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FOREWORD
During the processing of applications for the construction and operating of power transmission
installations or the renewal of /icences, there are constantly stronger demands for choosing
underground cables instead of overhead lines. At the same time Norwegian Water Resources
and Energy Administration (NVE) has found that people's understanding of the costs and
operating aspects regarding cable systems varies widely.
The increasing demands for new investments to showaprofit combined with an increasing
awareness of the environment, make it apparent that in the future there will be an increased
number of conflicts following licencing applications for power plants and power transmission
installations. This tendency is also found in other countries.
Consequently NVE initiated a project to compare co st and operating aspects that could be
used as the basis for choosing between overhead lines and underground cab/es for vo/tages
over 22 kV, i.e. systems that are included in the arrangement covering transmission licences,
c.f. the rules and regulations of the Energy Act § 3-3. In practice that is installations at the
voltage levels 45, 66, 132, 300 og 420 kV. The project was financed by NVE, and carried out
in cooperation with the Norwegian Electricity Federation.
The object of the project was to establish a technical economic reference as a basis for a
c/oser eva/uation of the advantages and disadvantages of underground cab/e systems.
The target group for the report is first and foremost those responsible for power transmission
and distribution utilities. The main authorities (Ministry of Industry and Energy, environmental
protection authorities, NVE) and local governments concerned with licencing applications
(municipalities, county governors, etc) and other interested parti es will also find the report
useful.
Asle Selfors (NVE) was responsible for the programme with the help of the project group
which included Trond R. Aas (Vestfold Kraftselskap), Kjell Bjørneklett (Bergenshalvøens
Kommunale Kraftselskap DA), Arne Olsen (NVE) and the writers of the report.
The report was written by Inge Harald Vognild (NVE, as of February 1, 1993: Tron Horn AS)
and Jon Eilif Trohjell (NVE).
The following have provided especially valuable contributions: Kjell Sand (Norwegian Electric
Power Research Institute, EFI), Håkon Østby (Oslo Energi AS, formerly Alcatel Cable
Norway), Kjetil Ryen (Aker Engineering), Knut Stabell and Jan Kure (Norwegian Power Grid
Company, STATNETT SF).
Constructive criticism has also been received from:
Kjell Bjørløw Larsen and Ørnulv Guldberg (Alcatel Cable Norway), Hilmar Sandvik (Vestfold
Kraftselskap), Wilhelm Rondeel and Karsten Fretheim (Skiensfjorden Komm. Kraftselskap),
Jytte Kaad Jensen (ELSAM, Denmark), Bjarne Slogvik (Stavanger Energiverk), Torstein B.
Jensen (Hamar-regionen Energiverk), Arne Johansen (Oslo Energi AS), Per Spæren
(Norwegian Power Grid Company, STATNETT SF).
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SUMMARY
When new power transmission lines are being developed today, there is a constantly
increasing demand to choose underground cables instead of overhead lines. From the point
of view of conservation underground cable is usually an advantage. However, from the
economic and technical point of view there may be decided disadvantages with cabling. 80
far there has not been a full overview of the economic and technical differences between
overhead lines and underground cables. In this report we attempt to establish just such a
technical and economic reference which can be a basis for evaluating concrete projects.
For lower voltages (22 kV and lower) undergrounding has gradually become quite usual. At
these voltage levels the differences in cost are also moderate. Undergrounding is less
com mon for higher voltages, and at the highest levels (300 kV and 420 kV) there are hardly
any underground cable systems at present. This report presents a technical and economic
comparison of overhead lines and underground cables for voltages from 45 to 420 kV.

Economlc aspects
An economic comparison of underground cable systems and overhead lines is not in itself
sufficient to show the differences in investment costs. An evaluation of operating and
maintenance costs, costs arising from power losses in the network as well as costs arising
from interruptions in the power supply must also be considered. To make a comparison, these
four types of costs must be converted to annual costs or to the present value and totalled.

Investment costs for overhead lines consist mainly of costs for pylons, assembling, transport
and power transmission wires. Undergrounding costs consist of costs for cables, trenches,
laying and assembling, as well as joints and terminals.
As expected the differences in investment costs between overhead lines and underground
cables are dependent on voltage. The higher the voltage the greater the difference. However,
the transmission capacity of the installation is a major factor in investment costs. An
underground cable installation with the same transmission capacity as most existing 300 kV
and 420 kV overhead line systems in Norway requires 2 - 3 cable sets (each with three
cables). This entails high costs. Where the requirements to transmission capacity are lower,
one cable set may be sufficient and the costs considerably less.

Table 3.1.3

Typical estimates for investment costs

Voltage

Underground
Cable installation

Overhead line

Co st ratio (U.G.
Cable : O.H.line)

45 and 66 kV

NOK 2 milL/km

NOK 0,7 milL/km

ca.3: 1

132 kV

NOK 4 milL/km

NOK 0,9 mill./km

ca.4: 1

300 kV 1 cable set

NOK 10 mill./km

NOK 2,4 mill./km

ca.4: 1

300 kV 3 cable sets

NOK 28 mill./km

NOK 3,4 milL/km

ca.8: 1

420 kV 3 cable sets

NOK 41 mill./km

NOK 3,4 mill./km

ca. 12 : 1
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If, in addition to material and contractor costs, compensation for land, interest during
construetion period and investment taxes are included, we can make a typical estimate of
investment costs as shown in table 3.1.3.(page 3).
Operating and maintenance eosts are higher for overhead lines than for cables up to and
including 132 kV. For 300 and 420 kV, cables will have higher operating and maintenance
costs than overhead lines. However, the operating costs are only a small part of the total costs
so that they have little relative importance for a comparison of costs. The operating and
maintenance costs for overhead lines will usually account for 15-20% of the investment costs.
During all transmission of power, energy in the form of heat is lost to the surroundings. The
east of losses is considerably less for underground cable systems than for overhead lines of
45, 66 and 132 kV. For overhead lines of these voltages the cost of losses amounts to a
considerable proportion of the total costs. The cost of losses increases with increased
transmission of current. In the report the total costs are presented as a function of the
maximum power it is desirable to transmit. For 300 and 420 kV the co st of losses for cables
is about the same as for overhead lines.
Because of the cost of losses, the total difference in cost between underground cables and
overhead lines is less than if only the differences in investment costs were considered. Even
after the losses are included, the cost per km of underground cable is much higher than the
cost per km of overhead line.
Interruption costs - the costs arising from interruptions of the supply voltage - are primarily
dependent on how the network as a whole is constructed (the voltage level, cross sections,
circuit connections, coupling points, transforrnations). There is therefore little point in
calculating interruption costs per km of line. Measured in such away these costs would also
be relatively small. In the general comparison between underground cables and overhead
lines we have therefore disregarded these costs.
Total costs (investments, losses and operating/maintenance) for cable systems and overhead
lines respectively are shown in figure 12 below.
Mill. NOK/km

50
40
30
20
10

o '--'----'--'
45 and 66
132

300 / 1

420 / 1

300 / 2

420 / 2

Vottages / number of cable sets

O Overhead lines

Figure 12

• Cable

Total capitalised costs for selected transmission levels for different voltages
and different numbers of cable sets (300 and 420kV).
Underground cables as an alternative to overhead lines - NVE 1993

5
The figures build upon a set of assumptions. To investigate how changes in the assumptions
will influence the result a sensitivity evaluation has been carried out.
The primary factors found influencing the cost ratio between underground cable and overhead
line are: the price of equipment, contractor prices, trench and terrain conditions, pylon types,
the length of the raute, Iifetime and electricity losses.
The use of steel pylons instead of wooden pylons increases the costs of the system for
overhead lines with 50%. The east of trenches for cabling can vary from NOK 0.2 to 2 mill.
per. km. Terrain conditions can give variations in system costs of 10-20%. With time there will
be variations in material and contracting prices for underground cable and overhead line
systems respectively. For instance, the cable price which is an important factor in a
comparison could vary according to market conditions, the price of metal etc.
The IHetime of the system is of some importance. Overhead lines with steel pylons have a
longer Iife expectancy than cable systems. A low rate of inteTest would be an advantage for
the alternative with the longest Iifetime. The east of losses will vary with the size of the load,
the distribution in the network and the alternative value of energy, which is a function of the
spot price on the energy market.

The uncertainty in the assumptions entail a spread in the cost ratio between undergraund
cable and overhead line. For a 132 kV system the cost ratio underground cable : overhead
line with the basic assumptions for figure 12, will be 2.4 :1. If realistic variations are included
in the assumptions, the result is a ratio between 2 and 4. Corresponding intervals for other
voltages and cable sets are shown in table 4.2 below.
Table 4.2 Gost ratios between underground cable and overhead line and the spread in this
ratio when all the costs are included (investments, losses and operating/maintenance).

Cost ratios
U.G. CABLE : O.H. LINE
total costs
Basic assu mptions in
chapter 3

Voltage

SPREAD
in co st ratios
U.G. CABLE : O.H. LINE
total costs

45 and 66 kV

ca. 2

1.2 - 2.5

132 kV

ca. 3

2-4

300 and 420 kV 1 cable set

ca. 4

2.5 - 6

300 kV severai cable sets

ca. 5

4-8

420 kV severai cable sets

ca. 7

6 - 10

Technical aspects

It may be thought that the junction between overhead lines and underground cables on ly
entailed current carrying lines being insulated and laid in a trench. It is not quite so simple.
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Overhead lines and underground cables are technically two different systems even if they fulfill
the same needs . They have somewhat different electrical characteristics , and this means that
they will have a different effect on the rest of the network system . We have therefore studied
the technical consequences the choice of overhead lines versus cables entails in a separate
chapter. The factors dealt with are reliability , flexibility, electromagnetic fields and the need for
extra equipment.
The most important of these is reliabllity, Le. how great the probability is of future interruptions
in operating. Unavailability (the time the plant must expect to be non-operative) depends on
the probability of a fault occurring (fault frequency) and the time it takes to locate and correct
the fault (outage time).
For cables up to and including 132 kV the Norwegian fault statistics show no great differences
in availability between underground cables and overhead lines. For 300 og 420 kV availability
for underground cables is poorer due to the long outage time for faults. However, the
statistical basis for this conclusion is weak as there are relatively few underground cables in
Norway at these voltages. Nor do the statistics show the difference between the different cable
types, something which is of great importance. International investigations, however, confirm
the tendency in the Norwegian statistics.
For plastic insulated cables (XLPE - cross linked polyethylene) , which are used for voltages
up to and including 132 kV , there are no great differences in availability between cables and
overhead lines. The fault frequency with XLPE cables is less than for overhead lines, but it
takes longer to find and repair the faults. Lower fault frequency and a longer outage time for
such cables together result in about the same availability as for overhead lines.
Cables insulated with a combination of lapped paper and oil under pressure (SCOF - Self
Contained Oil Filled Cables) have poorer availability than overhead lines. Oil cables (SCOF)
used for the two highest voltages have a fault frequency about equal to that of overhead lines,
but they have considerably longer outage times than overhead lines. Customers will often be
supplied from severai places at the same time (circuit connections), so that an interruption
in one individual transmission line does not necessarily lead to a stop in power transmission.
Long outages for cables, however, increase the chanee of failures occurring in the reserve
connection , with longer power interruptions as aresult.
Shorter embedded cable stretches in a system which also has overhead lines presents a
number of technical challenges. With adequate protection against overvoltages such
embedding does not appear to present especially sizeable operating problems.
Flexlbllity, the system's ability to tolerate larger power loads than it is dimensioned for during
normal operations, is definitely better for overhead lines than for underground cables. The
maximum temperature in the conductor determines how much power a conductor can
transmit, and during normal operating an underground cable system will usually have
temperatures closer to the maximum than an overhead line has. An overhead line can
therefore better tolerate short overloads. In this way embedded cables may form bottlenecks
in a network. Alternatively the dimensions of the cables will have to be increased, often with
severai cable sets, something which will be extremely expensive.
The magnetle fleld (EMF), as research suggests may have a possible affect on health, is
Underground cables as an alternative to overhead lines - NVE 1993
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stronger directly over an underground cable than on the ground directly beneath an overhead
line with the same amount of current transmitted. However, the underground cable fields
dec re ase more rapidly with increasing distance to the sides than is the case for overhead
lines. New pylon types with other wire configurations than the traditional pylons with parallei
wires will be a more probable alternative than undergrounding, if the aim is to reduce magnetic
fields.
Underground cable systems require extra equipmentin connection with overvoltage protection
at the terminals. For most systems such extra equipment will on ly entail minor costs. For 300
kV and 420 kV underground cables with lengths from 10-15 km and more, and for very lang
cables for 132 kV, there will also be a need for reactors for reactive power compensation and
voltage stability. This will lead to extra costs in addition to a technically more complicated
network system. The need for extra equipment will also increase with the increasing amount
of power to be transmitted.

The consequences of the results
If the entire Norwegian overhead line network of 45 and 66 kV (10,500 km) were to be laid
underground, it would cost ca. NOK 20 Billion. Undergrounding 10,000 km overhead line at
132 kV would cost ca. NOK 40 Billion, and undergrounding of 7,700 km 300 and 420 kV
would cost ca. NOK 200 Billion. If all the overhead lines in Norway with voltages from 45 kV
and above were to be laid underground, it would cost in the region of NOK 250 - 300 Billion.
Such amount of undergrounding is of course not feasible. Nevertheless the figures show that
we can reckon with costs in the billion class for cabling even limited parts of the present or
future grid. Calculations also show that it is especially the highest voltages that incur
enormous costs.
The difference in cost between underground cables and overhead lines increases with
increased voltage, and - just as important - with increased demands to transmission capacity.
The technical drawbacks of underground cable are also greatest with the highest voltages.
The conclusion is therefore that from a technical economic viewpoint, it would be desirable
to avoid underground cable at the highest voltages in the network. Underground cable
systems should rather be considered for the lower voltages (Le. 11 and 22 kV and lower).
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1

INTRODUCTION

1.1

THE APPROACH

For the sake of simplification an electric power system may be divided in four: Production,
transmission network, distribution network and consumption. Electric power is produced in
power stations and delivered to the transmission network which transports it to consumer
areas. The distribution network distributes the power from the transmission network to the
individual consumers. There electric energy is converted into usable energy such as heat,
light, mechanical energy etc. The consumers expect power to be available 24 hours a day
throughout the year. Such an expectation demands a great deal of the whole power system.
A transmission network for electric power is composed of three types of functions: 1)
transportation of power, 2) transform ing between different voltage levels and 3) managementlprotection/monitoring. The system must be changed at the same pace as the need for
power arises from new industries, house building, new connections abroad, the general
increase in consumption (especially in urban areas), or the construction of a new power plant.
Increased transportation needs may be solved by constructing a new overhead line or laying
underground cables.
An overhead line consists of electricity conductors, routes through a cleared belt, grounding
system and pylons/suspensions of varying size and design. Air is used as insulation.
Requirments to distance between the conductors and from the conductors to the ground
becomes greater the higher the voltage on the conductors. The technology for overhead lines
is well known and well proved. A line set consists of 3 conductors (three phase alternating
current system) and for higher voltages ane or severai grounded conductors in addition (top
lines) for diversion of overvoltages due to lightning etc.
The choice of pylon may depend on the terrain and the weight of the lines. Wooden pylons
are most often used for 45, 66 and 132 kV. With the use of severai conductors per phase,
steel pylons become a necessity. Exposure to bad weather conditions, attacks by
woodpeckers and terrain considerations may also make it necessary to use steel pylons for
these voltages. For 300 and 400 kV steel pylons are always used. Another type of pylon is
made of laminated wood, which, however, is little used in Norway.
Cables are electric conductors surrounded by solid fibre insulation so that they can be buried
underground or laid under water. A high transmission capacity dictates high voltages. This
places considerable requirements on insulation, regarding both thickness and quality of the
insulation material. The requirements to how good the insulation must be increase with
increased voltage. Underground cables for the highest voltages are considerably more
expensive than overhead lines. The co st of laying cables varies according to the terrain and
trenching conditions.

One cable set for voltages in the national grid and main distribution networks usually consists
of three cables, one for each phase (three phase system). High requirements to transmission
ability necessitate severai cable sets (two cable sets = six cables, three cable sets = nine
cables etc). In some cases one chooses to lay four cables, ane of which is a reserve. This
is especially relevant in submarine cable systems.
Underground cables as an alternative to overhead lines - NVE 1993
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In /ow vo/tage and high vo/tage distribution networks undergrounding is quite usual in urban
areas. In high voltage distribution networks 6, 11 and 22 kVare used. In Norwegian
distribution networks of 22 kV underground cables are now used for ca. half of the new
connections. Operating experience is good from underground cable networks with these low
voltages.
In the main distribution network, atso called the regional network, 45, 66 and 132 kVare the
most usual voltages in Norway. 33 kV is in use in Oslo. In some places 110 kV is also used,
which pricewise can be compared to 132 kV. In the national grid, a/so called the central grid,
the most com mon voltages are 132, 300 and 420 kV. Overhead lines are predominant at
these voltages. So far cables have been most used where it has been physically impossible
to use overhead lines: for transmission from underground hydropower generators, for crossing
fjords (submarine cables) and in densely populated urban areas.
There are a number of stretches of underground cable for 45 and 66 kV in the main
distribution network. Cables are used relatively seid om for 132 kV, whereas cabling for 300
and 420 kV is extremely seldom. The same practice is followed abroad as in Norway: cabling
for the highest voltages is considered only in special circumstances. Table 1.1 shows the high
voltage overhead lines and the cables in Norway. The figures for overhead lines include
embedded cables and the Swedish part of the connections between Norway and Sweden.
This report only deals with underground cables as an alternative to overhead lines (not
seacables and cables from underground hydropower generators). Cable is very seldom used
for the three highest voltages, and underground cable only accounts for about 30% of the
length of cable that is laid at these voltages. The statistics give a cable length of 99 km for
300 kV. Of this 20 km is seacable, 53 km is cable out from hydropower generators inside
mountains and 26 km is underground cable (4 cables in Oslo totalling 26 km).
For 132 kV the statistics show a total of 200 km cable, 100 km being seacable. The
distribution for 132 kV between underground cables and cables out from power generators is
therefore uncertain. The major part of the cable length for 45 and 66 kV is underground cable.
In the main, cables out from power generators inside mountains are presumed to be for the
three highest voltages.
Table 1.1 Length of different types of transmission in Norway, by vo/tage 1

•

Seacables and cables
out from u.g. hydropower generators

Underground cables

ca. 66000 km

ca. 1600 km

ca. 23000 km

45 og 66 kV

ca. 10500 km

ca. 140 km

ca. 600 km

132 kV

ca. 10000 km

ca. 120 km

ca.

300 kV

ca.

5600 km

73 km

26 km

420 kV

ca.

2100 km

43 km

Okm

Overhead lines

Voltage
High voltage 2
distribution networks
1 - 40 kV
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A comprehensive comparison of overhead lines and cables should consider all the relevant
aspects: the costs and technical and environmental aspects. This report is limited to the
technical aspects and the costs. An evaluation of the environmental aspects of overhead lines
and underground cables is, however, important and NVE plans a special report on this
subject.

