomond is still in the long-term planning stage
and public enquiries on the environmental effect of the scheme
have not yet been arranged. The proposed initial and ultimate
capacities of 1600 and 3000 MW approximately would complement the
base load capability of an HVDC input. However, EHV system
security would only be improved for short duration outages, such
as with converter station faults, and negligible cover would be
provided for extended sea cable outages.



HVDC Scheme Viability

The HVDC scheme appears technically viable, even though some
development work should be expected for cable tensile strength-
ening and cable laying, burial and burial surveillance.

In the Tate 1980's there could be scope for displacement of UK
base-load generation by such an HVDC scheme. Some of the prob-
lems foreseen would include:

- acceptance of an energy input which would displace activities
from the UK power manufacturing and energy supply markets.
The deleterious effects on short and long term employment
could be unpopular

- a further input of electricity to a system which has already
a surfeit of generation capability (i.e. a spare plant
margin of around 35% at present)

- lack of opportunity for reciprocal energy exchanges, so the
benefits of diversity, reduced total plant requirements and
mitigation of operating problems cannot be realised to the
extent possible with an exchange scheme

- doubts about the security of a 1000 km undersea transmission
link may exist until more performance data on comparable
schemes is collected

- overhead HVDC Tines would need to traverse about 3 of the
length of Scotland. Transmission line way-leaves are
difficult to obtain and a link such as this could meet
strong environmental objections.



On the other hand, the HVDC scheme could provide advantages,
apart from the relative cheapness of delivered energy

- the displacement of fossil fuel burning or reactor powered
generation would be attractive to environmentalists.

- one less large power station site would be needed. With the
current generation programme, problems are being experienced
in obtaining new sites. A converter station is expected to
present less of a problem

- construction and fuel handling costs for nuclear stations
could increase substantially if more stringent safety re-
quirements are called for by the UK nuclear licensing
authority (NII)

- the export-orientated industries associated with converter
equipment and cable design and manufacture would be boosted
by the involvement in a scheme of this magnitude and com-
plexity. In fact, the involvement of British industry in
the design, manufacture and construction can be expected to
be a prerequisite for scheme acceptance

- an electricity source with a negligible 'fuel' cost content
would provide a counter to ever-increasing coal, 0il and
nuclear fuel costs.



6.3

Financing

The division of financial responsibility for an electrical inter-
connection between the power systems of two countries normally
follows the principle that each country bears the costs within
its own territory and up to the common boundary. For marine
crossings, the boundary can be taken generally as midway between
the shore Tines. For this HVDC scheme the boundary could be in
the vicinity of the Faeroe Islands, i.e. approximately equi-
distant from Iceland and Scotland.

Half the capital expenditure for the transmission T1ink, which
would be approximately $ 1300 million based on current costs,
would be within the normal capital appropriation for increasing
the generating capacity in the UK. It may be assumed therefore,
that the funds required for the UK part of the scheme could be
procured from governmental sources in the usual way.

For Iceland, on the other hand, the investment requirements would
be Tikely to exceed the‘norma1 financing capability of the public
electricity supply. It would be necessary, therefore, to investi-
gate alternative sources of funds. Additional and concurrent
expenditure on a major hydro scheme in Iceland would be required
also to provide the energy source for the HVDC transmission.

International financing agencies, such as the World Bank or the
European Investment Bank, are unlikely to fund the whole of the
expenditure. Some partial financing by such agencies appears
possible, however, as the HVDC scheme would undoubtedly promote
the economic development of the country. Consequently, balancing
loans from other sources would be required. Loans from commercial
sources appear unattractive for a scheme of this nature because
interest rates would be high and loan 1lives relatively short.

Tied loans provided by the country or countries supplying the
equipment appear more promising. These loans are often made
available at relatively low interest rates, such as 6 to 73%



currently, and loan 1ives can extend to about 25 years. A gen-
eral condition of such loans is that the equipment for a scheme
should be purchased from the country providing the loan.

While the complete cost of the hydro scheme would have to be

borne by Iceland, there should be scope for negotiations with
regard to the proportions of HVYDC scheme expenditure to be shared
between the countries. One advantage in having a large UK share

in the supply and installation of converter stations and cable is
that loan capital could be acquired in the UK at a rate of interest
which could be Tower than that available to Iceland which, it is
understood, has no facilities to design and manufacture the

plant. Substantial UK involvement in the scheme is likely to be
more acceptable than total Icelandic involvement.

More research will be necessary before the possibilities of
financing the scheme are clear, but there is little doubt that
the sums of money in question could be found on reasonably
attractive terms.



Pre-Project Expenditure

This scheme, which pushes undersea cable technology to the present
limits and involves the expenditure of very large sums of money,
must entail a substantial amount of spending on investigation and
development work before the project is undertaken. The two major
facets of the investigation into the feasibility of the scheme
would be:

- a cable corridor survey to assess possible routes and
examine sea bed conditions; at a cost of approximately
$650,000

- a network analyser study of the HVDC and EHV systems; at a
cost of approximately $800,000

These costs, together with the individual cable route survey costs,
have been included in the economic appraisal of the scheme.

Existing cable-making facilities are 1ikely to require consider-
able expansion to cope with a project of this size. It is poss-
ible, therefore, that funding of factory extensions will be
required. An estimate of such capital input in the early stages
of the scheme has been included in the economic analysis in Part
5.2.

Expenditure would be required on development work related to
cable laying and burial. The extent of this expenditure can be
determined only after more precise knowledge of the cable route
is obtained. It is possible that techniques developed for the
laying and burial of pipes to oil/gas fields in the North Sea
can be of use.



6.5

Scheme Economics

It has been shown that, based on current costs, an HVDC scheme
would be economically viable if the Icelandic electricity supply
to the AC busbars of the rectifier station could be provided at a
cost below 14.2 mills/kWh. This study does not include an
analysis of the feasibility of hydro generation in Iceland being
able to produce electricity below this cost.

The sensitivity analysis has highlighted interesting aspects.
Percentage changes in cable and line costs produce almost equal
percentage changes in the necessary hydro generation cost, but UK
base load generation costs and changes in the discounting rates
have a very considerable effect on the hydro 'break-even' value.

It should be noted in particular that as UK generation costs
increase in real value terms, which they are 1likely to do, the
attractiveness of the HVDC scheme will improve rapidly.



DEFINITION OF TERMS

Forced Outage

A breakdown resulting from operating conditions directly associated
with an item of plant, such that the item must be removed from service
as quickly as possible '

Scheduled Outage

An outage resulting from the pre-arranged removal from service of an
item of p]ant; the removal being due to maintenance, repair, con-
struction or testing

Unavailability (U)

Uu = MITR
MITR + MIBF

x 100%

where MTTR is mean time to repair '
MTBF is mean time between failures
(or reciprocal of failure rate)

Availabiltiy (A)

A = 100-U%

Average System Availability

Availability of converter, line and cable allowing for forced outages
only. It covers only those periods when the plant is in operation.








