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Abstract

Cost parameters for VSC HVDC transmission infrastructure have been gathered from an extensive collection of
techno-economic sources. These cost parameter sets have been converted to a common format, based on a linear
investment cost model depending on the branch length and the power rating of cable systems and converter stations.
In addition, an average parameter set was determined as the arithmetic mean of the collected parameter sets, and
included in the study. The uniform format allowed for a comparison of the parameter sets with each other, which
revealed large differences between the cost parameter sets. The identified disparity between the parameter sets reflects
a high level of uncertainty which can only in part be explained by a varying focus and modelling approach of their
sources. This implies limitations regarding the validity of the parameters sets as well as of the results from grid
expansion studies carried out on the basis of these parameter sets.

Comprehensive cost reference data has been collected from realised and contracted VSC HVDC projects
(back-to-back, interconnector, and offshore wind connection). The cost parameter sets have been evaluated against the
reference project cost data. This evaluation has again shown large variations between the parameter sets. On average,
the cost for back-to-back systems are slightly underestimated, interconnectors are overestimated, and offshore wind
connections are heavily underestimated. To clearly state the validity and limitations of this comparison and evaluation,
the applied methodology with its compromises and drawbacks is discussed in detail. Considering the interest in
and momentum of offshore grid development, as well as the number of offshore grid investment and evaluation
studies being conducted, both the availability of reliable cost reference data and the validity of investment model
cost parameters need continuing attention.
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1. Introduction

Many transmission expansion studies have
investigated and optimised the topology of a future
North Sea Offshore Network [1]. A solid cost parameter
basis, serving as input for the optimisation algorithms,
is crucial to producing reliable results in investment
planning. As with offshore wind investment cost [2],
these types of cost parameters have been widely used
by academia and policymakers for assessments and
decision support. However, the cost parameters of
offshore transmission infrastructure show significant
variations from study to study and indicate a high level
of uncertainty. Clearly, and also in light of scientific
standards, this calls for a cautious and transparent

attempt to compare previously used cost parameter sets
and evaluate them against real project cost data in order
to avoid flawed recommendations stemming from grid
investment studies.

Voltage Source Converter (VSC) High Voltage Direct
Current (HVDC) is the most suitable technology for
future super grids in Europe [3]. However, it is a rather
new technology, which has seen a significant progress
over the last years with many new projects being
developed and deployed. Given this context, finding
adequate parameter sets yielding valid cost estimates
for this type of transmission technology is a challenging
task.

This article focuses on essential investment cost.
Operation, maintenance and financing costs, as well
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Nomenclature

Abbreviations
B2B Back-to-Back
ITC Interconnector
OWC Offshore wind connection
General
dreale Ceiling of real (dreale = min {n ∈ N0 | n ≥ real})
|set| Cardinality of set
Indices and sets
f ∈ Fi Set of branches within project i
g ∈ Gi Set of nodes within project i
h ∈ Hi Set of offshore nodes within project i
i ∈ I j Set of projects within category j
j ∈ J Set of project categories (J = {B2B, ITC,OWC})
k ∈ K Set of cost parameter sets
Cost parameters and variables
Bk

0 Fixed cost for building a branch with cost parameter set
k (Me)

Bk
lp Length- and power-dependent cost for building a branch

with cost parameter set k (Me/GW·km)
Bk

l Length-dependent cost for building a branch with cost
parameter set k (Me/km)

Ck
est,i Estimated investment cost for project i (Me)

Cref,i Reference investment cost for project i (Me)
Ccon

ref,i Reference contracted cost for project i (Me)

Nk
0 Fixed cost for building a node with cost parameter set k

(Me)
Nk

p Power-dependent cost for building a node with cost
parameter set k (Me/GW)

S k
0 Fixed additional cost for building an offshore node with

cost parameter set k (Me)
S k

p Power-dependent additional cost for building an
offshore node with cost parameter set k (Me/GW)

Technical parameters and variables
P̂ j Maximum power rating for a single installation within

category j (GW). In case of a back-to-back system, this
is twice the system rating (two fully rated converters at
one node).

lOHL, f Overhead line section length of branch f (km)
lSMC, f Submarine cable section length of branch f (km)
lUGC, f Underground cable section length of branch f (km)
l f Total equivalent line length of branch f (km)
p f Installed power rating of branch f (GW)
pg/h Installed power rating at node g/h (GW). In case of a

back-to-back system, this is twice the system rating (two
fully rated converters at one node).

Deviations and errors
Dk

i Project investment cost estimation deviation of project i
for cost parameter set k (-)

Dk
j Category investment cost estimation deviation of

category j for cost parameter set k (-)
Ek Overall investment cost estimation error for cost

parameter set k (-)
Ek

j Category investment cost estimation error of category j
for cost parameter set k (-)

as additional cost of optional protection devices for
increased reliability (DC circuit breakers) are not
considered here.