."

A comparison of the technical aspects is necessary because overhead lines and cables have
somewhat different characteristics. They are influenced in different ways by the surroundings
and also have a different influence on the rest of the power system. The technical aspects
otten place significant limitations on the choice of a system. It is expedient to find out what
these factors are and the extent of their influence.
A comparison of costs is relevant to show how much more expensive undergrounding for the
different voltages is and to discover the faetors that are deeisive in the eost differenees. The
real difference in cost must be evaluated in relation to what may be achieved in each case
with cabling instead of overhead lines.
It may be claimed that the technical aspects can always be described and quantified from an
economic point of view. To a certain extent this is probably correct. In principle the technical
aspects can be converted to economy by compensating for the technical disadvantages with
measures that include costs. In practice it may nevertheless prove difficult to quantify all the
relevant technical aspects in such a manner that they are fully included in a eomplete
economic evaluation. Another aspect which supports a division between technical aspects and
economy is that in choosing between cable and overhead lines the technical aspects which
are of significant importance should be known. Technieal demands and criterias must be
fulfilled and come in addition to the eeonomic comparison.

1.2

UNDERGROUNO CABLE TYPES

The two cable types used in Norway for the relevant voltages are XLPE cable (XLPE = cross
linked polyethylene) and SCOF cable (SCOF = self contained oil filled). Oil cables (SCOF) are
the oldest technology. XLPE insulation was first used for the lowest voltages, and has
gradually become com mon for higher voltages.
XLPE is a plastic material used to insulate the electricity conductor in the cable. In the main
a XLPE cable consists of a conductor of aluminium or copper, XLPE insulation, screen,
(conducting material around the insulation for earthing) and a protective sheath. A XLPE
underground cable system consists at the voltages described of at least three single conductor
cables, a trench with sand, joints and end seais. As a rule there will also be a surge arresters
and a grounding system. In very special circumstances there will be equipment for cooling
(e.g. water pipes laid along the eables).
An oil cable is insulated with paper lapped around the conductor and impregnated with oil
under pressure. The difference in an underground cable system with oil cables compared to
XLPE cables, is that in addition to the insulation, the oil cable is a self supplied pressurised
cable with monitoring equipment for the oil pressure. Usually this will require physical
protection at the end points with the help of so-called terminal housing (bunkers). In special
cases (Iong cables) for the two highest voltages, there will be a need for reaetor stations
Underground cables as an alternative to overhead lines - NVE 1993
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connected to the cable system. This is more fully described in chapter 2.4.
In the following discussion, one of the assumptions for choice is that the XLPE cable is the
alternative to overhead lines with voltages of 45, 66 and 132 kV. Oil cables are the most
feasible alternative for 300 and 420 kV. However, it may be assumed that within a few years
the XLPE cable will be a real alternative to 300 kV as well, and later for 420 kV.
A commercially available solution is characterized by positive costurner experience, a low and
generally accepted risk (normal guarantee) and a relatively stable price. A technically available
solution, which has not yet become commercial, is characterized by little experience, a high
and not generally acceptable risk (Iimited guarantee) and variable prices, dependent on the
contract and responsibility.
The status of cable technology in 1993 is that XLPE cables and other cable types with similar
insulation material are technically and commercially established for voltages up to 150 kV. In
the 200 - 300 kV range, these cables are technically available, but not commercially
established. For voltages of 345 - 420 kV they are at the technical tri al stage. Oil cables are
technically and commercially available up to 525 kV.

1.3

COMPARATlVE BASIS

A central question in a comparison of the costs between overhead lines and underground
cables is what is an equivalent system and which aspects of cost and technology are to be
included in a comparison. An equivalent system in this connection is a system which will cover
the same requirements, ie, if an overhead line system is optimally dimensioned for a given
transmission capacity, a cable system must be able to transmit the same amount of power.
The comparison is carried out by choosing a given set of assumptions. Further it is necessary
to examine the variation of the difference in costs as a result of changing assumptions.
The Energy Act presupposes that power utilities make a distinction in their accounts between
the sale of electricity and the transmission services. The fixed costs of the transmission
network are so large that from a socio-economic aspect it would not be profitable to construct
severai parallei networks to create competition over the transmission of power in an area. This
means that transmission of power is a natural monopoly, and the transmission network may
be considered a part of society's infrastructure. In evaluating the different alternatives for
developing the transmission network socio-economic costs must be made the basis of
considerations. In addition to the network owners' costs, the customers' costs arising from
interruptions are in principle included in a comparison of costs.
In the comparison of costs we have evaluated:
1.
2.
3.
4.

Investment costs.
Operating and maintenance costs.
Loss of electricity costs.
Interruption costs.

The transmission system is dimensioned to fulfill the requirements to stability and reliability.
For a simple transmission connection a maximum transmission capacity is the most important
Underground cables as an alternative to overhead lines - NVE 1993
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requirement. An economic optimal dimensioning also considers loss of electricity costs and
operating and maintenance costs . Especially costs of losses are of great significance. When
choosing dimensioning a so-called economic optimalisation of losses has been carried out.
That is, it is presumed that there is a choice among a given set of conductors with different
cross sections. These have different electric resistance and therefore different electricity
losses. The choice of conductor cross section for a specific requirement to transmission
capacity (=power) is carried out by adding the costs for electricity loss, investments and
operating/maintenance for the different alternatives, and then choosing the cheapest
alternative.
As stated, in dimensioning consideration must be given to a conductor's maximum perm itted
transmission capacity (given as maximum current in Ampere (A) or maximum power in
MegaWatt (MW) or MegaVolt Ampere (MVA)) . There will then be a marginal value to consider
in the economic optimalisation of losses. For cables the choice of a conductor cross section
will as a rule be decided by maximum transmission capacity. The reason for this is that the
cost of losses account for a smaller share of the total costs for cables than for overhead lines.
In referring to the costs in actual cases it is generally the investment costs which are referred
to. In chapter 3.1 a comparison of investment costs for cables and overhead lines is
discussed. Other costs are discussed in the rest of chapter 3, and in chapter 3.5 a comparison
including investment costs, operating/maintenance costs and the cost of losses is made. A
comparison may be made by converting all the costs to an equally large annual cost for the
system 's lifetime or by discounting all the costs to a specific time and adjusting for differences
in lifetime. We have made the comparison according to the latter method.
The calculations in the report show the costs as a function of the maximum power. Table 1.2
shows in which power area optimal transmission lies for different voltages . The power is given
in MVA. The power is often given as MW, and this is the usable part of the total power. For
the sake of simplification we have regarded MVA and MW as equivalent concepts which
express the transmission ability or transmission capacity of a connection .

Table 1.2 Re/ationship between vo/tage and typica/ interva/ for transmission capacity.

Transmission capacity (MVA)
Voltage

Typical annual energy transm.
(GWh = million kWh)
(Presumed average load =
30% of maximum load)

45 kV

ca.35-85

66 kV

ca.50-125

132 kV

ca.100-250

300 kV

ca.400-1000

3000

420 kV

ca.500-3000

7000

300

.
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Chapter 2 deals with relevant technical aspects of overhead lines and cables that may
influence the choice of a solution .

In chapter 3 a cost comparison between cables and overhead lines is made on the basis of
a given set of assumptions, a so-called basic alternative.
In chapter 4 the possible spread in the cost ratio is discussed on the basis of uncertainties in
the assumptions and variations in what are real comparative alternatives.

1.4

SOURCE MATERIAL

Weight has been given to procuring relevant source material from Norway and other countries.
Relevant sources are studies and reports from abroad, suppliers' catalogues and handbooks 3 ,
reports on costs and technical aspects, regulations and standards for constructing power
systems and fault statistics.
Corresponding investigations have been carried out in some other countries. Useful references
have been a report compiled by the National Grid Company in England 4 and a study carried
out by the Association of Danish Utilities 5 .
In a comparison of the technical and co st aspects, consideration must be given to the fact
that these may be based on different premises and standard requirements in the individual
countries. Therefore, in evaluating the system costs the material from other countries cannot
be used indiscriminately as other types of plastic cables are to a certain extent in use and
because market conditions for equipment supplies (especially cables) until now have been
different (monopolies/open competition).
80th the Danish and English reports quantify the differences in operating and maintenance
costs for overhead lines and underground cables. The English report, however, does this on ly
for 420kV oil cables , whereas the Danish report only deals with XLPE cables for 50/60 kV .
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2

TECHNICAL ASPECTS

In dealing with licencing applications for transmission systems the arguments for and against
cables have been based on technical aspects as well as just costs. In this discussion there
have been focused on:

*

Reliability
Flexibility in different operating situations
Electric and magnetic fields
Other technical aspects which may result in the need for additional investments

2.1

RELIABILITV

*
*

*

Diverse opinions connected to operating experience and expectations to availability have been
registered. Therefore in this discussion the focus is on fault statistics, the experience
Norwegian electricity utilities have had with cables and special aspects in the use of cables
that have been said to be a problem.
A good starting point for the discussion on reliability is predicted fault frequency, outage time
and unavailability. Sources for expected fault frequency and outage time are fault statistics
and international investigations. The fault frequency is described generally in the number of
faults per 100 km per year. Outage time is given in hours per failure.
Outage time is the time it takes from a fault occurs until the actual part of the system is
operating again. That is, outage time is included in the time spent on locating the fault,
repairing it and reconnecting. Voluntary waiting time, such as postponing fault locating until
the next day, shall not be included in the outage time. The consequences of few, but long
interruptions may be different than the consequences of more frequent faults of short
duration. Cables have generally a longer outage time than overhead lines. At the same time
accidents to pylons may in some instances result in relatively long outages for overhead lines
too.
Unavailability describes how great a part of the year a system component is out of operation.
This will also inc!ude scheduled interruptions for general maintenance. For this general
presentation we will omit scheduled interruptions. The time a system part is unavailable will
therefore be the product of fault frequency and outage time per fault.

Norwegian fault statistlcs
The total network fault statistics 19921 for voltages 45-420 kV showa measured average fault
frequency for all these voltages of 1.8 faults per 100 km per year for overhead lines. For 300
and 420 kV the fault frequency is ca. 1 fault per 100 km per year. For 132 kV and 45-66 kV
the fault frequency is 1.8 and 2.3 faults per 100 km per year respectively. The figures give the
average for the last 10 years.
The corresponding figures for cables is 1.3 faults per 100 km per year for voltages from 45Underground cables as an alternative to overhead lines - NVE 1993
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420 kV. The greatest difference in the Norwegian statistics is found in voltages 45-66 kV
where the fault frequency for overhead lines is 2.3 faults per 100 km per year compared to
1.1 forcables.
NORDEL's (Norway, Sweden, Denmark, Finland) fault statistics for 1991 6 indicate nearly
similar figures for the other Nordic countries even though they vary with the voltage and the
type of neutral connecting of the network.
The average outage time for overhead lines in the Norwegian fault statisties is about ca. 20-40
hours per fault. The corresponding figures for cables are 160 hours for 45-65 kV, 350 hours
for 132 kV and 700 hours for 300 kV.
If figures from the Norwegian statistics are used as the basis for assumed fault frequency and
outage time, the assumed unavailability for overhead lines and cables may be compared.
Unavailability for overhead lines for the five relevant voltages will then be ca. 20 - 70 hours
per 100 km per year. The corresponding figures for cables vary from ca. 180 hours (45-66 kV)
to ca. 1100 hours (300 kv) per 100 km per year. The figures for unavailability appear to be
considerably higher for cables, and they increase with increased voltage. The high figure for
300 kV cable is a result of the extremely long average outage time in the Norwegian statistics,
and it is unrealistically high to be a representative average value.
There is reason to treat the Norwegian fault statistics critically, because there is relatively little
data for cables compared to that for overhead lines. The figures in the cable statisties consist
of cables from underground hydropower generators, subsea cables and underground cables.
Nor has anything been done to distinguish between the cable types, something which is of
great importance. Some of the long outage times for cables may also be due to not repairing
the faults immediately after they occur, but waiting until the next working day, and therefore
the totaloutage time is incorrectly reported. Reconnection possibilities in the network make
it possible to do so without customers losing their supply. The reported outage time will then
be longer than the effective time it takes to find the fault and repair it. The statistics will not
show such conditions.
It may be expected that the fault frequency and outage time for XLPE cable systems and for
oil cables respectively will be different. Therefore care should be taken in presuming that the
unavailability figures are the same tor systems constructed now. The change in the average
outage time for the last ten years in the statistics decreased e.g. from 409 hrs per fault for
132 kV in 1991 to 350 hrs per fault in 1992.
Experience from Oslo Energi AS shows that repair time for oil cables with a known tault site
(excavation fault) is 2 weeks for 33 to 66 kV. The repair time where fault localising is
necessary requires in all 4-5 weeks. The repair time for 300 kV oil cables with a known fault
site is 4 weeks, and for faults that have to be localised it varies from 6 weeks to 3-4 months.
Estimated average repair time including fault localisation is 8-10 weeks.

Intemational investigations
A CIGRE report from 1991 7 which includes service records from many countries, discusses
XLPE cable systems from and including 66 kV to (not inc\.) 220 kV. The fault frequency is
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0.34 faults per 100 km per year and the average outage time is 101 hours per fault. This gives
an unavailability of ca. 34 hours per 100 km per year. The fault frequency is lower and the
unavailability factor is about the same as for overhead lines in the Norwegian fault statistics.
The CIGRE report also deals with figures for oil cable systems with voltages over 220 kV. It
is reported that the fault frequency is 1.59 faults per 100 km per year and an outage time of
217 hrs per fault. This gives an unavailability factor of ca. 350 hrs per 100 km per year, much
higher than the figures given for XLPE cables and overhead lines.
There are severai weaknesses associated with comparing different systems in this way. In the
first place the investigation deals with different cable systems (XLPE and oil) at different
voltages. Further the average age of the different systems in the report is different (7 yrs for
XLPE cable systems and 20 yrs for the oil filled cable systems). In addition the fault types will
be somewhat different.
In oil filled cable systems there may be e.g. oil leaks that do not necessitate taking the cable
out of operation immediately. If the oil pressure is kept at an adequate level (topping up with
oil) repairs may be postponed temporarily. The faults with oil leaks may be limited in extent,
but it may take a long time to localise the fault sites. Faults in XLPE cables generally lead to
a collapse of the insulation at the fault site. The XLPE cable must then be disconnected and
a certain length on each side of the fault site replaced. The insulation of an oil cable consists
of severai layers of paper wrapping, and is not 50 vulnerable to minor contaminants in the
insulation as the XLPE cable. The reason why outage time for oil cables is nevertheless
longer, is because oil under pressure is used, something which entails extra work in the case
of leakages.

A Japanese report8 gives a fault frequency of 0.126 faults per 100 km per year for 66 - 77 kV
XLPE cable systems. The fault frequency in Japan has shown a marked falling tendency since
1980. This tendency will probably also take place in Europe.
XLPE for voltages over 66 kV has been most often found n the Nordic countries and Japan.
Even though XLPE has now become usual in other countries too, the experience with plastic
insulation cables in these countries has until recently been based on other plastic materials.
In evaluating cable records from these countries a certain amount of criticism should be
exercised.
From these investigations it may be concluded that XLPE cables have a lower fault frequency
and longer outage time than overhead lines. This results in about the same figures for
unavailability as overhead lines. For oil cables at the highest voltages the fault frequency is
about the same as for overhead lines, but outage time is considerably longer than for
overhead lines. This gives poorer availability for oil cables than for overhead lines.

Causes of faults
The most important causes of faults for overhead lines are phase collapse, fallen trees, pylon
damages (due to wind and ice), lightning overvoltage, flashover (due to ice on the insulators
and contamination).
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Power transmission consists of three phases with one or severai lines per phase. Phase
collapse occurs when two lines with different phases are blown against each other, causing
short circuiting.
Faults due to contamination occur when the surface gets a coating which is conductive (e.g.
contaminated by ice and/or salt). So-called creeping current along the surface of the insulators
is then possible, something which may lead to a flashover.
The causes of faults for cables may be dealt into two types: Internal and external faults.
Internal faults are caused by faults in production, which are not discovered by voltage testing
at the facto ry , faults at joints or end seals and faults resulting from poor assembling or cable
laying. External faults are damage during excavation and overloading. Mechanical damage
from excavating is the most important cause.
The greatest num ber of faults on XLPE cable systems are at the end seals and joints. The
terminal/joint faults and faults that are on the cable itself have generally occurred after a short
operating time (less than two years). The faults in the XLPE cable itself are often due to
contamination in the insulation. The insulation layers in oil cables have the ability that local
contamination in the insulation not necessarily lead to a breakdown. Small spaces in the
insulation not filled with oil can lead to damage to the cable (partial discharge). An important
drawback with oil cables compared to XLPE cables is that fault locating takes longer.

Embedded cables

When dealing with licences for transmission installations NVE has often received information
about embedded cables in an overhead line being a problem. In one questionnaire9 that NVE
was responsible for in 1992 it was shown that only 2 of the 20 utilities who reported having
embedded cables, recorded that they had faults on these. It therefore appears reasonable to
conclude that embedded cables are not such a great problem as formerly assumed. The
problem may also have been solved by the introduction of improved surge arresters, and the
fact that coordination of insulation levels for different components has been taken more
seriously. In order to achieve the desired effect of protection from surge arresters it is also of
major importance that the grounding is good.
The faults reported as arising from embedded cables in an overhead line network are ruined
cabel-end seals at the junetion, overhead lines/XLPE cable. In addition it is recorded that there
may be certain problems in connection with switching no-Ioad current with disconnector
switches.
Another piece of information that came out of the questionnaire was that earth fault can lead
to high transient voltages (overvoltages) in a (Petersen-) coil compensated line/cable system.
Direct grounding of the system can redress that. Cables and overhead lines placed in the
same transmission or network system may so affect each other that resonanee phenomena
occur in the network. These may lead to oscillations where the overvoltage builds up until
there is a flash over. The English report also suggests that transmissions with a mixture of
overhead lines, embedded cables and reactors may lead to problems connected to
overvoltages.
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In some special instances embedded cables may increase the content of harmonic voltages
in the network. This may intensify problems with resonance and overvoltage in the network.
NVE's questionnaire9 indicates that among Norwegian utilities there does not appear to be
substantial operating differences connected to cable systems when compared to overhead line
systems. The results for cables for 132 kV and 66 kVare just as good as those for overhead
lines. There are very few utilities which have underground cables for 300 kV and 400 kV.

Conclusion

The Norwegian fault statistics for cable systems does not allow reliable conclusions to be
drawn about fault frequency and outage time. If in addition other sources are used there
appears to be a basis for drawing the following conclusions:
XLPE cables for voltages up to and incl. 132 kV can be expected to have a lower fault
frequency than overhead lines, but a somewhat longer outage time. It can be expected
that new XLPE cable systems for these voltages will have approximately the same
availability as overhead line systems.
XLPE cables for 300 and 420 kVare still relatively new technology and not
commercially established.
Oil cables for 300 and 400 kV may be expected to have a fault frequency of about the
same frequency as overhead lines. Outage times can, however, be expected to be
considerably longer than for overhead lines. The result will be a poorer expected
availability for oil cables of the two highest voltages.

A cable system must be regarded as being less reliable than overhead lines for the two
highest voltages. With increased attention being given to failure contingency and quality
assurance in the construction ph ase and in subsequent operating and maintenance, it should,
however be possible to improve reliability for the two highest voltages.

2.2

FLEXIBILITY IN DIFFERENT OPERATING SITUATIONS

One of the usual objections to underground cables has been that they have been less flexible
in different operating situations than overhead lines. By flexibility is meant the possibility of
increasing current in the system above the normallevel for a short time. The usual
international terms for operating situations are: normal operation, emergency operation and
failure/disconnection. Normal operation is the permitted continualload in the summer or winter
according to standard or recommended guide lines. Emergency operation is contingency
loading for a short time before reconnection in the network, limited from 0.5 to 2 hours.
In normal operation it is not usually desirable for economic loss reasons to load the overhead
lines continously up to the capacity limit. The economic optimal transmission for cables is
closer to the capacity limit because the system costs are higher, and thus account for a
greater share of the total costs, and because the cost of losses for the same transmission is
lower than for overhead lines.

Underground cables as an alternative to overhead lines - NVE 1993

20
Special operating situations may make it desirable for short intervals (a few hours) to exploit
transmission systems more than what they are dimensioned for in normal operating. This may
be acceptable if 1) it is justifiable to exceed the maximum conductor temperature without
infringing the requirements to safety or causing unjustifiable material deformation, 2) good
technical cooling conditions justify a higher transmission without the permitted conductor
temperature being overstepped. For cable systems such an operating situation is conditional
on the conductor temperature being monitored at critical places. For overhead lines the route
must be examined to ascertain whether the maximum temperature can be exceeded. The
reason is that increased loading will increase the conductor temperature and cause the metal
to expand. The distance from the conductors to the ground or vegetation would then decrease.
This could be especially critical near road crossings, other lines etc.
For overhead lines and cables the most important parameters that influence transmission
capacity are the recommended maximum temperature and the actuaJ temperature of the
surroundings. The choice of an assumed ambient temperature and other parameters are
discussed in severai NVE reports 10 and by EFI 11 • To calculate the loading ability of cables it
is recommended that the IEC standard 287 12 is used.
Bottlenecks for underground cable systems, at e.g. road crossings, may lead to local rises in
temperature. This may be avoided by adapting the placement of cables to local conditions
by increasing the distance between the three cables (one cable set is three cables). Another
solution is to lay the cables against a pipe carrying water, a special adaption not much used
in Norway.
For overhead lines assumptions about wind forces are important for the load that will make
the line reach maximum conductor temperature. The regulations for electrical systems 13,
together with international and Norwegian dimensioning standards,
give the general
conditions for the construction of transmission systems.

Conductor temperature
The maximum conductor temperature for overhead lines is given in the requirement to
distance from the ground, c.f. standards for electrical 14 and mechanical dimensioning 15 of
overhead lines, and permitted maximum temperature for the power transmitting lines l6 . In
Norway, overhead lines are now usually designed for a maximum conductor temperature of
80°C, whereas the standards for cable systems perm it a maximum conductor temperature of
90°C for XLPE cables and 85°C for oil cables. Provided that the requirement to distance from
the ground is maintained, there are many indications that FeAllines on overhead lines tolerate
a higher temperature than 80°C. 17
An increase in conductor temperature for a longer period will reduce the lifetime of a
transmission line. If brief increases in conductor temperature make it possible to postpone
investments, it may be economically beneficial even though the lifetime is reduced.
If the topsoil around cables has a good heat conducting ability it will take a certain amount of
time before an over temperature arises so that cables in some cases may be overloaded
without the conductor temperature being exceeded. High conductor temperatures may,
however, lead to the topsoil drying out so that in practice transmission capacity is later
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reduced. Clay and turf are examples of good thermal insulators when they dry, and this will
lead to the loading capacity of cables being reduced. This means that important assumptions
in planning a cable system may change later and be difficult to control. In some cases a safety
margin will be in the specifications, thus increasing costs.

Amblent temperature
The transmission capacity of cables is apart from the conductor temperature dependent on
the distance between the conductors and decreases with shorter spaces between phases. The
trench fiIIing (sand, earth or shingle) is also important.
Low air temperatures 18 and wind provide good cooling allowing overhead lines to transmit
more current before criticalline temperatures are exceeded. In Norway the time for maximum
loading coincides with the time of the year when it is coldest and there is most wind. This is
favourable for the network, as it is at this time the transmission utilisation of the network is at
its highest. In this connection, air is a good cooling agent because of the great amounts of air
in motion.
For cables the loss of heat in the current carrying conductors must be diverted through the
cable insulation and into the trench. The heat from the cables may lead to the topsoil drying
out so that cooling is reduced. The conductor temperature in the cable may be too high. This
problem can be minimized by water cooling or by placing the cables further away from each
other. Water cooling is accomplished by laying special cooling pipes near the cables or lay
the cables in water-filled trenches. However, this method is little used in Norway. At road
crossings and generally in populated areas, it will often be necessary to lay the cables close
to each other. This may lead to operating restrictions and reduce the transmission capacity
of the cables.
Low air temperatures favour overhead lines in a high load situation, and cables may therefore
in some operating situations be bottlenecks in the network. Cable systems will have better
cooling in the summer than overhead lines.

2.3

ELECTRIC AND MAGNETIC FIELDS

In recent years one argument that has been forwarded in favour of using cables is that the
effect from electric and magnetic fields is lower than it is from overhead lines. Magnetic fields
are regarded the more interesting because of the research into a possible connection between
magnetic fields and the frequency of certain types of cancer.

Electric fields

Electric fields arise as a consequence of the affect between electrically charged particles with
different voltage leveis. In an alternating voltage system the field will vary with the time
variable voltage. The electric fields increase with the voltage and decrease with the distance
from the source . Cables have an earthed metal sheath and are therefore not surrounded by
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an electric field as opposed to overhead lines. Electric fields from overhead lines are not
considered as a large problem because to a large extent they can be shielded by the walls
of houses, trees, earth, water etc. In addition it is assumed that there is no health risk
attached to electric fields from overhead lines.

Magnetic tields
Magnetic fields arise as a result of moving electric charges. In an alternating voltage system
the magnetic field will vary with the time variable current. The magnetic field increases with
increased current and decreases quadratically with the distance to the source. The field is not
dependent on the voltage. 80th cables and overhead lines are surrounded by magnetic fields.
With a given current the magnetic field directly above a cable will be much larger than that
directly beneath an overhead line. This is because of the different distances, from the ground
as well as between the electrical conductors. However, the magnetic field arising from cabling
covers a considerably smaller area to the sides of the cable than the field arising from the
traditional overhead lines with parallei wires, so that the choice of cables gives a smaller zone
where e.g. houses are affected by such a field. A sketch of the fields is shown in figure 1.
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The magnetic field can be reduced both for overhead lines and cables.
Possible measures to reduce the magnetic field due to overhead lines are:
increase distance
change phase sequence
change phase configuration (triangular instead of parallei suspension)
distribute more wires per phase
Cable fields may be reduced by:

burying the cables at a greater depth
changing the cable tormation geometry
These conditions are discussed in a Danish report19 • In general it may be said that cables
reduce the sideways spread of a magnetic tield compared to the traditional overhead lines with
parallei wires, while the tield directly above the cable increases compared to the centre right
under an overhead line. If the objective is to reduce the magnetic fields, e.g. near housing,
cables may well be only ane of severai possible measures. The large fields directly above the
cable, however, may introduce new problems connected to the use of the areas along the
cable raute.
Compared to traditional pylons with parallei wires, new pylon types with severai wires per
phase, will be able to reduce the fields a great de al. Such new pylons must be assumed to
be a more relevant alternative to cabling if the objective is to reduce the magnetic fields.

2.4

EXTRA EQUIPMENT

The use of underground cables may involve other technical operating conditions than the use
of overhead lines does. This is connected to the practical transmission distance, ground
currents, voltage conditions, protection relays and the need for extra equipment. In most cases
involving 45, 66 and 132 kV, a cable installation will only need extra protection against
lightning and other types of overvoltages. In addition, the introduction of underground cables
into a overhead network will attract extra attention to voltage and resonance conditions. With
lang transmission distances and with voltages of 300 and 420 kV a considerable amount of
extra equipment may be needed.

Transmission distance
Cables have somewhat different characteristics to overhead lines. When a cable is put into
operation it will be loaded with so-called charging current. This charging current is absolutely
essential to transmitting power on the cable, and it will occupy capacity on the cable. Charging
current increases proportionally with the length of the cable.
Charging current will limit the practical transmission power of lang transmission (alternating
current cables). Theoretically a "critical" maximum cable length 20 is possible with charging
current occupying all the capacity on the cable. The critical cable length decreases with
increased voltage, and it varies with different cable types. It williimit the transmission distance
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for cables of the highest voltages. In practice it would seldom be practical with cable lengths
over 10 - 15 km for 300 and 420 kV.
Practical transmission length for cable systems may be increased by putting in reactors that
counteract the charging current effect. However, this is expensive and requires space. With
larger transmissions it would be cost-effective to use high voltage direct current (HVDC
system). The greater the power to be transmitted and the longer the transmission, the more
advantageous HVDC transmission would be. One DC cable with areturn conductor can
transmit almost as much as 3 alternating current cables (AC cables). The Skagerak cables
between Kristiansand and Denmark are examples of DC cables. HVDC transmissions require
extremely expensive rectifier systems (converts alternating current to direct current and the
reverse) at each end. For coupling to 300 kV the systems at both ends co st in the region of
NOK 300 - 400 million each. Because of the high costs at the terminals, direct current systems
are usually only relevant for long submarine cables used for overseas connections.

Extra equipment
The introduction of cable systems involves technical challenges making it necessary to invest
in extra equipment. This may be oil feeding and monitoring equipment, overvoltage protection,
reactors and terminal housing (according to contingency requirements). There will only be
large expenses for extra equipment in special cases, and then primarily for 300 and 420 kV.
Most networks in Norway are Petersen coil grounded for voltages 66 and 132 kV . That is,
there is an inductive coupling between the network's zero point and the earth, and this has
the opposite effect on the network compared to a cable (capacitance). In a coil grounded
network an increased installation of cables will increase the need for grounding coils. The
consequence of increased capacitance to earth is that the fault current to ground increases.
This may lead to great dam age to equipment, if protective measures are not implemented.
One measure for limiting the capacitive currents can be the installation of isolating
transformers. However, this can be expensive, at the same time as it leads to splitting up the
network which may result in reduced reliability and higher losses.
Due to the charging current, longer cable transmissions and high voltages will require reactors
that can prevent the charging current taking up epacity on the cable. These are placed at the
ends of the cable or as embedded reactor stations in the length of the cable. A reactor station
will be similar to a traditional openair station and need an extensive area (4000-5000 m2 with
space for switchgear) for 420 kV cables. Reactors may cause problems with overvoltages that
arises in the network with breaker operations that occurs as the result of faults or redistribution
of the load.
A long 132 kV cable transmission will need such a reactor station for approximately every 50
- 70 km. For 300 and 420 kV a reactor station will be needed for every 15 - 20 km. The need
for a reactor system will be dependent on how much power is to be transmitted and the
network around the actual connection. Greater amount of power increase the need for reactor
capacity.
The diameter of a cable increases with increased voltage. This means that there will be room
for fewer metres of cable on a cable reel when the voltage increases. The length of cable on
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a reel will also be dependent on the permitted axle pressure on roads and bridges as well as
the cross section of tunnels. There will be room for 6-900 metres of 420 kV cable on a cable
reel. A longer cable transmission at this voltage will therefore require many joints. For voltages
of 45, 66 and 132 kV there will be room for a maximum of ca 1500 metres of cable on one
reel. It has been shown that many of the faults in cable systems have been at joints and cable
housing.The number of joints can therefore be critical.
Heavy loading over a long stretch of an overhead line may cause problems with low voltages .
A cable system, because of its capacitance, can assist in keeping the voltage up and so
reduce the necessity for compensation equipment. In a low load situation a long stretch of
cable in a network can increase the problem of high voltage and thus increase the need for
investing in equipment that reduces the voltage . Voltages that are too high can destroy or
reduce the lifetime of, e.g. insulation in some electric equipment.
The capacitance of the cable may also lead to a skew distribution in a network system which
may lead to overloading the cable . This problem can be eliminated by the acquisition of a
reactor. In other cases such a skew distribution may be advantageous.
Generally it may be expected that larger cable systems for 300 and 420 kV , and in part 132
kV, will require larger investments in additional equipment than comparable overhead line
systems. Cable systems with short cables and lower voltages will seldom require large extra
investments.

2.5

SUMMARY OF TECHNICAL ASPECTS

XLPE cables for voltages up to and incl. 132 kV can be expected to have the same availability
as overhead lines. The fault frequency is somewhat lower for these cables, whereas the
outage time is longer. For oil cables with the highest voltages the fault frequency is somewhat
higher than for overhead lines, and outage time can be expected to be longer. Thus,
compared to overhead lines there is poorer availability . With extra contingency measures and
preventive measures it should be possible to improve the reliability of cable systems.
In special operating situations with short periods of overloading, cables can be bottlenecks in
the transmission network. As a rule overhead lines are more flexible than cables.
The magnetic field directly above a cable will be stronger than the one right under an
overhead line with the same current. The field to the sides, however, weakens more rapidly
with increased distance from cables than it does in the case of traditional overhead lines with
parallei wires. New pylon types may also reduce the magnetic field from overhead lines .
In special cases there may be a need for quite high investments in extra equipment where
cables are inserted in a power network with the highest voltages. This would not be necessary
in an overhead line system alone .
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3

ECONOMIC COMPARISON

This chapter deals with the economic consequences of replacing overhead lines with cables.
A comparison of the costs and key figures for the cost ratio between cables and overhead
lines follows. The costs are divided into four groups:
1.
3.
4.

investment costs
operating and maintenance costs
the cost of losses
interruption costs

3.1

INVESTMENT COSTS

2.

The investment costs of system costs for overhead lines are taken from a NVE note from
1991 21 for the three lowest voltages and from Statnett SF for the two highest voltages. The
costs for cable systems are given by Alcatel Kabel Norge AS. Prices for cables are shown in
appendix 1, while the prices for overhead lines are in appendix 2. In this section a description
of the most important conditions influencing system costs are dealt with first. Finally there are
the costs for cables and overhead lines as a function of transmission capacity (power) and
examples of costs for comparable overhead line and cable systems. The assumptions for the
cost comparison are in appendix 3.
The most important cost components 22 for overhead lines are:
assembling/construction
pylons and foundations
transportation
wires and fittings
The most important cost components for cable systems are
the price of cables
trench es
laying and assembling
joints and end seals
possible terminal housing and extra equipment
The costs will be dependent on market and trade conditions, technological developments,
trench ing and terrain conditions, economic lifetimes and rates of interest. In addition, the cost
of equipment at both ends of a connection and the length of a system will be significant for
the unit costs. As discussed in pt. 2.4, additional costs may accrue to ensure technical
operating conditions of a cable system.
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Market and trade conditions
Prices for both overhead lines and cables systems depend on competitive conditions on the
market, the dem and and volurne of orders. Cables up to and incl. 24 kVare "shelf goods"
whereas systems above that voltage are produced on order. An increased volurne of orders
may lead to lower prices for cables.
Small production series may lead to higher prices because it is expensive to set up production
equipment. Utilities that send in a joint order will therefore be able to achieve lower unit prices.
Price developments for metals and insulation material as well as exchange rates are of great
importance, especially for cable systems. The cost of XLPE cables will depend on market
prices especially for aluminium and perhaps copper. The actual manufacturing process will
be more important to the price of oil cables. Steel prices will influence the price of overhead
lines if steel pylons are to be used. Changes in the price of contractor services will mean more
to overhead lines than cables.

Terminal costs and cable lengths
Costs for essential equipment for transmission terminals are called terminal costs. The cost
of switchgear will in principle be the same for cables and overhead lines, and these costs are
therefore not included in the cost comparison. Cable systems als o require end seais. In many
cases there will be strict requirements for terminal housing (concrete bunkers) around the
cable terminals in order to satisfy contingency measures. These bunkers may require
investments of around NOK 2 -3 million each.
Assembly costs, terminal costs and planning costs are such that short transmissions will cost
more per km than long transmissions. For cable systems the costs are more sensitive to the
length of the system than overhead lines are as the manufacturing process for cables and
assembling is more complicated.
In appendix 1 the prices for cables are given for three different lengths: 1 km, 3 km and 10
km. The prices used in the basic alternative are for 3 km. Based on this price, the unit prices
given in (MNOK/km) for most cross sections will decrease with ca. 5-10% with an increase
in length of from 3 to 10 km. Further increases in length will not reduce the unit price
noticeably. The price reduction for severai cables sets resulting from an increase in route
length of 3 to 10 km will be minimal.
The unit cost of short cables will be considerably higher. Changes in the cable length from 3
to 1 km will give an increase in the unit price of ca. 10-20% for the three lowest voltages and
ca 20-40% for the three highest voltages. For cables shorter than 1 km the unit price will
increase even more. The unit prices for overhead lines will not increase with a decrease in
line length to the same extent as they do for cables.
The length of the actual transmission is therefore of the greatest importance when a cost
comparison of cables and overhead lines is to be made. It is especially important for short
cable systems where there may be a considerable increase in unit costs compared to the
prices given.
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Extra equipment
In most cases the cost of extra equipment for cable systems will be relatively small in relation
to total investment costs.
In special cases such as those described in chapter 2.4, there will be a need for reactors . Oil
insulated reactors will be most relevant. A 120 MVAr reactor (MVAr is the measuring unit for
reactive power, which is the unusable share of the power) is estimated to cost ca. NOK 10
million. In addition there will be costs of approximately NOK 5-10 million that accrue for other
equipment, including buildings. Requirements to contingency measures may entail further
costs. It may be assumed that in round figures a reactor system will cost NOK 15 - 20 million.
More advanced statie compensating systems (so-called sve systems), which have greater
control possibilities, would be considerably more expensive .