In the remaining part of this article, Section 2
provides a literature overview of the collected cost
parameter sets. Section 3 describes the linear cost
model used here. In Section 4, the collected cost
parameter sets are compared with each other. Section 5
presents realised and contracted VSC HVDC projects,
including publicly available cost figures as reference
data. Section 6 introduces the evaluation methodology
for the validation of cost parameter sets against the
reference project data, which is presented in Section 7.
Section 8 discusses the obtained comparison and
evaluation results and Section 9 concludes the study.

2. Collected cost parameter sets

Cost parameter sets for VSC HVDC infrastructure
have been widely used and published in the literature.
The sources range from technology cost reports, over

journal and conference contributions to offshore grid
investment reports. Some of these sources are not
independent primary sources, as they base their data on
other sources listed here.

RealiseGrid [4] compares different interconnection
technology options at a national and cross-border
level in order to assess techno-economic benefits of
transmission expansion. Both HVDC and HVAC
cables for submarine and underground application are
considered by the project. The data is based on technical
and scientific literature, internal knowledge and on
questionnaires of TSOs who took part in the project.

Windspeed [5] gives an assessment of transmission
costs for the North Sea by taking a closer look
at location-specific effects. Different technological
and logistical options are considered and a cost
methodology is developed for each. To determine
the costs, a bottom-up approach is used accounting
for weight and material costs of each component. In
addition, future developments and learning curves are
taken into consideration.
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ENTSO-E’s technology cost report [6] involves all
TSOs from North Sea’s Regional group as well as
suppliers and manufacturers. The study gives a broad
overview of different offshore technology costs and
particularly addresses new technology components for
offshore transmission such as subsea cables, HVDC
converters, and offshore platforms.

Ergun et al. [7] from the University of Leuven
develop a software tool in order to determine the
economically best and technically feasible way to
transmit offshore wind power to shore. Based on data
from the previously published literature, the study uses
a cost model for cables, transformers, and converter
stations.

ETYS13 (the Electricity Ten Year Statement) [8] is a
technology report which is annually published by Great
Britain’s TSO National Grid. With the intention of
presenting future investment plans, this source describes
a broad range of technical approaches for offshore and
onshore transmission technologies, while at the same
time providing cost data for most relevant components.
The data has been gathered from suppliers of the
technology options in question.

NSTG (North Sea Transnational Grid) investigated
benefits of an offshore grid connecting all North Sea
countries [9] [10]. Comparing the results of a bottom-up
and a top-down approach, the project derives cost
parameters for the assessment of benefits associated
with offshore grids.

NSOG [11] was conducted for the European
Commission and assesses a range of potential benefits
for a meshed offshore grid design in the North
Sea, Irish Sea and the English Channel on the
background of various scenarios. For the calculation of
techno-economic benefits, investment and O&M costs
of radial and meshed grid designs are analysed with
input from previous studies and a consultancy firm.

Imperial College [12] focuses on the North Sea
region to calculate the maximum benefit of an
interconnected grid design using a minimum regret
approach. The underlying cost model makes use of
only two parameters to cover all the costs induced by
transmission expansion investments.

NorthSeaGrid [13] was a project co-funded by the
EU involving many stakeholders to analyse costs,
benefits, and barriers for the connection of offshore
wind farms and onshore electricity grids. Drawing upon
a wide range of sources and stakeholders involved, a
broad selection of input data is considered in the cost
estimation of offshore grid infrastructure.

OffshoreDC [14] focuses on the benefits of an
offshore grid which further integrates electricity

markets in the Baltic Sea region. The linear
transmission expansion planning approach includes
power flow calculations and a simplified cost model to
determine the optimal grid design. Input data is based
on publicly available literature.

Madariaga et al. [15] from the Offshore Renewable
Energy (ORE) Catapult give an overview of existing
cost literature from former studies and include inputs
from industry consultation to provide cost data for all
crucial components. The resulting costs are compared
to realised projects, namely BorWin2 and SylWin1.

ETYS15 [16] is the most recent version of the
ETYS this review refers to. Following ETYS13 as the
earliest version containing a detailed cost compilation
for HVDC technology, ETYS15 comprises technology
cost data based on updated project information.

Torbaghan [17] from the Delft University of
Technology includes a cost model for the offshore
grid investigations in his doctoral thesis. Assessing
offshore grid investments with a focus on optimisation
techniques, the cost model uses only one parameter
to cover all costs incurred by offshore transmission
investments.