Increaslng capacity
Planning for an increase in transmission capacity is relevant for existing systems and future
systems. Upgrading may either be done by increasing voltages or increasing conductor cross
sections, which will give a higher maximum transmission ability23 . The marginal cost of an
increase in capacity would be relatively little for an overhead line, if the line is designed for
this. As a rule it is possible to carry out a current upgrading of existing overhead line systems.
The possibility of upgrading an existing cable system is more limited.
The marginal costs of increasing capacity are usually higher for a cable system than for an
overhead line.This applies to the voltage upgrading as well as the current upgrading. The
increase in costs involved in increasing the voltage of an overhead line from 66 kV to 132 kV
is around 30% (excl. costs for transformer and the switching systems). The essential costs
cover the need for more insulators provided the space between the wires is large enough, and
also the distance to the ground and crossings of other systems etc. The costs for a planned
XLPE cable must be doubled to increase the voltage from 66 kV to 132 kV (excl. trenching
costs and costs for transform ing and switchgear).
To double the size of the cross section of 132 kV overhead lines entails a cost increase of
about 30%. If the transmission capacity needed for a planned overhead line is greater than
ca. 1000-1200 A, steel pylons must replace wooden pylons. This will entail a cost increase
of ca. 50% for 132 kV lines. Steel pylons are always used for 300 kV and 420 kV lines.
To double the cross section of cables the increase in the costs (excl. trenching costs) is
around 10-30%, as long as not more than one set of cables is required. If it is practical or
necessary to lay two sets of cables, the costs will be doubled. Nevertheless cable upgrading
can often be carried out in severai development phases by postponing the second cable set
so that the capitalised additional costs are less (this has not been taken into consideration
here).
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Trenching and terrain costs
Trenching costs are important for a cable system. According to NVE's questionnaire from
19929 trench ing costs vary from 5-50% of the total cost. A typical trenching percentage for 45
kV, 66 kV and 132 kV systems appears to be about 20-30% of the investment cost of a
system.
Trenching cost increase with increased voltage and cress sections and will vary greatly
according to ground conditions. Trenching cost for sand and clay terrain are lower (down to .
NOK 301m), while rocky conditions and cabling in city areas may lead to very high trenching
cost (up to NOK 3000/m). Table 3.1.1 shows typical figures for trenching cost in a cable
system.
It may be presumed that easy terrain will reduce the costs of an overhead line system with
ca 10%, while difficult terrain may increase them by up to 20% compared to the basic
alternative with costs for so-called average terrain. In each individual case pylons for overhead
lines are specially engineered to withstand the particular conditions that prevail, e.g. wind and
ice loading as well as the assumed transmission load. The possibility of heavy ice loads
combined with difficult terrain, can in extreme cases result in more than a 50% increase in
investment costs for overhead lines (strenger steel constructions).

Table 3.1.1 Trenching cost for cable systems (outside city area).

TRENCHING COSTS (outside cityareas)
VOLTAGE

LOW

MEDIUM (BASIC)

HIGH

45-132 kV

250 000 kr/km

500 000 kr/km

1 000 000 kr/km

300-420 kV

500 000 kr/km

1 000 000 kr/km

2 000 000 kr/km

In the cost comparison the basic alternative used for trenching costs is NOK 500 000 Ikm for
45, 66 and 132 kV. For cable systems with a transmission capacity over 1000 A two or more
cable sets are necessary for technical/economic reasons and so trenching must be increased.
The trenching costs for two sets of cables for the three lowest voltages are set at NOK
800000/km.
The trenching cost for 300 and 420 kVare estimated at NOK 1 mill./km when one cable set
is used. There is an estimated increase in cost for each new cable set up to NOK 2 mill./km
for 4 cable sets.

Cornpensation to landowners
Compensation to landowners in this connection covers the acquisition of expropriated land and
damages. The acquisition part of these costs varies according to the rights acquired. There
are large variations between heavily populated areas and seattered country areas.
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Compensation in isolated are as will vary according to the condition of the forest, but in most
cases compensation will lie at around NOK 500-1000 per 1000 m2 • The right-of-way (ROW)
for overhead lines of 45-132 kV is ca. 30 metres, and for overhead lines of 300 and 420 kV
it is ca. 40 metres. In isolated grazing country a cable route requires a width that permits
access for excavating equipment. Compared to overhead lines compensation for cables is
much lower. However, if compensation is considered in connection with development damage,
the difference between cables and overhead lines will be smaller. Damage during cable laying
is usually greater than that attached to constructing overhead lines.
Compensation for overhead lines will be lower for home fields than for outlying fields , as the
former can still be used. Landowners are only compensated for the pylon sites, about NOK
3000 - 5000 per foundation for normal grain fields. Compensation for grazing is noticeably
lower. Compensation for cables on home fields is higher than for overhead lines.
Within the costs for development that are the basis 21 for overhead lines, compensation to
landowners is included for the three lowest voltages. For the two highest voltages
compensation is estimated at NOK 30 OOO/km for overhead lines. For cables the estimate is
NOK 20 OOO/km for the three lowest voltages , and NOK 30 OOO/km for the two highest
voltages, the same as it is for overhead lines. These costs are as a rule on ly a relatively small
part of the total costs.
In development cases that are the subject of great conflict compensation to landowners can
be higher than the costs given. It would be high whether overhead lines or cables were used .
The width of the right-of-way will normally be greater for overhead lines, but on the other
hand inconveniences affecting construction and damage during construction will be greater
for cables .

Telecommunication compensation

The construction of large overhead line systems may cause disturbance to Norwegian
Telecom installations. It is common that developers of overhead lines cover the documented
costs of screening telecom installation. These costs vary a great deal, depending on how
many installations Telecom has in the neighbourhood and the type of screening that may
already exist. It is generally difficult to determine these costs because they are not directly
dependent on the size of an electrical system. Variation and uncertainty are so great that
telecom compensation is not included in the cost calculations . In actual cases, however, these
costs must be included, and in some cases they may be important, e.g. in the choice of a
route.

Lifetime expectancy

One of the important mainstays of utilities' arguments against cable systems is the uncertainty
of their lifetime. It is claimed that the lifetime expectancy of cable systems is shorter than that
.of overhead line systems. It is the economic lifetime that is of interest. An economic lifetime
may be influenced by preventive measures and operating practice.
The economic lifetime is reckoned from when operating commences until the annual costs for
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a replacement alternative are lower or equal to the annual costs for the original system. With
the long lifetimes equipment in the energy sector have, it is in practice difficult to calculate the
economic lifetime, so usually a value based on professional experience is chosen. The
technical lifetime may be considerably longer than the economic lifetime, but often it is the
technical conditions that limit the economic lifetime, e.g. increased fault frequency. For the
systems under discussion here, the lifetimes are so long that the differences will be relatively
small, even if a lifetime changes with, e.g. 5 years.
The lifetime of overhead lines is especially dependent on corrosion of the steel pylons and
wires (because of salt and polIution), material fatigue in pylons and wires because of
mechanical stress, poor pylon foundations, rotten wooden pylons, pylons damaged by
woodpeckers etc. Today all new wooden pylons are impregnated. Other measures that
increase the lifetime of overhead lines are protection against corrosion of steel pylons and
electric conductors and regalvanisation of old pylons.
The lifetime of cables is affected by mechanical damage from construction workers working
near the cables, damage to insulation due to overloading, oilleakages, (oil cables), cracks in
the protective metal coating and overvoltages. High currents due to the outage of parallei
transmissions, and high thermal resistance in the top soil because of drying out or short
circuiting, may cause heat generation and high temperatures. This can damage the insulation
to such an extent that all or parts of the cable system have to be replaced.
The penetration of water into XLPE cables may be the cause of water deposits. Small
scratches or irregularities on the surface of the insulation may allow humidity to form in the
inside cracks of the plastic insulation. Cracks spread inward forming a branch like structure
(water trees), and finally cause hoies in the insulation material and thus faults on the cable.
Water trees have mainly been a problem for lower voltages than discussed here. Protection
against water trees may be a watertight cable construction, and this is usual for voltages of
around 45 kV and higher. Problems with water trees are therefore not very likely for these
voltages.
Overvoltage can arise from lightning or switching in the network. XLPE cables are more
vulnerable to some types of overvoltage. Surge arresters and better grounding can increase
protection against overvoltages. Good earthing is absolutely necessary, if surge arresters are
to work properly. Oil cables withstand overvoltage very well, cable end seals are most
exposed. Damage to lead/aluminium sheaths may also occur from vibrations from, eg traffic
or excavating.
Uncertainty in the lifetime of cables is connected to XLPE cables. Oil cables like overhead
lines have been "completely developed" for a long time. Oil cables also have a good record
from systems in operation and tests made on old cables. The development of the modem
XLPE cable started in earnest at the beginning of the 70s. The plastic material, the production
process and quality assuranee are improved. Records of old XLPE cables cannot therefore
be used to draw reliable conclusions about the lifetime of cables produced today. Experience
of current XLPE technology goes back approximately 15 years.
We have chosen to assurne lifetimes for different systems as given in table 3.1.2. It must be
said that there is some uncertainty attached to the estimated figures.
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Apart from areas exposed to special climatic stress and/or heavy contamination, there appears
to be a basis for claiming that overhead lines with steel pylons have a somewhat longer
economic lifetime than cables.

Table 3.1.2 Lifetimes for different types of systems ( in years ).
SYSTEM TYPE

UNDERGROUND CABLE SYSTEM

OVERHEAD LINES

XLPE cables

Oil cables

Wooden pylons

Steel pylons

Technicallifetime

> 25

35-40

> 25

> 40

Economic lifetime

= 25

= 25

= 25

= 40

Requirements to returns
The lifetime of 45, 66 and 132 kV is counted as 25 yrs for both overhead lines (wooden
pylons) and cables. For 300 and 420 kV a lifetime of 25 yrs for cables and 40 yrs for overhead
lines (steel pylons) is reckoned. If steel pylons are used for the three lowest voltages, a
lifetime of 40 yrs is counted on. In order to compare systems with different lifetimes, two
methods may be used: either all cost components must be converted to a fixed annual cost
throughout the entire lifetime, or all costs must be discounted back to a given time and
corrected for different lifetimes.
By defining a real interest rate and an economic lifetime the annuity factor will be found. This
annuity factor will be the ratio between the costs discounted to a fixed time and an average
annual cost. A lifetime of 25 yrs and ?% interest gives an annuity factor of 11.65. Using these
figures, an investment of NOK 1 million up to a given time gives an annual cost of ca. NOK
86 000 throughout the entire lifetime of 25 yrs. In this instance a real interest of 7% is used.
It cables and overhead lines have the same lifetime, the ratio figure for investment costs and
annual costs will be the same. In the cost calculations an analysis period of 25 yrs is used.
The lifetime for 45, 66 and 132 kV cables and overhead lines is the same. With different
lifetimes such as those for 300 and 420 kV, the cost ratio underground cable : overhead line
will be higher for annual costs than for the total investment costs. To get a correct comparison
the overhead line costs (total investment costs at the commeneement of operations) must be
adjusted down with ca. 13 %. The costs are multiplied by the ratio between the annuity factors
for a 25 yr lifetime and a 40 yr lifetime at?% interest (11,65 : 13,33 = 0,8?).
In the iIIustration of the cost ratio between the investment costs all the costs are calculated
from a given starting point (the commeneement of operations) and adjusted to the analysis
period of 25 years.
The discounted costs of a system are influenced by the economic lifetime and the requirement
to returns. With the same interest rate, lifetimes over 25 yrs will have relatively little affect.
This means that changes in lifetimes from, e.g. 30 to 35 yrs are relatively unimportant. A
somewhat greater change from 25 to 40 yrs will have a certain affect (13%). A change in the
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interest rate, however, will be important also for long lifetimes. In the basic alternative an
interest rate of 7% is used. As the same interest rate is used for cables and overhead lines,
it will have very little importance for the cost comparison. A higher rate of interest, however,
may lead to higher costs and result in the system being dimensioned with lower safety
margins than would otherwise have been the case .

Investment costs for 45, 66 and 132 kV
Figure 2 shows the investment costs for 66 kV as a function of transmission capacity in MVA.
The costs for overhead line are in the range of NOK 0.5 to 0.8 mill./km for up to 95 MVA. This
is simplex lines, Le. one conductor per phase. It would be profitable to use duplex lines, Le.
two conductors per phase, above 95 MVA. There would then be a need for stronger pylons
(steel pylons), and there would be a jump in the co st curve.
The cable costs vary from NOK 1.7 mill./km for the smallest cross section (400 mm 2 AI) to
NOK 2.4 mill./km for the largest cross section with one cable set (1200 mm 2 AI). At ca. 115
MVA this cable reaches its maximum transmission capacity. For larger transmissions two
cable sets will be needed, Le. two cables per phase (six cables). This represents a drastie
increase in the costs. The assumptions for the presentation in the figure are described in
appendix 3. Changes in the assumptions will lead to adjustments in the curves. The costs
include investment tax and capital costs (interest during construetion time)

Investment costs 66 kV
Mill.NOKlkm
4,-------------------------------,

3

2

CABLE

~------~------~

OVERHEAD UNE

20

40

60

80

100

120

MVA
Figure 2 Investment costs for cable system and overhead line for 66 kV as a function of required maximum
power in MVA.

Figures 2 and 3 show the costs
as a function of the maximum
power. Usually a transmission
will be dimensioned so that
there is a safety margin from
the assumed maximum power
to the maximum transmission
capacity of the conductors. The
choice of the conductor cross
section in the different spaces
takes into consideration an optimal economic co st adaption.
That is, some of the most relevant cross sections for overhead
lines and cables are selected.
The choice of conductor cross
section as a function of power is
then the cheapest when the
cost of losses in addition to
investment costs are
considered .

For cables the co st of losses will influence the choice of cross section for only the smallest
cross sections for 45 and 66 kV. For the largest cross sections and the other voltages the
choice of cross section will be determined by the marginal value for maximum transmission
capacity (=thermal load limit)
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The cost picture for 45 kV will
be about the same as for 66 kV,
but with the difference that the
jumps in costs will be at somewhat lower power values. The
jump to double cable sets will
be at ca. 80 MV A for 45 kV and
not 115 MV A as for 66 kV. The
same costs are reckoned for
overhead lines for 45 and 66
kV, whereas cable costs for 45
kVare 5 - 10% below the costs
for 66 kV.

Investment costs 132 kV
MiIl.NOK/km
8r-----------------------------~
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Figure 3 /nvestment costs for cab/e system and overhead line for 132 kV as a function of required maximum
power in MVA.

The investment costs for cables
for 45 and 66 kV will be 2-3
times higher than for overhead
lines. As an average value we
can reckon the cost ratio
underground cable : overhead
line like 2.5.

Figure 3 shows the investment costs for 132 kV. The cost picture and reasoning is almost the
same as for 66 kV, with the difference that cable costs are relatively higher.
The overhead line costs for 132 kV is in the range NOK 0.7 - 1.0 mill./km up to ca. 235 MVA.
Cable costs in the same range are ca. NOK 3.4 - 4.4 mill./km. The investment costs for
underground eables for 132 kVare 4 - 5 times higher than for overhead lines.
Figure 4 shows investment costs for overhead lines and underground cables for some
seleeted power values: 45 kV: 60 MVA, 66 kV: 90 MVA and 132 kV: 180 MVA. The eost
figures are from the ealeulation iIIustration on page 36.
MiII.NOKlkm
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3

2
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45 kV

132 kV

66 kV

o Overhead line

•

Cable

Figure 4 /nvestment costs for 45, 66 and 132 kV (see ca/cu/ation
illustration) .
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Ca/eu/ation Illustration for Investment eosts for 45, 66 and 132 kV:
Assumptions:

1. Transmission ca. 800 A, in power:

45 kV : ca. 60 MVA
66 kV: ca . 90 MVA
132 kV: ca. 180 MVA

2. Average terrain for overhead lines.
3. Same route length for u.g.cables and o.h .lines (cable calculated for 3 km).
4. Average trenching conditions for cables .

Underground cable costs:
45 kV 66 kV
Cable price for 1 set XLPE cables (3 cables)
AI 1200 mm 2 incl. cable, end seals,joints , transport,
assembling and comp. for land
1,6
1,7
Trench . costs
0,5
0,5
Investment tax (7% of price incl. trench)
0,15
0,16
Capital costs (3,5% of price incl. trench)
0,07
0,08
1 yr. construction time - payments mid-year, 7% interest

132 kV

3,5
0,5
0,28
0,14

MNOK/km
MNOK/km
MNOK/km
MNOK/km

U

ti

ti

MNOK/km

0,7

0,7

0,9

MNOK/km

0,05
0,02

0,05
0,02

0,06
0,03

MNOK/km
MNOK/km

Sum investment costs overhead line

M

M

.1..Q

MNOK/km

eost ratio cable/overhead line:

ca. 3

ca. 3

ca. 4

Sum investment costs underaround cable
Overhead line costs:
Price FeA I 329 line - wooden pylons
incl. construction , assembling, material,
transport, comp. for land.
Investment tax (7%)
Capital costs (3 ,5% as for cable)

Investment eosts 300 and 420 kV
Figure 5 page 37 shows the investment costs as a function of transmitted power for 300 kV.
The number of cable sets for the two highest voltages will be quite decisive for the cable
investment costs . The number of cable sets is dependent on the requirement to transmission
capacity.
A cable set can transmit a maximum of ca. 500 MVA at 300 kV (see figure 5) and ca. 700
MVA at 420 kV. If the requirement to transmission capacity is higher than that, two cable sets
must be laid, which will be sufficient for up to ca. 1000 MVA for 300 kV and ca. 1400 MVA
for 420 kV. New cable sets will be needed for further increases and there will be a stepwise
progression as shown in figure 5. Each new cable set results in a jump in costs. Overhead
lines with steel pylons for 300 and 420 kV have a lifetime of 40 years. The costs for overhead
lines in the figure are adjusted for a longer lifetime than cables by capitalising them over 25
years.
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Investment costs 300 kV
Mill. NOK!km
40

CABLE

30

I

20

10
OVERHEAD LINE

500

1.000

1.500

2.000

MVA
Figure 5 /nvestment costs for cab/e system and overhead line for 300 kV as a function of required maxim um
transmission in MVA.

MiII.NOK/km
35
28,5
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25
20
15
10
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5
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1 cable set

D Overhead line

3 cable sets

• Cable

Figure 6 /nvestment costs for cab/e system and overhead line for 300 kV with different requirements to
transmission capacity, 1 and 3 cab/e sets (see
ca/cu/ation iIIustration page 38).

The costs for one cable set is
NOK 8 - 10 milL/km for 300 kV
and NOK 10 - 12 milL/km for
420 kV. A new cable set
doubles the costs etc. Overhead
lines for 300 and 420 kV cost
NOK 3 - 4 milL/km incl.
investment tax and capital costs.
Overhead lines have the
possibility of transmitting power
over a much wider power area
than cables (ref. chapter 2.2).
Quite a considerable increase in
transmission capacity would
lead to relative ly little additional
costs. The co st curve for overhead lines for 300 and 420 kV is
therefore relatively flat when
compared to the one for cables.

Most of the 300 and 420 kV
overhead lines are part of the
national grid, which is a meshed
network with massive
requirements to transmission
capacity. If parts of this network
were to be cabled, two or three
sets of cables would have to be
laid to achieve the same
transmission capacity as the
existing overhead lines provide.
If three sets of cables were
needed, the investment costs
would be ca. 8 times greater
than for overhead lines for 300
kV, and 12 times greater for 420
kV.

Cabling will often be realized by
constructing a radial to, e.g. a
large industrial plant or through
connections in large cities. In
such cases one or two cable sets are generally sufficient. For 300 kV investment costs for one
cable set will be 3 - 4 times higher than for a corresponding overhead line, while cabling
requiring 2 cable sets will cost 6 times as much as overhead lines. For 420 kV the
corresponding figures are 4 - 5 for one cable set and 9 for two.
The calculation illustration on page 38 shows the costs for 300 kV with two different requireUnderground cables as an alternative to overhead lines - NVE 1993
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ments to transmission capacity (corresponds to 1 and 3 cable sets). Table 3.1.3 below sums
up some typical estimates for investment costs.

Calcu/ation illustration for Investment costs for 300 kV.
400 MVA
transmission ca. 800 A
1200 MVA
transmission ca. 2300 A
2. Average terrain for overhead lines .
3 . Same route length for u.g. cables and o.h .lines (cables calculated for 3 km).

Assumptions:

1. 300 kV voltage level:

1 cable set
Underground cable cost:
400 MV A
Cable price for 1 set Oil cables (3 cables) AI 1600 mm 2 8,2
Cable price for 3 sets Oil cables (9 cables) AI 2000 mm 2
incl. cable , end seais , joints, transport, assembly , land comp.
Trenching costs
1,0
0,6
Investment tax (7% of price incl. trench) .
0,3
Capital costs (3,5 or price incl. trench) .
1 yr construction time - payment mid-year 7% interest
Sum jnvestment costs for

underr~)[ound

cable

24

MNOK/km
MNOK/km

1,8
1,8
0,9

MNOK/km
MNOK/km
MNOK/km

MNOK/km

1.0

Overhead line costs:
Price simplex FeAI 481 with steel pylons (1 cond./phase) 2,5
Price triplex FeAI 481 with steel pylons (3 cond./phase)
incl. constr. , assembly , equ ipment, transport, land comp.
Investment tax (7%)
0,2
Capital costs (3,5% as for cable)
0,1

.2....1
Sum plant costs overhead line
Corrected for longer lifetime (40 year) than cable (25 year) :
eost ratio underground cable/overhead line:

Table 3.1.3

3 cable sets
1200 MVA

2,4

ca. 4

3,5

MNOK/km
MNOK/km

0,3
0,1

MNOK/km
MNOK/km

~

MNOK/km
MNOK/km

3,4

ca: 8

Typical estimates for investment costs.

Voltage level

Underground cable
system

Overhead line
(kr/km)

Gost ratio

45 and 66 kV

NOK 2 milL/km

NOK 0.7 milL/km

ca. 3 : 1

132 kV

NOK 4 milL/km

NOK 0.9 milL/km

ca. 4 : 1

300 kV 1 cable set

NOK 10 milL/km

NOK 2.4 milL/km

ca.4 : 1

300 kV 3 cable set

NOK 28 milL/km

NOK 3.4 milL/km

ca 8 : 1

420 kV 3 cable set

NOK 41 milL/km

NOK 3.4 milL/km

ca. 12 : 1
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3.2

OPERATING AND MAINTENANCE COSTS

Operating and maintenance costs will be dependent on climatic conditions, cable- and pylon
types, topography, size of workforce, maintenance philosophy and skill.
Maintenance for overhead lines may include clearing forests, reimpregnating wooden pylons,
corrosion protection and improving pylon foundations. An EFI (Norwegian Electric Power
Research Institute) reporr4 assumes annualoperating and maintenance costs of 1.5% of the
investment costs. The assumed annualoperating and maintenance costs for plants in the
national grid will be ca. 2% of the total investment capital 25 •
A distinction must made be between maintenance on oil and XLPE cables. Maintenance on
oil cables will be regularly controlled and include topping up of cable oil, leakage locating etc.
In the questionnaire9 referred to earlier severai utilities reported that maintenace expenses for
oil cables were high. The English investigation 3 assumes that operating and maintenance
costs for oil cables for 420 kVare 10 times higher than those for overhead lines.
In principle, XLPE cables are maintenance free and therefore have low maintenance costs.
Most often the maintenance costs include only inspection' of terminals. There is relatively little
information from Norwegian utilities on operating and maintenance costs for XLPE cables. A
French reporr6 says, without quantifying it, that "there are extremely low operating and
maintenance costs" for polyethylene cables (a plastic material similar to XLPE). The Danish
report4 suggests that compared to overhead lines the operating and maintenance costs for a
cable system of 50/60 kVare NOK 4000lkm lower per year.
The difference in operating costs for
cables and overhead lines will be dependent on the size of the utiJity, and whether
the utility has cable systems from earlier
on these high voltages etc. The utiliy 's
costs in connection with interruptions can
vary for overhead lines and cables
respectively. It appears reasonable to
assume that, relatively speaking, XLPE
cables have lower operating and
maintenance costs than overhead lines.
Figure 7 shows assumed annual operating and maintenance costs for the basic
alternative. The figure iIIustrates that
XLPE cable systems have lower operating and maintenance costs than overhead lines, whereas the reverse applies
to oil cables.

1000 NOK/km and year
1~~------------------------~

..

,

45- 66 kV

132 kV

o Overhead line

300-420 kV

• Cable

Figure 7 Annualoperating and maintenance
costs

In the comparison of costs, all the costs are discounted back to the starting point. By doing
this with the annualoperating and maintenance costs for the analysis period of 25 years, the
costs used are around 15-20% of the investment costs for overhead lines. The operating and
maintenance costs for oil cables are 5-15% of the investment costs. And for XLPE cables the
operating and maintenance costs are 2-3% of the investment costs (see appendix. 3).
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3.3 eaST OF LOSSES
From the point of view of an economic loss, cables may be favourable, because cables have
lower electric resistance than overhead lines with the same transmission capacity. The actual
savings on losses with a cable alternative are, however, dependent on the load the network
is given, and its design, as well as the electrical characteristics described by resistance, inductance and capacitance. These terms describe the different electrical characteristics of the
components and their affect on the network.
The losses consist of resistive losses which are dependent on the electrical resistance of the
network and so-called dielectrical losses, which are dependent on the voltage drop along the
insulation and resistance in the insulation material. The dielectric losses will be dependent on
how good the insulation material is. Overhead lines with good spacing between the wires and
from the wires to the ground have a low dielectric loss. Oil cables have larger dielectric losses
than XLPE cables. The dielectric losses for oil cables for 420 kV account for a considerable
part of the total losses.
The resistive transmission losses increase proportionately with resistance and quadratically
with transmitted current. A connection that is constantly heavily loaded will therefore have a
considerably higher loss than a transmission that is seldom heavily loaded.
In assessing the difference in losses between overhead lines and cables the rest of the
network must also be considered. To a large extent the movement of current in a
transmission is determined by the reactance on the connection in relation to any parallei
connections, whereas the losses are primarily determined by the resistance of the
transmission and the real strength of the current.
If there is two sided feeding into an area and one of the connections is a cable and the other
an overhead line, the current in the cable may be quite a lot stronger than that in the overhead
line, even though both have the same transmission capacity. This is due to the higher
capacitance of the cable . This may lead to the result that the saving in losses by cable
compared to overhead line is reduced. Such a skew loading may be counteracted by dividing
the bus bars or by installing reactors. For networks above 22 kV, multi-sided feeding is usual
where at least one of the feed lines is an overhead line system. The loss difference between
an overhead line and an alternative underground cable becomes greater if one connection
rather than severai is the only supply point to an area.
For the sake of simplicity no consideration has been given to the fact that there may be a
skew distribution of load in one system. In planning, one generally makes sure that there is
a loss benefit with cables.
As there is a lower transmission loss with cables than there is with overhead lines of the same
capacity, high power prices and thus high costs for losses will favour cables. The economic
consequences of this are uncertain due to the uncertainty connected to the actual loss
difference and the cost of the losses.
To calculate the cost of losses we need figures for physicallosses and one price per loss unit.
Figures for physical loss are calculated on the basis of data received for each conductor type
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and the amount of current transmitted. The transmitted maximum power (apparent power) is
a function of maximum current, so that physical loss figures may be calculated as a function
of power in MVA (or MW).
The cost of losses for utilities consists partly of the costs due to loss of power in the lines and
partly of costs due to the loss of accumulated energy in the lifetime of the lines. The costs for
loss of power should be set as equal to the marginal co st for development which is necessary
to compensate for the loss of power in the lines. This is calculated on the basis of the
maximum loss of power in the line throughout the year, and is a price in NOK/kW loss of
power at maximum load throughout the year.
The other cost component is the annual cost of the energy loss at the relevant voltage level.
This cost is based on the spot market price on the energy market, c.p. NVE's guidelines for
calculating transmission tarrifs 27 • This is a loss price in NOK/kWh of lost energy.
In order to determine the cost of losses we need a price for power (per lost kW or kVA in the
line). We have the maximum power, and how much power loss there is as a function of that.
Further we have a power component and an energy component. The latter must be converted
from an energy cost in NOK/kWh to a power cost in NOK/kW loss. To do that a computation
factor is needed to describe how the losses vary throughout the year. This computation range
is called the "utilisation time of the losses" , and in this instance is calculated to 2,500 hours
for varying loads (This factor is the ratio between the energy losses of a year and power
losses at maximum load throughout the year) .
Normal consumption or load will have another and larger "utilisation time", which is the ratio
between consumed energy and the year's maximum load. A company that has an even load
throughout the year will have a "utilisation time for consumption" of 8,760 hours (=number of
hours in the year). The utility time of the losses will then also be 8,760 hours. If, on the other
hand, the load is halved, the resistive losses will be one quarter of what they were at
maximum load . "Utilisation time" for loading and utility time for loss will thus be different.
EFI (Norwegian Electric Power Research Institute) has calculated the costs for power losses 28
in the transmission network on the basis of the assumed cost development for power loss and
energy loss. In addition, the EFI report on loss figures has taken into consideration the fact
that losses on a network level influence the losses at the level above , and so-called
"accumulated storage" (the maximum power occurs at different times in different parts of the
network). This means that the different network levels have different loss costs. EFI has
calculated the annual cost of losses. By adding the costs from and incl. 1993 for a period of
25 years, which is our analysis period, the capitalised co st of losses is achieved . The interest
is 7%.
The energy price in EFI's report is based on a price scale that starts at 0.11 NOK/kWh and
rises to 0.22 NOK/kWh in the year 2000. This should reflect the marginal costs for energy
loss.
Table 3.4 shows EFI's capitalised loss prices per January 1993 for an analysis period of 25
years. The loss prices given are the basis for calculating both overhead lines and cables. The
same loss price is used for 45 kV and for 66 kV , and for 420 kV the same loss price as for
300 kV is used .
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rable 3.4. Costs of electricity loss in transmission networks shown as a capitalised value in
NOK/kW per yrs for an analysis period of 25 years, The interest is 7%.

Network voltage

"Utilisation time" for losses
in hours

Gast of losses
NOK/lost kW

66 kV (and 45 kV)
132 kV

10800
2 500 (resistive losses)

300 kV (and 420 kV)
300 kV (and 420 kV)

9800
8600

8 760 (dielectric losses)

23 100

The cost of losses for a line at a certain transmission level is the product of 1) the physical
loss at maximum power and 2) the cost per loss unit measured in NOK/kW as given in table
3.4. In the calculations only the resistive loss on the overhead lines and XLPE cables up to
and incl. 132 kVare included, whereas for 300 and 420 kV the dielectric loss is included as
well. The resistive loss has varying loads throughout the year and a utilisation time of 2,500
hours is reckoned on. This is the assumed basis of EFl 's loading investigation, and may vary
between different lines. For dielectric losses the calculated co st of losses is reckoned with an
even loading throughout the year (=8,760 hours).
Resistive loss in the lines is calculated on the basis of resistance in the lines in the number
of kW/km. In calculating the dielectric losses for 300 and 420 kV oil cables are given a fixed
loss value per cable irrespective of loading. These losses have a utility time equal to the
cable's operating time (approximately equal to all the hours of the year =8,760 hours), and
thus have a higher loss cost than shown in table 3.4.
Because of the fact that the cost of losses is dependent on how much power is transmitted,
a fixed total loss cost for each voltage cannot be calculated. For example with a transmission
level of 60 MVA at 132 kV there will be ca. NOK 0.2 mill. per km for both cables and overhead
lines. If the transmission level increases to 180 MVA, the cost of losses for overhead lines
would be ca. NOK 1.1 mill. per km, whereas for cables it would only be NOK 0.5 mill. per km.
A transmission level of 30 MVA at 66 kV gives loss costs of NOK 0.2 mill. per km for both
cables and overhead lines. An increase of maximum power to 90 MVA leads to loss costs
of ca. NOK 1.2 mill. km for overhead lines and ca.NOK 0.6 mill per km for cables.
For the two highest voltages cables have considerable costs for dielectric losses, so that the
difference in costs are somewhat different. The cost of losses for a transmission of 400 MVA
at 300 kV (1 cable set) is ca. NOK 0.6 mill. per km for overhead lines and NOK 0.9 mill. per
km for cables. A transmission level of 1200 MVA (3 cable sets) gives loss costs of ca. NOK
2 mill. per km for overhead lines and ca. NOK 2.4 mill. per km for cables.

3.4 INTERRUPTION COSTS
The Energy Act assumes that a network is constructed according to socio-economic criteria.
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Basically, only investmentcosts, operating- and maintenancecosts and cost of losses are direct
costs for utilities. Interruptions will mainly result in costs for the consumers. For utilities
interruptions will entail costs connected to the reduced sale of energy and transmission
services as well as repairing faults.
There is uncertainty connected to both interruption probability and to the real interruption
costs.
Centre for Research in Economics and Business Administration (SNF - Bergen, Oslo) carried
out an investigation in 1991 for NVE to record the interruption costs for different groups of
customers 29 • EFI has done further work on these costs 30 and set the average costs for
interruptions (inc/. the utilities' costs for faults and interruptions) at NOK 19 per kWh. An even
figure of NOK 20 per kWh is used for undelivered energy.
The fault statisties 1 for the national grid and the regional network shows that the average for
undelivered energy due to faults on the voltages 45-420 kV in the period 1981-91 was ca.
4.2 GWh/year. With a transmission of ca.100 TWh we arrive at a factor of 4.2x10- 5 for
unavailability. Unavailability is the proportion of time per year when the supply is interrupted
(number of faults per year multiplied by the average outage time in hours/faults, in relation to
the num ber of hours in the year).
An area that is supplied with 132 kV and which transmits 500 GWh annually, will with the
given unavailability, have 30 MWh of undelivered energy annually and accompanying
interruption costs of NOK 600,000. The arrangement of the national grid and the regional
network is, however, such that the co st of faults on a single line will as a rule be much lower
than that (versatile feeding).
If the assumed unavailability applied to each line, there would be a probability that in an area
with two-sided feeding both supplies would be unavailable, for (6x10-5 )2 (= 3,6x10-9 ). For an
area with a consumption of 500 GWh that would give undelivered energy of 1.8 kWh/year,
which would give small interruption costs.
To be able to include interruption costs in a general comparison of costs it must be possible
to quantify them per line length. Unavailability considerations provide no suitable general
figures for this. The interruption costs will also vary greatly depending on the type of customer
and the network configuration.
Interruption costs are a system problem, and are therefore not connected to particular lines.
The breakdown of a line need not lead to an interruption to the customers if the re are severai
lines supplying the area. If one line is the only source of supply to an area, a breakdown on
this would have significant system consequences with following interruptions for the customers
in that area.
The average annual amount of undelivered energy resulting from line faults in the network for
the voltage levels 47 - 420 kV in the period 1982 - 91, was as pointed out 4.2 mill. kWh. With
average interruption costs of NOK 20 per kWh, the cost per year would be NOK 84 million.
The average annual cost per km line would then be ca. NOK 3000. This shows that these
costs can be omitted from a general consideration without introducing large errors.
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In practical cases an estimate of costs should, however, include interruption costs in the
planning of networks after having multiplied the other three cost components with the length
of the line. The interruption costs must then be seen in connection with reliability to that or the
actual lines in an area. Interruption costs can be very high for industrial customers, up to
severai million NOK for an interruption of just a few minutes. In such cases the interruption
costs will account for a considerable part of the socio-economic costs.

3.5 SUMMARY OF COSTS
Total costs 66 kV
MiII.NOKikm
5~---------------------------,

4

3
2L.-_~
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Figure 8 Total costs for cable system and overhead line
for 66 kV as a function of maximum power (MVA).

Total costs 132 kV
MiIl.NOKlkm
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The total costs in this cost
comparison include investment
costs, operating/maintenance
costs and cost of losses. Cable
systems are much more
expensive to establish than
overhead lines, as seen in
chapter 3.1. Operating and
maintenance costs account for
a relatively small part of the
total costs. The cost of losses
is directly dependent on how
much power is transmitted on
a line. These costs may be
considerable for overhead lines, whereas for cables they
are generally about the same
or lower than for overhead lines.
The investment costs for
cables dominate, so that other
costs are only additional ones.
For overhead lines the cost of
losses may be higher than the
investment costs. As the costs
for losses and operating/maintenance in most
cases are higher for overhead
lines, the cost difference
between cables and overhead
lines is less for the total costs
than the figures that were
found for investments alone in
chapter 3.1 .

250

MVA
Figure 9 Total costs for cable system and overhead line
for 132 kV as a function of maximum power (MVA).