3. Cost parameter set processing

There are two motivations why a uniform cost model
is indispensable in this context:

• To apply the cost parameter sets in transmission
expansion studies

• To allow for comparison and evaluation of the
different cost parameter sets

Hence, such a uniform cost model is introduced here,
which allows the collected cost parameter sets to be
converted into a common format, and the calculation of
an average parameter set.

3.1. Cost model
Transmission grid expansion problems are usually

formulated by a set of nodes representing connection
points, generators, and load centres, as well as a set
of branches representing potential transmission lines
between these nodes. The branch length is calculated
based on the known bee-line distance between the
nodes, either by including a simple markup or with a
detailed line route definition. An optimisation algorithm
identifies the connections to invest in and computes the
corresponding transmission capacities, based on a cost
model function assigning investment cost parameters to
potential nodes and branches.
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A linear cost model yields significant benefits for
transmission expansion planning problems and the
optimisation algorithms solving them, as computation
time and convergence face severe challenges when
complex cost models are applied. For this reason,
the cost model used in this article is linear. This
kind of linear model provides an approximation of
the investment cost associated with offshore grid
HVDC infrastructure and yields a reasonable accuracy
regarding long-term large-scale transmission expansion
studies. For instance, a detailed justification can be
found in [18].

Based on [18] and [19], the linear unicorn cost model
for VSC HVDC transmission investments is defined in
Equation (1):

Ck
est,i =

Fi∑
f

Bk
f (l f , p f ) +

Gi∑
g

Nk
g(pg) +

Hi∑
h

S k
h(ph) (1)

The specific cost components in Equation (1)
Bk

f (l f , p f ), Nk
g(pg) and S k

h(ph) are specified by
Equation (2), Equation (3) and Equation (4):

Bk
f (l f , p f ) = Bk

lp · l f · p f +

 p f

P̂ j

 (Bk
l · l f + Bk

0

)
(2)

Nk
g(pg) = Nk

p · pg +

 pg

P̂ j

 Nk
0 (3)

S k
h(ph) = S k

p · ph +

 ph

P̂ j

 S k
0 (4)

It is important to stress that the installed power rating
(pg, ph) corresponds to the total power rating of all
converters at a node, which is twice the system rating
for a back-to-back system.

For the three considered project categories, the
maximum power ratings for a single installation are
given in Equation (5):

P̂B2B = 4 GW P̂ITC = 2 GW P̂OWC = 2 GW (5)

The applied values in Equation (5) are based on [20].
Note that P̂B2B is twice the size of P̂ITC and P̂OWC,
since a back-to-back system contains two fully-rated
converters. These maximum power ratings are higher
than all reference project power ratings, which are
considered later in this article. This implies that
the ceiling function bracket terms of Equation (2),

Equation (3) and Equation (4) always become zero or
one for these reference projects.

The cost model is designed with a focus on submarine
cables (SMC), being the most common line type for
VSC HVDC transmission. In order to account for
sections of the transmission line which are an overhead
line (OHL) or underground cable (UGC), their lengths
are converted to a cost-equivalent submarine cable
length, as specified by Equation (6):

l f = lSMC, f +
5
4

lUGC, f +
2
3

lOHL, f (6)

Note that the numerical values in Equation (6) are
an estimate based on best knowledge and industry
consultation. Estimating the branch cost ratios between
the different line types is a difficult task, since they
may significantly vary from country to country and from
project to project. The real cost for overhead lines
is particularly hard to estimate as, in theory, they are
much cheaper than cables. However, in reality, public
opposition in central Europe often shows that building
new overhead lines can be impossible, which would
correspond to infinite cost. With that in mind, only
a rough estimation was feasible in this context, and
the assumptions could not be verified due to a lack of
available information.

3.2. Cost parameter set conversion
Primary data for branches and nodes is available

in different formats. Most of the publications do
not provide parameter sets which exactly match the
investment cost model in Equation (1). In some cases:

• only a share of the model’s parameter options
regarding one of the three components are given,
(e.g. only Bk

lp and not Bk
l or Bk

0). This implicitly
sets the not specified parameters regarding that
component to zero, as no cost have been associated
with the phenomena represented by them.

• only a share of the model’s components are given,
(e.g. only B(l, p) and N(p) and not S (p)). This
implicitly sets the not specified components to
zero, as no cost have been associated with the
component.

• none of the aforementioned cost model parameters
are obtainable at all, but rather discrete cost options
for single VSC HVDC converter stations or cable
system components in various formats (e.g. branch
cost data is sometimes given for the cross section
of the conductor without direct relation to power
transfer capability).
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Therefore, in several cases, it is necessary to convert the
collected cost parameter sets to match the format of the
linear cost model used here. The required linear model
coefficients have in these cases been derived by means
of a linear regression of given cost-power or cost-length
relations. Cost parameters that were not created by
linear regression are mentioned in the footnote of the
corresponding studies. Table A.1 and Table A.2 show
the compilation of used primary data and converted
model parameters for branch, node and offshore costs
from the different sources.