Figures 8 and 9 show the
costs for 66 and 132 kV
respectively, with the total
costs for the chosen basic al-
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ternative. The eosts are diseounted back to the time of the investment and inelude
investments, losses and operating/maintenanee. Figure 8 shows that eables for 66 kVare
ea.1 .5 - 2 times more expensive than overhead lines. There will be almost same ratio for 45
kV. In figure 9 the eost ratio for 132 kV eables:overhead lines is 2-3 for the total eosts.
The ealeulation illustration below shows the eost ratio with the seleeted transmission level from
the ealeulation illustration in ehapter 3.1 for voltages up to 132 kV (see figure 4) . The co st of
losses and operating and maintenanee eosts are included. Figure 10 shows how the different
eost eomponents for 132 kV distribute themselves aeeording to the ehoiee of a partieular
maximum transmission level (as in the ealeulation illustration below) . The total area of the
eireles indieates the relative eost ratio between eables and overhead lines.
Calculation iIIustration total costs 45, 66 og 132 kV.
Assumptions:

1. Transmission ca. 800 A, in power

45 kV: ca . 60 MVA
66 kV: ca . 90 MVA
132 kV: ca. 180 MVA

2. Average terrain
3. Same route length for cable/overhead line (for cable calc. on 3 km) .
Cable costs:
Investment costs / system costs
XLPE 1200 AI
Operating and maintenance costs
Cost of losses

45 kV

Total costs - cables :

132 kV

2,3

66 kV
2,4

4,4

MNOK/km

0,06
0,5

0,06
0,5

0,08
0,5

MNOK/km
MNOK/km

2,9

3,0

5,0

MNOK/km

Overhead line costs:
Investment costs/system costs FeAI 329
Operating and maintenance costs
Cost of losses

0,8
0,1
1,1

0,8
0,1
1,1

1,0
0,1
1,0

MNOK/km
MNOK/km
MNOK/km

Total costs - overhead lines:

2,0

2,0

2,1

MNOK/km

Ratio figures:

1,4

1,5

2,4

Cable

.Investments

Overhead line

ø OperatinIYmaintenance

DCost å losses

Figure 10 Distribution of costs for a cable system
and overhead lines for 132 kV using figures from
the calculation iIIustration above.
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Figure 11 page 47 shows the total costs for 300 kV. The figure shows that costs for
underground cables with one cable set are ca. 3 times higher than for overhead lines, but for
the larger transmission capacities, and thus severai cable sets, cable costs are 5-6 times
higher. The corresponding figures show that for 420 kV the costs are ca. 4 times higher for
cables with one cables set. For larger transmissions with severai cable sets, cable costs are
about 7 times higher.
The calculation illustration on page 47 shows the cost ratio for the transmission levels chosen
for 300 kV in the calculation iIIustration in chapter 3.1, when cost of losses and operating and
maintenance costs are included as well as the investment costs.
Table 3.5 and figure 12 (page 48) sum up the cost ratio between cables and overhead lines
for the relevant voltages. In figure 12 the costs are determined on the choice of a particular
maximum transmission power for each voltage.
The centre column in table 3.5 shows the eost ratio, underground eab/e : overhead line for the
investment eost for eaeh vo/tage. When a development price is presented in connection with
alicencing application, it is generally these costs that are referred to.
The column to the right in table 3.5 shows the eost ratio underground eab/e : overhead line
for the total eost for eaeh voltage, which is the sum of the investment costs, operating/maintenance costs and cost of electricity losses capitalised for the analysis period of 25 years.
The investment costs for cables are the major cost component. For overhead lines the
situation is somewhat different, as the cost of losses, especially for the three lowest voltages,
may be almost as high as the investment costs. This leads to a ratio for investment costs that
is larger than the ratio for the total costs. Generally there are lower loss costs and operating/maintenance costs for 45, 66 and 132 kV cables than there are for the same voltages for
overhead lines.
The co st of losses for 300 and 420 kV is about the same, whereas operating and maintenance
costs for oil cables may be higher than for overhead lines. Nevertheless the additional costs
with these co st components could be about the same, which would result in the cost ratio,
underground cable : overhead line being lower for the total costs than the cost ratio with only
investment costs (almost the same addition to a high or a low figure will give a lower ratio).
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Calculation illustration 300 kV total costs.
Assumptions:

1. 300 kV voltage:

transmission level ca. 800 A 400 MVA
transmission level ca.2300 A 1200 MVA

2. Average terrain
3. Same route length for cable and overhead line (cable calculated for 3 km).
1 cable set
400 MVA
10,2
1,2
0,8

Underground cable costs:
Investment costs/system costs
Operating and maintenance costs
Loss costs

3 cable set
1200 MVA
28,5
1,2
2,1

MNOK/km
MNOK/km
MNOK/km

Total costs for cable:

12

32

MNOK/km

Overhead line costs:
Investment costs/system costs
Operating and maintenance costs
Loss costs

2,5
0,5
0,6

3,4
0,5
1,8

MNOK/km
MNOK/km
MNOK/km

Total costs for overhead line:

3,6

5,7

MNOK/km

Cost ratio, underground cable/overhead line:

ca. 3

ca. 6

Total costs 300 kV
MiII.NOK/km
50
40
CABLE

30

J

J

20
10

OVERHEAD LINE
i

500

1.000

-

L

1.500

2.000

MVA
Figure 11 Total costs for cable system and overhead line for
300 kV as a function of required maximum power in MVA.
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Table 3.5 The cost ratio cable/overhead line with the selected assumptions. The centre
column shows the ratio between the investment costs, whereas the column to the right shows
the ratio between the costs when losses and operating/maintenance costs are also included.

Gost ratio
UNDERGROUND
GABLE
OVERHEAD LINE
total costs

Gost ratio
UNDERGROUND
GABLE
OVERHEAD LINE
investment costs

Voltage leve I

45 and 66 kV

2.5 - 3

1.5 - 2

132 kV

4-5

2 -3

300 and 420 kV
1 cable set

ca. 4

3 -4

300 kV 2 cable set

ca. 6

300 kV 3 cable sets

ca. 8

420 kV 2 cable sets

ca.

420 kV 3 cable sets

ca. 12

5-6
9
7-8

Mill. NOK/km

50.------------------------------------------------------,
45

40
30
20
10
2

3

O L...r::::=-L.r:=
45 and 66
132

300 / 1

420 / 1

300 / 2

420 / 2

300 /3

420 / 3

Voltages / number of cable sets
O Overhead lines • Cable
Figure 12 The total capitalized costs for a selected transmission level for
different voltages and different numbers of cable sets (300 and 420 kV).
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4 SENSITIVITV EVALUATIONS
The cost differences pointed out in chapter 3, are connected to the choice of particular
assumptions that are more closely described in appendix 3. If these assumptions are changed,
the costs will change and so then will the co st ratio underground cable : overhead line. A
discussion to map the possible spread in the cost ratio, between the cable and overhead line
alternatives follows. By spread is meant the range the figures in the cost ratio will probably
cover when consideration is given to the uncertainty in the basic assumptions.

4.1

VARIATION IN THE INVESTMENT COSTS.

The most important factors influencing the difference in investment costs for cables and
overhead lines are (ranked after assumed importance):
*
*
*
*
*
*
*

Requirements to transmission capacity (Number of cable sets/cross sections)
Pylon types
Trench and terrain conditions
Material and contractor prices
Route length
lifetime
Interest rates

Changes in requirements to transmission capacity
The requirement to transmission capacity determines the choice of cross section for both
overhead lines and cables. The financial consequences of increased requirements to
transmission capacity are considerably greater for cables than for overhead lines. This is due
to the fact that severai cable sets must be laid to handle large increases in the requirements
to transmission capacity.
An increase in transmission capacity for overhead lines of 45, 66 and 132 kV above 10001200 A requires steel pylons, which in themselves increase costs with ca. 50%. In addition
there are costs for duplex wires, so that investment costs for overhead lines are practically
doubled.
For 300 and 420 kV the ratio will change dramatically when a new cable set is needed. With
an increase from one to two cable sets the cable costs will be almost doubled. The overhead
line costs will only have aminor cost increase with increased transmission needs.
Figures 2 page 34, figure 3 page 35 and figure 5 page 37 show the investment costs as a
function of the maximum power. The cost change that follows as a consequence of a change
in requirements to transmission capacity is therefore shown in these figures.
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Change of pylon type

In some cases, e.g. due to difficult terrain or in areas with a lot of woodpeckers, the use of
steel pylons instead of wooden pylons will be considered for 45, 66 and 132 kV as well. This
increases the costs for overhead lines with 50% without there being a change in the cable
costs, and the cost ratio will then be reduced by about 30%.
If the plans are for the use of steel pylons, and there is a need for a transmission capacity
requiring 2 cable sets, the cable costs will be doubled, whereas the overhead line costs will
not increase noticeably.

Change in terrain characteristics

The cost figures for overhead lines are calculated for so-called average terrain. Trenching
costs for cable systems vary a great deal, and the figures presented so far assurne trenching
conditions of average difficulty.
Difficult terrain may give an increase of 15-20% in investment costs for overhead lines,
whereas it is assumed that trenching costs for a cable system will be doubled. In addition
transport will be much more difficult for cables. In many cases roads must be bu ilt to get the
cables to the site. The result is large extra costs for cables and consequently the cost ratio,
cables : overhead lines increases.
Easy terrain reduces the cost ratio for 45 and 66 kV, but is less significant for the three
highest voltages. This is because trenching costs account for such a large proportion of the
total cable costs the lower the voltage is. Reduced trenching costs will therefore be even more
significant in the distribution network, e.g. for 22 kV.
A reduction in overhead line costs of e.g. 10% for the three highest voltages because of easy
terrain will be compensated for by reduced trenching costs for cables. In some cases easy
terrain can also increase the cost ratio, because easy terrain for overhead lines does not
necessarily lead to lower trenching costs for cables.

Changes in material and contra et prices.

Today's (1993) prices for plastics and metals are low at the same time as contracting prices
are also relatively low. This may change in the future.
The cable prices in appendix 1 are from Alcatel Kabel Norge and may be reg ard ed as
recommended prices as of January 1993. Prices, however, may vary. Tougher competition
on the cable market will press the prices down somewhat.
Oil cables for 300 and 420 kV have been predominant on the market so far. XLPE cables for
these voltages are relatively new technology, but are cheaper than oil cable systems. XLPE
cables for 300 kVare ca. 5% cheaper than oil cables. The choice of XLPE cables will give
lower investment costs, as can be seen in the cost overviews in appendix 1.
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If we assume that XLPE cables will be constantly introduced for higher voltages and that
tougher competition on the cable market reduces cable prices with 10%, at the same time as
we assume that contractor prices for overhead lines increase investments with 5%, the result
wi" be a reduced cost ratio, cables :overhead lines of 10-15%.

Changing the length of the connection

The cable prices given are recommended unit prices for 3 km lengths of cable. A change in
the length of the connection wi" change the unit costs, especially for cables.
A change in length from 3 km to 1 km wi" increase the unit cost for cables drastically. A 1200
mm 2 cable for 132 kV with a length of 1 km costs ca. NOK 4 mill/km compared to NOK 3.5
mill/km for the basic 3 km (excl. trenching costs, investment tax and interest on development
loan). This is even more significant for 300 and 420 kV. The unit cost for 1 km 1200 m m2 oil
cable for 300 kV is NOK 10.6 mill/km compared to NOK 8.2 mill/km for a cable length of 3 km
(excl. trenching costs, investment tax and interest on development loan).
The result of the cost increase is that the cost ratio, cable : overhead line increases with 1015%.
For cables shorter than 1 km the unit cost will increase even more, and it will increase the
cost ratio further. This is because part of the costs (terminal costs) are little dependent on the
cable length.
A cable length of 10 km wi" reduce the unit cost for cables with about 5%, compared to the
basic cost of some cross sections, which wi" again reduce the ratio figures in about the same
proportion. The reduction is less relevant for the two highest voltages, and with severai cable
sets the reduction in costs by an increase of length from 3 to 10 km will be minimal.

Different route lengths.

When planning alternative insta"ations it wi" often be practical with different routes for cables
and overhead lines. Cables are often laid in connection with roads, and this may increase the
length of the cable section in relation to the overhead line. An increase in the length of the
cable route of 10% will increase the cable costs with ca. 10%. The cost ratio will then increase
with ca. 10% provided that the alternative overhead line remains unchanged.
In other cases it may be practical with a longer overhead line route because it is desirable to
put the line around a population concentration. In such a case an alternative cable wi" have
a shorter route length. An overhead line that is 10% longer gives a reduction in the cost ratio,
cable : overhead line a little under 10%.

Change in lifetime and interest rates.

By defining one real interest rate and an economic lifetime it will be possible to calculate the
annual costs as a percentage of the investments. With a lifetime of 25 years and an interest
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rate of 7% the annual costs will be ca. 8.6% of the investments.
If cables and overhead lines have the same lifetime, the ratio between the investment costs
and the annual costs will be equal. Overhead lines with wooden pylons and cables are
calculated in the basic alternative as having a lifetime of 25 years. If steel pylons are used
instead of wooden pylons for 45, 66 and 132 kV, investments will increase for overhead lines.
The lifetime for steel pylons is reckoned at 40 years, something which has the opposite effect.
In such a case the increase in investment costs is still predominant in relation to the reduction
that follows an increased lifetime (to the extent of 20-25% cost increase against 30% if the
lifetime were the same).
A change in the economic lifetime for 132 kV so that an overhead line has a lifetime of 35
years (an increase of 10 years), whereas cables still have a lifetime of 25 years, gives an
increase in the ratio of ca. 10%. An increase in the cables' lifetime to 35 years while the
overhead line's lifetime is kept constant at 25 years gives a reduction of 10% in the ratio
figures.
Interest rates will be important to investment costs during construction time. The interest rate,
however, will have the greatest significance for the ratio between the system costs when the
lifetimes for the two installation alternatives are different. With a lifetime of 40 years for
overhead lines and 25 years for cables, a change in the interest rate from 7% to 5% will give
an increase in the cost ratio of about 5% for 300 kV. A low interest will thus favour the
alternative with the longer lifetime. An interest rate of 3% increases the cost ratio by 10 - 15%.
A high rate of interest will, however, have little relative affect on the comparison, because the
importance of different lifetimes will be less.

The calculated effect of the faetors

The calculation illustrations on the next pages shows low and high ratio figures for 66 and 132
kV respectively. These are the result of changes in the basic assumptions from chapter 3 (see
also enclosure 3). It is worth noting that part of the actual changes in assumptions will pull in
the same direction, but all of these will not function at the same time. This been taken into
consideration in the examples. For example, overhead lines are not a real alternative to cables
in city areas even though trenching costs will be inordinately high. Extreme cases will fall
outside the range of the spread. The objective is to indicate a range that will cover most
cases.
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Calculation Illustration for 66 and 132 kV - low cost ratio (relatively cheaper cable system)

Assumptions: 1. Low transmission level ca. 350 A, in power::

66 kV : ca . 40 MVA
132 kV : ca. 80 MVA

2. Easy terrain , low trenching costs
3. Long route (10 km) , but no need for extra equ ipment
4. 10% price reduction cable price (due to incr. competition on cable market)

Underground cable costs:
66 kV
Cable price for 1 set XLPE cables (3 cables)
AI 400 mm 2 for length 10 km inc!. cable , end
seais, joints , transport, mounting , land comp . 1,0
90% of cable price (10% reduction)
0,9
Trenching costs
0,25
Investments tax (7% of price inc!. trench)
0,08
Capital costs (3,5% of price inc!. trench)
0,04
(1 yr construction time with one payment
mid-year, 7% interest)
Sum investment costs underaround cable

U

Overhead line costs:
Price FeAI 240 line with wood pylons inc!.
0,5
constr. , mounting , material, transport, land comp .
Investment tax (7%)
0,04
Capital costs (3 ,5% as for cable)
0,02
Sum investment costs overhead line

!L5..6.

eost ratio, underground cable/overhead line: 2,3

132 kV

2,2
0,25
0,1 7
0,08

MNOK/km
MNOK/km
MNOK/km
MNOK/km
MNOK/km

U

MNOK/km

0,67

MNOK/km

0,05
0,02

MNOK/km
MNOK/km

~

MNOK/km

2,4

3,6
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Calculation illustration 66 and 132 kV - high cost ratio(relatively more expensive cable system)
Assumptions: 1. High transmission ca.1600 A, in power

2.
3.
4.
5.

66 kV: ca. 180 MVA
132 kV: ca. 360 MVA
Requires 2 cable sets and 2 line sets (duplex) (=2 conductors per phase)
steel pylons for overhead lines
Difficult terrain
Short route length (cable calculated for 1 km).
10% longer route length for cable
Different lifetime: overhead line 40 yrs. cable 25 yrs (7% interest)

Underground cable costs:
66 kV
Cable price for 2 sets XLPE cables (6 cables) AI 1600 mm 2
inc!. end seais, transport, mounting and
land compensation.
4,1
+ 10% for longer routes
0,4
Trenching costs
1,0
Investment tax (7% of price inc!. trench)
0,4
0,2
Capital costs (3,5% of price incl trench)
1 yr construct. time, payment mid-year, 7% interest
Sum investment costs underground cable

132 kV

8,8
0,9
1,0
0,8
0,4

MNOK/km
MNOK/km
MNOK/km
MNOK/km
MNOK/km

~

MNOK/km

1,9

MNOK/km

0,1
0,07

Overhead line costs:
Price 2*FeAI 253 lines with steel pylons
1,5
inc/. construction, mounting, material, transport, land comp.
Investment tax (7 % )
0,1
Capital costs (3,5 % as for cable)
0,05
Sum investment costs overhead line
1..Z

2..1

MNOK/km
MNOK/km
MNOK/km

Corrected for diff. lifetimes:

1,5

1,8

MNOK/km

Cost ratio, underground cable/overhead line:

4,1

6,6

The requirements to transmission capacity for 300 and 420 kV and the num ber of cable sets
are extremely important to the cost ratio. The cost ratio between investment costs will jump
one step for each new cable set that is needed. In example 2 in chapter 3.1 the costs are
shown when there is a need for respectively one and three cable sets for 300 kV.
Almost the same variation as above may be reckoned on for overhead lines, apart from the
fact that steel pylons are always used. The size of the investment costs for cable will be very
closely bound to the number of cable sets needed. Within each range with a given number
of cable sets it may be supposed that there would be variations in other costs as mentioned
above. Nevertheless will e.g. an increase in trenching costs from NOK 2 million/km have much
greater relative importance for 1 cable set than it will for 3 cable sets.
When cabling for 300 and 420 kV it will often be necessary to consider whether extra
equipment is needed, something which will mean considerable costs for longer transmissions.
This is not included in the basic alternative, but a great deal of extra equipment wil/ increase
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the eost ratio, underground eable : overhead line.

Summary of the spread In Investment costs
Table 4.1 su ms up a possible spread in the eost ratio, eable : overhead line for the investment
eosts. It is based on the ratio figures from ehapter 3. The spread suggests a range most
praetieal eases will be within. One should be aware that only the eosts for the transmission
installation are ineluded, not the eosts for transformer stations and switehgear which will be
the same for overhead lines and eables.

rable 4.1. Gost ratio, cable/overhead line as given in ehapter 3, as well as the spread of eost
ratios resulting from ehanges in the assumptions.

Cost ratio
UNDERGROUND CAB l E :
OVERHEAD LINE

Spread in
cost ratio
UNDERGROUND CABlE :
OVERHEAD LINE

investment costs
from chapter 3

investment costs

45 and 66kV

2.5 - 3

2-4

132 kV

4-5

3-7

300 and 420 kV
1 cable set

ca . 4

3-6

300 kV 2 cable sets

ca. 6

5-8

300 kV 3 cable sets

ca. 8

6 - 11

420 kV 2 cable sets

ca. 9

7 - 12

420 kV 3 cable sets

ca. 12

9 - 16

Voltage

4.2

V AR IATION IN TOTAL COSTS

Operating and malntenance costs
There is some uneertainty in the assumed operating and maintenanee costs in chapter 3. The
variations may be relatively large, but as these costs aeeount for sueh a small part of the total
eosts , these changes will have little affeet on the total costs and therefore on the cost ratio as
well. The element of uneertainty in some of the investment costs is greater than the variation
in operating and maintenanee costs. In years where there have been a great many repairs
and replaeements the eosts will be many times greater than what is assumed in the basic
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alternative. This will apply especially towards the end of an installation's lifetime. Distributed
throughout a lifetime however, it is reasonable to assume that these costs will be relatively
low.
A doubling of the maintenance costs for overhead lines without changing the cable costs will
result in a reduction of the total cost ratio of between 5 and 10%. This shows that it will take
great changes in these costs to make a noticeable change in the ratio cable : overhead line.

Loss costs
The uncertainty of loss costs is connected to severai conditions:
In a network with e.g. a parallei cable and overhead line there may be a skew
distribution of the load, because the reactance is different. The result of a skew
distribution is that any loss differences will be smaller.
The utilisation time of losses. Higher time factor gives increased unit costs for the
losses. Some lines may have utilisation times that vary somewhat from what is
supposed here.
The assumed power and energy costs in the EFI report form the basis for calculating
the cost of losses. These prognoses have a great deal of uncertainty attached to
them .
The interest rate is very important to the capitalization of the cost of losses. A change
in the interest rate from 7% to 5% will mean an increase in the cost of losses of about
20%.
Lower prognosis for energy and power costs for loss and higher interest give lower unit costs
for the losses. A halving of the cost of losses used in the basic alternative gives an increase
in the cost ratio, cable : overhead line of 15 - 20 %. On the other hand lower interest and
higher price prognoses will lead to higher unit costs for the losses. An increase of 50% in the
cost of losses leads to a reduction in the costs ratio of about 10%.

Summary of the spread In the east ratio
Table 4.2 shows the ratios with the spread between cable and overhead line when the costs
for investment, losses and operating/maintenance are included.
With the point of departure in the basic assumptions in chapter 3, the most important factors
affecting the cost ratio may be summed up as:
Factors that contribute to a cable being relatively more expensive (Iarger cost ratio, cable :
overhead line)

an increase in the transmission capacity (especially 300 and 420 kV with the need for
severai cable sets).
difficult terrain.
short transmission length
the cable must follow the road and therefore has a longer route than the overhead line
Underground cables as an alternative to overhead lines - NVE 1993

57
lower unit costs for the losses than assumed by EFI.
low interest rates on investments (especially 300 and 420 kV)
the need for extra equipment for larger cable systems.
Factors that contribute to a cable being relatively cheaper (Iower co st ratio, cable :overhead
line):
a price discount for cables
increased contractor prices for overhead lines
need for steel pylons for 45, 66 and 132 kV when the basic alternative has assumed
wooden pylons
the overhead line has a longer raute than the cable
easy terrain with low trenching costs.
higher unit costs for the losses than assumed by EFI.

Table 4.2 Gost ratio between cable and overhead line. The spread in this ratio when all costs

are included (investments, losses, operating/maintenance).

Gost ratio
UNDERGROUND CABLE :
OVERHEAD LINE
total costs
Basic assumptions in chpt. 3

SPREAD
in cost ratio
UNDERGROUND CABLE :
OVERHEAD LINE
total costs

45 and 6 kV

ca. 2

1.2 - 2.5

132 kV

ca. 3

2-4

300 and 420 kV 1 cable set

ca. 4

2.5 - 6

300 kV severai cable sets

ca. 5

4 -8

420 kV severai cable sets

ca. 7

6 - 10

Voltage
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5 CONCLUSION
This report may be used as a reference in actual cases even though it should not be regarded
as a co st catalogue for developers and planners of transmission networks. The voltage of a
transmission system will say something about the general difference in costs between an
overhead line system and an underground cable system. A developer will have figures for how
long the connection is to be, how it is to be dimensioned and how much power is to be
transmitted. It should be kept in mind that if the east of a new transmission system is given
as NOK 100 milL, it will generally include costs for transformers and switchgear. These are
costs which accrue irrespective of whether overhead lines or cables are used to transport the
eurrent.
It is more difficult to get an overview of the technical consequences of choosing a partieular
alternative. Cables and overhead lines are not equivalent systems neither as regards technical
characteristics nor costs. It is not at all matter of taking the traditional overhead lines hanging
between pylons, insulating them and then burying them underground. Cables and overhead
lines are two different types of of systems that cover the same need.
The most important technical difference is the availability or reliability of the system. XLPE
cables that are used for voltages up to and including 132 kV have a lower fault frequency than
overhead lines, but a longer outage time when there are faults. The product of fault frequency
and outage time, unavailability, may be expected to be about the same for XLPE cables as
it will be for overhead lines. For 300 and 420 kV oil eables are the alternative to overhead
lines. These cables may be expected to have a fault frequency roughly equivalent to that of
overhead lines, but considerably longer repair times, so that availability is poorer.
Costwise the consequences of interruptions must, in each and every case, be seen together
with the reliability of the network. The reliability of the network will be dependent on how the
system is built up. Therefore it is difficult to quantify on a general basis the difference in the
interruption costs between cables and overhead lines. The consequence of long outage times
for repairs to cables is that the network must have good reserves so that loading may be
redispatched and transmitted to other connections while faults are being repaired.
Where there are a number of cables in a network there will be a need for severai reserve
eonnections to maintain the same operating reliability. In a network with good reserves,
customers will not lose their power supply when a fault occurs in the transmission network.
If a fault is due to a cable that takes a long time to repair, customers may lose their power
supply because of a fault in the next part of the system. Because of this possibility, long
outage times for cables are important in dimensioning and also to the eosts of the network.
The construction of the network is such that the higher the voltage, the more important the
transmission system. The highest voltages supply large areas and transmit large amounts of
power. If sueh a supply is interrupted, the eonsequences will be much greater than if a system
with lower voltages were to be interrupted. Due to the background of uncertainty regarding
long repair times for cables when faults occur, the higher the voltage in use the more
advantageous it is from a technical point of view to underground less.
Two other technical aspects support this reasoning. The first is that cables may form "bottle
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necks" in the overhead line network due to the fact that overhead lines in emergency
operating situations are more flexible than cables. The second is that there may be a need
for extra equipment for a cable system which makes the system more expensive and more
technically complicated. This will be more noticeable with higher voltages, longer routes and
when large amounts of power are to be transmitted.
A possible advantage with cable systems is that the magnetie field is not as wide as the one
resulting from the traditional overhead lines with parallei wires. However, the magnetie field
directly above a cable is stronger than that directly under an overhead line. New pylon types
will considerably reduce the fields and are assumed to be a more practical alternative to
undergrounding if the objective is to reduce the magnetie fields.
Costwise the consequences connected to the systems themselves support the main
conclusion that cabling for a transmission network with the highest voltages should be
avoided, especially for networks with vital transmission functions. This applies mainly to 420,
300 and 132 kV connections. In the regional network of 45,66 and 132 kV, especially in city
ares, undergrounding may be justified technically where there are good reserve connections
(Iooped or meshed feeders). There will be a number of cases in city are as where it will not
be possible to erect overhead lines.
The cost of overhead line systems for voltages of 45 and 66 kV is in the range NOK 0.5 -0.8
mill./km, and for 132 kV ca. NOK 0.7 - 1,0 mill./km for the most usual systems with wooden
pylons. Steel pylons and large amounts of power (the need for double lines) will double the
costs. One set of cables for these three voltages costs from ca. NOK 1.5 mill. to over NOK
4 mill/km. Severai cable sets will be needed for large transmissions.
If we assume an average cost of NOK 2 mill./km for underground cables for 45 and 66 kV,
it will cost around NOK 20 bill. to put underground all the overhead lines in Norway for these
voltages (ca. 10,500 km). With an average cost of NOK 4 mill/km for 132 kV cables it will cost
ca. NOK 40 bill. to put underground all the 132 kV overhead lines (ca. 10,000 km).
Overhead lines for 300 and 420 kV cost NOK 3 - 4 mill/km. One cable set costs ca. NOK
10mill./km for 300 kV and ca. NOK 12 mill./km for 420 kV. For a great many of today's
overhead lines for these voltages there will be a need for severai cable sets to provide the
same transmission capacity. The average cost of laying cables that correspond to the
transmission capacity of the overhead lines in Norway would be ca. NOK 20 milL/km for 300
kV (the equivalent of 2 cable sets) and ca. NOK 41 mill/km for 420 kV (equivalent of 3 cable
sets). This puts the costs in the region of NOK 200 billion for undergrounding all the 300 and
420 kV overhead lines in Norway (ca. 7,700 km) . The cost of extra equipment is not included
in the calculations. This would be considerable.
If the entire Norwegian national grid and the regional network were to be put underground as
cable, it would cost NOK 250 - 300 billion. The power transmission system would then have
quite different electric characteristics than the present network has. It is therefore difficult to
say what technical consequences this would have. However, there is no doubt that the
technical consequences would be very great, and would entail even larger investments.
When the costs for losses and operating /maintenance are included, in addition to the
investment costs, the following conclusions may be drawn from the cost comparison between
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cables and overhead lines: The difference in costs between underground cables and
traditional overhead lines increase with increased voltages and with increased requirements
to transmission capacity. Figure 12 on page 48 iIIustrates this. It shows the cost ratio
underground cable/overhead line with the total costs (investments, losses and operating/maintenance) .
Cabling in low voltage and high voltage distribution networks can be both environmentally and
technically/economically justified. The wish to put underground the regional and national grid
will often be motivated by environmental or purely practical concerns (in cities). From a
technical - economic point of view it would be advisable to avoid underground cable for the
highest voltages.
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APPENDIX 1 - CABLE PRICES
All prices include end seais, joints, transport and assembling. Trenching costs,
compensation for land, investment tax, interest during construction time and the utilities'
administration costs are not included. The prices are from Acatel Cable Norway 1,
Recommended prices as of January 1993. Prices given in NOK million pr. km.
TABLE 1.1
COSTS FOR 66 kV CABLE SYSTEM, XLPE cable type TSLE.
For a 45 kV cable system the costs are ca. 5 - 10 % lower than for 66 kV.
Cond.cr.section

No. cables

Load (A)

Route length

Price,MNOK/km

400 mm 2 AI

3

500

1 km

1.28

-- " --

"

"

3km

1.05

-- " --

"

"

10 km

0.99

630 mm 2 AI

3

750

1 km

1.40

--- " --

"

"

3 km

1.17

"

"

10 km

1.105

1200 mm 2 AI

3

1000

1 km

1.94

-- " --

"

"

3km

1.69

--

"

"

10 km

1.63

6

2000

1 km

4.09

--

"

"

3 km

3.92

-- " --

"

"

10 km

3.83

--

--

"

"

1600 mm 2 AI

-- "

TABLE 1.2

COSTS FOR 132 kV CABLE SYSTEM, XLPE Cable type TSLE.

Cond.cr.section

No.of cables

Load (A)

Route length

Price,MNOK/km

400 mm 2 AI

3

500

1 km

3.005

--

"

"

3km

2.52

-- " --

"

"

10 km

2.38

630 mm 2 AI

3

750

1 km

3.20

--- " --

"

"

3km

2.735

"

"

10 km

2.595

1200 mm 2 AI

3

1000

1 km

3.965

-- " --- " --

"

"

3km

3.47

"

"

10 km

3.335

1600 mm 2 AI

6

2000

1 km

8.83

-- " --

"

"

3km

8.04

--

"

"

10 km

7.805

--

--

"

"

" --

2
TABLE 1.3

COSTS FOR 300 kV CABLE SYSTEM, XLPE cable type TSLE and oil
cable type OKDE.

Cond.cross
section
oil cable

Cond.cross
section
PEX-kabel

Number
of
cables

Load (A)

Raute
length

Price oil
cable
MNOK/km

Price
PEX cable
MNOK/km

400 mm 2 AI

400 mm 2 AI

3

500

1 km

8.200

-

-- " --- " --

-- " --- " --

"

"

3km

5.820

-

"

"

10 km

5.195

-

800 mm 2 AI

630 mm 2 AI

3

750

1 km

8.930

8.480

--

"

"

3km

6.450

6.125

-- " --

-- " --

"

"

10 km

5.740

5.450

1600 mm 2 AI

1200 mm 2 AI

3

1000

1 km

10.595

10.225

-- " --- " --

-- " --

"

"

3km

8.170

7.880

-- " --

"

"

10 km

7.680

7.410

2000 mm 2 AI

1600 mm 2 AI

6

2000

1 km

19.190

18.610

-- " --

-- " --- " --

"

"

3km

16.070

15.585

"

"

10 km

15.850

15.370

--

"

--

-- " -TABLE 1.4

--

"

COSTS FOR 420 kV CABLE SYSTEM, XLPE cable type TSLE and oil
cable type OKDE.

Cond.cross
section
oil cable

Cond.cross
section
PEX cable

Number
of
cables

Load (A)

Raute
length

Price oil
cable
MNOK/km

Price
PEX cable
MNOK/km

500 mm 2 AI

400 mm 2 AI

3

500

1 km

10.270

-

-- " --

-- " --

"

"

3km

7.610

-

-- " --

-- " --

"

"

10 km

6.890

-

1000 mm 2 AI

800 mm 2 AI

3

750

1 km

10.680

-

-- " --

-- " --

"

"

3km

8.090

-

-- " --

-- " --

"

"

10 km

7.355

-

1200 mm 2 Cu

1200 mm 2 AI

3

1000

1 km

12.420

-

-- " --

-- " --

"

"

3 km

9.590

-

-- " --

-- " --

"

"

10 km

9.140

-

2000 mm 2 Cu

1600 mm 2 AI

6

2000

1 km

27.200

-

--

"

"

3km

23.400

-

-- " --

"

"

10 km

23,400

-

-- " --- " --

--

"
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APPENDIX 2 - OVERHEAD LINE PRICES
The prices for 66 and 132 kVare taken from NVE-ES section note no. 45/91: "The costs
for main components in the power system"2. The note is from 1991. Price indexes show
that prices as of January 1993 were about the same as the prices from the last part of
1991, so that calculations have not concidered rice in prices. Calculations are bas ed on
the prices from January 1993. The prices include equipment, transport, assembling,
surveying, consultant fees, compensation for land, forest clearing. The prices are exclusive
of investment tax and interest during construction time.
TABLE 2.1

COSTS FOR 66 kV OVERHEAD LINE SYSTEM. The same costs are used
for 45 kV. The costs are given in NOK 1000/km.

Line type

Wooden masts

Steel masts

Easy
conditions

Normal
conditions

Difficult
conditions

Easy
conditions

Normal
conditions

Difficult
conditions

FeA I 95

390

450

570

-

-

-

FeAI 150

450

520

660

710

830

1050

FeAI240

510

590

730

790

900

1120

FeAI 253 Gondor

530

610

750

800

920

1150

*FeA1329
- Gurlew

600

680

820

890

1010

1230

TABLE 2.2

COSTS FOR 132 kV OVERHEAD LINE SYSTEM in NOK 1000/km.

Line type

Wooden masts

Steel masts

Easy
conditions

Normal
conditions

Difficult
conditions

Easy
conditions

Normal
conditions

Difficult
conditions

FeAI95

540

620

720

940

1040

1250

FeA I 150

620

700

830

1010

1130

1350

FeAI240

670

770

920

1060

1180

1410

FeAI 253 Gondor

700

790

940

1080

1200

1430

*FeA1329
- Gurlew

770

860

1010

1150

1290

1520

*The prices for FeAI 329 - Curlew are not included in the source for the other costs.
Supplement for single circuit with Duplex lines on steel masts.
Supplement for double circuit with Simplex lines on steel masts
Supplement for double circuit with Duplex lines on steel masts

33%
40%
95%
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TABLE 2.3

COSTS FOR 300 AND 420 kV OVERHEAD LINE SYSTEMS.
The prices are from Norwegian Power Grid Company-Statnete, and are
exclusive investment tax, interest during construetion time and
compensation for land. The conditions are assumed to be average "normal
conditions" .

The costs are given in NOK mill./km and are prices as of Jan.1993.

Line type

Steel masts
normal conditions

1"StAI 380 Grackle (simplex)

2.46

2"StAI 380 Grackle (duplex)

2.8

3"StAI 380 Grackle (triplex)

3.1

1"StA1481 Parrot (simplex)

2.52

2"StA1481 Parrot (duplex)

3.0

3"StA1481 Parrot

3.5

(triplex)
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APPENDIX 3

Data and assumptions for eost eomparison
The costs in chapter 3 in the report are presented as a function of the maximum
transmission power. The cost calculations are one result of the so-called basic
assumptions which are in part a simplification. The assumptions and simplifications may be
responsible for faults in the cost basis. Nevertheless there is so much uncertainty in
severai of the cost components that in a general presentation intended to showa cost
difference, such simplifications are justifiable. The uncertainty in costs is referred to in
chapter 4 of the report. In this appendix only the data basis and assumptions for
presentation of the costs in chapter 3 of the report are documented.

A.

ASSUMPTIONS AND SIMPLIFICATIONS
Predicted interest = 7%.
Analysis period = 25 år.
Wooden masts with simplex lines for 45,66 and 132 kV - lifetime 25 yrs.
Steel masts with duplex-lines for 45, 66 and 132 kV - lifetime 40 yrs.
Steel masts with lifetime of 40 yrs used for 300 and 420 kV.
System with a lifetime of 40 yrs adjusted down with a factor of 0.87 (Ratio between
annuity factor for 25 yrs (11.65) and annuity factor for 40 yrs (13.33)).
XLPE cables with a lifetime of 25 yrs used for 45,66 and 132 kV.
Oil cables with a lifetime of 25 yrs used for 300 and 420 kV.
Average terrain ("normal terrain").
Conductor resistance is constant (independent of temperature in the conductor) and
equivalent to resistance at 20 C
For overhead lines only ohmic loss is calculated (=resistive loss).
For PEX cables of 45, 66 and 132 kV only ohmic loss is calculated.
For oil cables for 300 kV a dielectric loss of 7 kW/km for each cable is calculated
(21 kW/km for each cable set).
For oil cables for 420 kV a dielectric loss of 12 kW/km for each cable is calculated
(36 kW/km for each cable set).
1 MVA is counted as the equivalent of 1 MW. The loss in kW will thus be a function
of the maximum power in MVA.

B.

COST COMPONENTS.

1.

The cable prices are from Alcatel Cable Norway. Recommended prices as of
January 1993. Different prices are given for three lengths: 1, 3 and 10 km. 3 km is
chosen as the basic length. The prices may vary a good deal according to length.
The prices include end seais, joints and assembling. Shown in appendix. 1.

2.

Overhead line prices: For 45, 66 and 132 kV: form NVE-ES section note no.45/91
and from Statnett. Shown in appendix 2.

3.

Compensation for land is a relatively small cost. It is Included for overhead lines for
45,66 and 132 kV. For cables for 45,66 and 132 kV, NOK 20,000/km has been
added, while for 300 and 420 kV, NOK 30,000/km has been added for cables as

6
well as overhead lines.
4.

Cable trenching costs: Vary a great deal, basically the costs are assumed to be
NOK 500,OOO/km for 45, 66 and 132 kV with one cable set and NOK 800,OOO/km
for two cable sets. For 300 and 420 kV the assumption is NOK1 mill./km for one
cable set. For 300 and 420 kV, NOK 1.5 mill./km for two cable sets is used, NOK
1.8 mill./km for three cable sets and NOK 2 mill./km for four cable sets.

5.

Investment tax of 7% for all the costs mentioned above.

6.

Capital costs, interest during construetion time. Apart from the investment tax,
3.5% of all the costs mentioned above is assumed. The basis for this is a
simplification of the assumption of a construetion period of 1 year, interest at 7%
and regular payments throughout the year. Counted as equivalent for cables and
overhead lines.

7.

The sum of prices for equipmenttassembling, land compensation, trenching costs
(cable) investment tax and capital costs are the investment costs.

8.

For 45, 66 and 132 kV the lifetime for both cables and overhead lines is counted
as being equivalent to the analysis period of 25 years. For 300 and 420 kV a
lifetime of 40 years for overhead lines and 25 years for cables is calculated . As the
analysis period is 25 years, the overhead line costs must be corrected to get a
figure that can be used for comparisons. The fact that the investment costs for
overhead lines of 300 and 420 kVare multiplied by the factor 0.87 (ref. to
assumptions) has been taken into account. The value of the balanee for the last 15
years has therefore been subtracted.

9.

Operating and maintenance costs will be small in the first years and increase with
the lifetime of the plant. The costs will also vary a great deal from year to year,
because there will, e.g. be major maintenance on one line every 4-5 years. It is
simplest to assume aregular annual cost, which says something about the level
throughout the entire lifetime. This has been done and it is regarded as one real
value, and is capitalised to the same time as the investments (=the time when
operating is implemented.

10.

The price of losses is taken straight out of the EFI report "Kostnader for elektriske
tap i overførings- og fordelingsnett" (The cost of power losses in the transmission
and distribution network) of April 1992. The costs are totalled for the 25 year period
from and including 1993 and capitalised to January 1993.

11.

The loss value for resistive losses is calculated with the help of Ohm's Law.
Parameter are electric resistance. The variable is the amount of current which will
be transmitted (proportional to the power in MVA). MVA is counted as
approximately equal to 1 MW (actually MVA will always be a little higher than MW) .
From the EFI report, the price of losses for 2,500 hours is multiplied by resistive
losses and gives the cost of losses as a function of transmission level.

12.

In addition a dielectric loss of 21 kW/km is reckoned for each cable set for 300 and
420 kV, and a loss of 36 kW/km for each cable set for 420 kV. These losses are
multiplied by the loss price from the EFI report with a utilisation time of 8,760 hours.
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C.

DIMENSIONING CRITERIA.

A selection of conductor cross sections is given in a spreadsheet with the mentioned costs.
The relevant cross sections with conductor resistance for overhead lines is shown in table
3.1, whereas the relevant cross sections with conductor resistance for cables is shown in
table 3.2.
The choice of cross-section for a given transmission level for overhead lines and
underground cables is the cross-section with lowest total costs (sum of investments, losses
and operating/maintenance) when the maximum transmission level is not exceeded. This is
called loss-economic optimalisation.
In general it may be said that such an optimalisation will have the greatest significance for
overhead lines. For a certain transmission volume it will be productive to use a larger cross
section even though there already is a good margin to the maximum transmission capacity
(=thermal limit load) on one conductor. This is because a larger cross section reduces the
cost of losses more than the increase in investment costs.
The investment costs for cables will be a larger share of the total costs, so that the cost of
losses has less significance for the choice of cross section. Apart from the smallest cross
section for 45 and 66 kV it will not be advantageous to change to a new cross section
before maximum transmission capacity of the cables has been attained . It has not been
taken into account that dimensioning often includes a slight safety margin to enable the
transmission of a possible future increase in load.
Dimensioning may be summed up as follows.
1.
2.
3.
4.

5.

A selection of the most relevant cross sections are compared with a view to the
total costs (investments, losses and operating/maintenance) .
The transmission level is the maximum power in MVA that is to be transmitted. Any
safety margin for future increase of load is calculated.
Wire dimensions where the maximum transmission level is exceeded are not
considered .
The cheapest of the remaining cross sections are chosen when the sum of
investments, losses at given transmission levels and operating/maintenance are
taken into account.
For each voltage there is an optimal distribution between the selected cross
sections and the given assumptions. The costs can therefore be presented as a
function of power in MVA.

Tables 3.1 and 3.2 on the next page show the selected wire cross sections for overhead
lines and cables 4 respectively with the wire resistance and thermalload limit used.
Table 3.3 for overhead lines and table 3.4 for cables on the two following pages show the
result of the optimalisation and choice of wire cross section as a function of power.
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Table 3.1. Relevant wire cross sections for overhead lines with ohmic resistance and
thermal load limit.
Cross sect.

Wire resistance per
conductor at 20°C wire
temp. nJkm

Thermal load limit at
O°C air temp.
A

Thermalload limit at
20°C air temp.
A

FeAI 95

0.191

630

550

FeAI 150

0.121

850

730

FeAI240

0.076

1100

1000

FeAI329

0.055

1350

1200

2*FeA1253

0.036

2250

2000

1*FeAI 380

0.048

1500

1300

2*FeA1380

0.024

3000

2600

3*FeA1380

0.016

4500

3900

1*FeA1481

0.038

1750

1500

2*FeA1481

0.019

3500

3000

3*FeA1481

0.013

5250

4500

Table 3.2.
limit.

Relevant cross sections for cables with ohmic resistance and thermalload

Cross section

Resistance per conduct. at
20°C cond.temp. nJkm

Thermalload limit (=max.
A
transm .. capacity) .

0.078

500 (45,66,132,300 kV)

500 AI

0.061

500

(420 kV)

630 AI

0.047

750

(45,66 and 132 kV)

800 AI

0.037

750

(300 kV)

1000 AI

0.029

750

(420 kV)

1200 AI

0.025

1000 (45,66 and 132 kV)

1600 AI

0.019

1000 (300 kV)

2*630 AI

0.024

1500 (45,66 and 132 kV)

2*1600 AI

0.0093

2000 (45 ,66 and 132 kV)

2*2000 AI

0.0075

2000 (300 kV)

3*2000 AI

0.005

3000 (300 kV)

4*2000 AI

0.0037

4000 (300 kV)

1200 Cu

0.015

1000 (420 kV)

2*2000 Cu

0.0045

2000 (420 kV)

3*2000 Cu

0.003

3000 (420 kV)

4*2000 Cu

0.,0023

4000 (420 kV)

400 AI
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Table 3.3. Choice of cross section for overhead lines as function of maximum power. For

a given power the cheapest system is chosen when investment costs,
operating/maintenance costs and the cost of losses are taken into account.

Voltage

45 kV

66 kV

132 kV

300 kV

420 kV

Power in MVA

Wire
cross section

Thermal load
limit at O°C in
MVA

Thermal lo ad
limit at 20°C in
MVA

10 - 14

FeAI95

50

40

15 - 17

FeAI 150

70

60

18 - 29

FeAI240

90

80

30 - 64

FeAI329

100

90

65 - 150

2*FeA1253

180

160

15 - 21

FeAI 95

70

60

22 - 26

FeAI150

100

80

27 - 43

FeAI240

130

110

44 - 95

FeAI329

150

140

96 - 230

2*FeA1253

260

230

20 - 47

FeAI 95

140

130

48 - 55

FeAI 150

190

170

56 - 91

FeAI240

250

230

92 - 235

FeAI329

310

270

236 - 400

2*FeAI 253

510

460

200 - 246

1*FeA1380

780

680

247 - 449

1*FeAI 481

910

780

450 - 615

2*FeA1380

1560

1350

616 - 1160

3*FeA1380

2340

2030

1161 - 2000

3*FeA1481

2730

2340

200 - 345

1*FeAI 380

1090

950

346 - 629

1*FeAI 481

1270

1090

630 - 861

2*FeA1380

2180

1890

862 - 1624

3*FeA1380

3270

2840

1625 - 3000

3*FeA1481

3810

3270
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Table 3.4. Choice of cross section for cables as a function of maximum power. From the
table it can be seen that the choice of cross section for a cable is mainly determined by
the marginal value for maximum transmission capacity. (An optimalisation of economic
loss will have less significance for cables than for overhead lines as the cost of losses for
cables account for a less part of the total costs).

Voltage

45 kV

66 kV

132 kV

Power in MVA

Cable
cross section

Thermal load limit in
MVA

10 - 27

400 AI XLPE

40

28 - 60

630 AI XLPE

60

61 - 80

1200 AI XLPE

80

81 - 120

2* 630 AI XLPE

120

121 - 160

2*1600 AI XLPE

160

15 - 41

400 AI XLPE

60

42 - 90

630 AI XLPE

90

91 -110

1200 AI XLPE

110

111 -170

2* 630 AI XLPE

170

171-230

2*1600 AI XLPE

230

20 - 110

400 AI XLPE

110

111-170

630 AI XLPE

170

171-230

1200 AI XLPE

230

231 - 340

2* 630 AI XLPE

340

341 - 400

2*1600 AI XLPE

460

200 - 260

400 AI Oil

260

261 - 390

800 AI Oil

390

391 - 520

1600 AI Oil

520

521 - 1040

2*2000 AI Oil

1040

1041 - 1560

3*2000 AI Oil

1560

1561 - 2000

4*2000 AI Oil

2080

200 - 360

500 AI Oil

360

361 - 550

1000 AI Oil

550

551 - 730

1200 Cu Oil

730

731 - 1450

2*2000 Cu Oil

1450

1451 - 2180

3*2000 Cu Oil

2180

2181 - 2910

4*2000 Cu Oil

2910

300 kV

420 kV
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D.

INVESTMENT COSTS 45, 66 and 132 kV.

Table 3.5 shows investment costs for overhead lines for 45,66 and 132 kV. System costs
for wooden masts and normal conditions are taken from the prices in appendix 2.
Compensation for land, investment tax and interest during construetion time are included in
the table. The analysis period is 25 yrs. and interest is calculated at 7%.
Table 3.6 shows the investment costs for cables for 45,66 and 132 kV. The prices are
taken from appendix 1. For 45 kV, 93% of the price for 66 kV cables is used.
Compensation for land, trenching costs, investment tax and interest during construetion
time are included in the table. The analysis period is 25 yrs. and the interest is calculated
at 7%.
The costs as a function of transmission capacity for these three voltages are shown in the
figures on page 12.

Table 3.5. Investment costs for overhead lines for 45, 66 and 132 kV in NOK 1000/km.
Compensation for land, investment tax and interest during construetion time are included.
Wire type

45 and 66 kV

132 kV

FeAI 95

500

690

FeAI150

570

770

FeAI240

650

850

FeAI329

750

950

2*FeA1253

1180#

1550#

# Corrected for different lifetimes (duplex-wires are on steel masts).

Table 3.6. Investment costs for cables for 45, 66 and 132 kV in NOK 1000/km.
Compensation for land. investment tax and interest during construetion time are included.
Cable type

45 kV

66 kV

132 kV

AI 400 XLPE

1650

1730

3360

AI 630 XLPE

1780

1870

3600

AI 1200 XLPE

2310

2440

4410

2*AI 630 XLPE

3310

3490

7000

2*A11600 XLPE

4930

5240

9800
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Investment costs 45 kV
Mill.NOK/km

4,------------------------------Figure A
Investment costs for cables and
overhead lines for 45 kV as a
function of maximum power in MVA.
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Figure 2 (in the report)
Investment costs for cable and
overhead line for 66 kV as a function
of maximum power in
MVA.
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Investment costs for cable and
overhead lines for 132 kV as a
function of maximum power in MVA.
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E.

INVESTMENT COSTS FOR 300 and 420 kV.

Table 3.7 shows investment costs for overhead lines for 300 and 420 kV. The installation
costs are taken from the prices in appendix 2 for steel masts. Compensation for land,
investment tax and interest during construetion time are included in the table. The costs for
a 40 year lifetime are shown and then corrected to the analysis period of 25 years, and
interest is calculated at 7%.
Table 3.8 shows investment costs for cables for 300 and 420 kV . The prices are taken
from appendix 1. Compensation for land , trenching costs, investment tax and interest
during construetion time are included in the table. The analysis period is 25 years, and
interest is calculated at 7%.
The Investment costs as a function of transmission capacity for these two voltages are
shown in the figures on page 14.

Table 3.7. Investment costs for overhead lines for 300 and 420 kV.
Compensation for land, investment tax and interest during construetion time are included.

Cross section
overhead line

Investment costs for entire
lifetime of 40 yrs
mill. NOK/km

Investment costs for
analysis period of 25 yrs
mill. NOK/km

1*FeA1380

2.75

2.4

1*FeA1481

2.8

2.5

2*FeA1380

3.1

2.7

2*FeA1481

3.3

2.9

3*FeA1380

3.5

3.0

3*FeA1481

3.9

3.4

Table 3.8 Investment costs for cables for 300 kV and 420 kV.
Compensation for land, investment tax and interest during construetion time are included.

Cross section

300 kV
mill. NOK/km

Cross section

420 kV
mill. NOK/km

400 AI oil

7.6

500 AI oil

9.6

800 AI oil

8.3

1000 AI oil

10.1

1600 AI oil

10.2

1200 Cu oil

11.7

2*2000 AI oil

19

2*2000 AI oil

28

3*2000 AI oil

29

3*2000 AI oil

41

4*2000 AI oil

38

4*2000 AI oil

54

14

Investment costs 300 kV
Mill. NOK/km
40
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I

Figure 5 (in the report)
Investment costs for eables and
overhead lines for 300 kV as a
funetion of maximum power in MVA.
The overhead line is adjusted for the
differenee in lifetime.
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Investment eosts for cables and
overhead lines for 420 kV as a
funetion of maximum power in MVA.
The overhead line is adjusted for the
differenee in lifetime.
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F.

OPERATING AND MAINTENANCE COSTS.

Table 3.9 page 15 shows the assumed annualoperating and maintenanee eosts. In
praetice these eosts will be low for new installations and increase with the age of the
installation. For the sake of simplifieation, an annual eost equal to that given in the table is
used. Table 3.10 shows the diseounted operating and operating costs. They are based on
the average annual costs in table 3.9. All the eosts are eonverted using a period of 25
years and an interest rate of 7%.
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Table 3.9
and yr.

AnnualoperatIng and maintenance costs in the basic alternative - NOK/km

Voltage

Overhead line, 1000 NOK/km

Undergr.cable, 1000 NOK/km

45 and 66 kV

9

5

132 kV

12

7

300 and 420 kV

40

100

Table 3.10. Total operating and maintenance costs in the basic alternative - NOK
1000/km and yr.
Capitalised over an analysis period of 25 yrs at 7% interest.

G.

Voltage

Overhead line, 1000 NOK/km

Undergr.cable, 1000 NOK/km

45 and 66 kV

100

60

132 kV

140

80

300 and 420 kV

470

1170

Cost of losses.

The calculating of the cost of losses is based on one value for losses in kW/km as a
function of power and one price for losses in NOK/kW for each voltage level. The power is
given in MVA, and if cos cp is reckoned as approximately equal to 1, 1 MW = 1MVA.
The value of losses is based on the resistance values in tables 3.1 and 3.2. Resistance is
regarded as being independent of varying temperatures in the wires eau sed by varying
loads. For overhead lines and cables for 45,66 and 132 kV only an ohmic loss is counted.
For 300 kV oil cables an additional dielectric loss of 7 kW/km per cable (one or severai
cables per phase, Le. 21 kW/km for 1 cable set, 42 kW/km for 2 cable sets etc.) is
counted. 420 kV cables are reckoned as being the equivalent of 300 kV but with a loss of
12 kW/km per cable (36 kW/km for 1 cable set, 72 kW/km for 2 cable sets etc.). Dielectric
losses are independent of transmitted power.
The cost of losses is based on the EFI report5 "Costs of electrical losses in transmission
and distribution networks. Cost level January 1992." The loss figures from and incl. 1993
and 25 years ahead are from the table in this report, added together and capitalised, ref.
table 3.11 page 16.
An utilisation time for losses of 2,500 hours is used for electrical losses of ohm. For the
dielectric losses for cables for 300 and 420 kV the utilisation time for losses is 8,760 hours.
The costs for 45 kVare counted as being the same as 66 kV, and the costs for 420 kV
the same as 300 kV.
Two examples of loss calculations for chosen transmission levels are given on the next
page.
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The figures in pages 17 and 18 show the total eosts for each voltage for the basic
alternative in chapter 3 of the report. The total costs are the sum of investment costs,
operating and maintenance costs and the eost of losses at a chosen transmission leve!.

Table 3.11.

eost of losses as a capitalised value in NOK/kW.

Voltage level

Utilisation time for losses

Gost of losses

45 and 66 kV

2500 hours

10,800 NOK/kW

132 kV

2500 hours

9,800 NOK/kW

420 and 300 kV

2500 hours

8,600 NOK/kW

420 and 300 kV

8760 hours

23,100 NOK/kW

Example 1a: Overhead Line 2*FeAI 380 for 300 kV with max. loading 500 MVA.
Gurrent:
I = S / (U * '>/3) = 500 MVA / (300 kV * '>/3) = 962 A
Ohmic loss:
Ploss = 3 * R * 12 = 3 * 0,024 Q/km * 962 2 A 2
Gost:
67 kW/km * 8,600 NOK/kW = ca. 576,000 NOK

= 67

kW/km

Example1b: Oil cable 1600 AI for 300 kV with max. loading 500 MVA.
Gurrent:
I
Ohmic loss:
Dielec.loss:
Gost:

=

S / (U * '>/3)

500 MVA / (300 kV * '>/3) = 962 A
3 * R * 12 = 3 * 0,019 Q/km * 962 2 A2 = 53 kW/km
QIOSS= 3 * 7 kW/km = 21 kW/km
53 kW/km * 8,600 NOK/kW
+ 21 kW/km * 23,100 NOK/kW = ca. 941,000 NOK
=

Ploss =

Example 2a: Overhead line FeAI 329 for 132 kV with max. loading 120 MVA.
I = S / (U * '>/3) = 120 MVA / (132 kV * '>/3) = 525 A
Gurrent:
Ohmic loss:
Ploss = 3 * R * 12 = 3 * 0,055 Q/km * 525 2 A 2 = 45 kW/km
441,000 NOK
Gost:
45 kW/km * 9,800 NOK/kW =

Example 2b: PEX cable 1200 AI for 132 kV with max. loading 120 MVA.
Gurrent:
Ohmic loss:
Gost:

I = S / (U * '>/3) = 120 MVA / (132 kV * '>/3) = 525 A
Ptap = 3 * R * 12 = 3 * 0,025 Q/km * 525 2 A2 = 21 kW/km
21 kW/km * 9,800 NOK/kW
= ca. 206,000 NOK
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Total costs 45 kV
MiII.NOKlkm
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Figure C
Total costs for cable and overhead
line for 45 kV as a function of
maximum power in MVA. The costs
include investments, losses and
operating/maintenance.
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Figure 8 (in the report)
Total costs for cable and overhead
line for 66 kV as a function of
maximum power in MVA. The costs
include investments, losses and
operating/maintenance.
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Total costs 132 kV
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Figure 9 (in the report).
Total costs for cable and
overhead line for 132 kV as a
function of maximum power in
MVA. The costs include
investments, losses and
operati ng/maintenance.
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Total costs 300 kV
MiU.NOKlkm
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Figure 11 (in the report)
Total costs for cable and
overhead line for 300 kV as a
function of maximum power in
MVA. The costs include
investments, losses and
operating/maintenance. The
overhead line is adjusted for a
different lifetime (40 yrs.)
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Total costs 420 kV
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Figure O
Total costs for cable and
overhead line for 420 kV as a
function of maximum power in
MVA. The costs include
investments, losses and
operating/maintenance. The
overhead line is adjusted for a
different lifetime (40 yrs.)
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