3.3. Average parameter set

In contrast to only reviewing single parameter sets,
it is interesting to assess ‘cost parameter sets’ as a
whole. Therefore, an additional synthetic average cost
parameter set has been calculated as the arithmetic mean
of all the collected cost parameter sets. The average
parameter set is presented in Table 1.

Table 1: Average parameter set

Parameter Value Unit

Bavg
lp 0.97 Me/GW·km

Bavg
l 0.68 Me/km

Bavg
0 0.70 Me

Navg
p 80.88 Me/GW

Navg
0 28.38 Me

S avg
p 93.45 Me/GW

S avg
0 44.81 Me

4. Comparison of cost parameter sets

In this section, all the collected parameter sets
(summarised in Table A.1 and Table A.2) and the
average parameter set (specified in Table 1) are
compared.

4.1. Branch cost parameters

Figure 1 presents the cost parameters Bk
lp, Bk

l and Bk
0,

that represent the branch cost part of the investment
model, specified in Equation (2). It can be observed
that sets with a high Bk

lp generally show a lower Bk
l and

vice versa.
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Figure 1: Comparison of branch cost parameters Bk
lp, Bk

l and Bk
0

4.2. Node cost parameters

Figure 2 presents the cost parameters Nk
p and Nk

0
constituting the node cost part of the investment model,
specified in Equation (3).
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Figure 2: Comparison of node cost parameters Nk
p and Nk

0

Torbaghan and Imperial College do not provide
separate node costs, leading to both Nk

p and Nk
0 being

zero. In theory, it is conceivable that the node cost could
be included in the branch’s fixed cost Bk

0. However,
Bk

0 is small or zero for all considered parameter sets,
implying that this effect is not relevant here. Coupled
with those two sources’ Bk

0 parameter being zero,
their resulting cost function is only proportional to
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the transmission length with no offset. Therefore,
these two parameter sets always estimate the cost of a
back-to-back HVDC station to be zero, which clearly
highlights the drawbacks of such a simplified approach.

4.3. Offshore cost parameters
Figure 3 presents the cost parameters S k

p and
S k

0, that represent the additional offshore cost part
(deployment at sea) of the investment model, specified
in Equation (4).
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Figure 3: Comparison of offshore cost parameters S k
p and S k

0

The offshore cost parameters are only given by
some of the reviewed parameter sets, and they are
subject to high variations. Other parameter sets do
not consider extra cost for offshore stations, implicitly
setting the offshore cost to zero. Madariaga et al.
considers a higher cost for the onshore converter than
for the offshore converter, implying a negative offshore
cost. The linear fit of the considered technology
options provided by ENTSO-E and, more specifically,
its extrapolation to a power rating of 0 GW lead to a
slightly negative S k

0.

5. VSC HVDC projects

Regarding reference cost data for VSC HVDC
projects, the sources of information available in the
public domain are scarce and sometimes divergent [15].
Therefore, it is difficult to extract sound reference
data to validate the parameter sets against. Hence,
from publicly available data (i.e. mainly contract values
published in suppliers’ press releases), the authors
obtained cost figures which for some of the projects
could also be allocated to the cable system, converter
station or in one case to the platform.

This section provides an overview of back-to-back,
interconnector and offshore wind connection projects
which are referred to in the following evaluation. Only
realised or at least contracted projects with published
cost figures have been taken into account.

5.1. Back-to-back

Table 2 provides an overview of back-to-back
projects including their techno-economic parameters.

Table 2: Techno-economic figures of realised and contracted VSC
HVDC back-to-back projects

Project Rated Contracted cost
(
Ccon

ref,i

)
Source

name power Converters
MW Me*

TresAmigas 750 150.0 [21]
Mackinac 350 68.0 [22]
KriegersFlak 500 125.7 [23]
* Currency other than e was converted with the monthly

average exchange rate [24] corresponding to the press
releases’ date of publication.

TresAmigas will be a back-to-back VSC HVDC
station in the U.S. state of New Mexico. It will be
the first stage of a ”SuperStation“ connecting the three
synchronous zones in the USA. The project has not been
built yet but has been awarded to Alstom Grid (now
acquired by General Electric Co.), and its contract value
is used in this review [21].

Mackinac was built as a back-to-back VSC HVDC
station in upper Michigan in order to control the
power flow between the upper and lower Peninsulas
of Michigan and provide dynamic voltage support.
The two directly connected converters were designed,
supplied and installed by ABB [22].

KriegersFlak back-to-back HVDC station in
Bentwisch will connect the asynchronous AC power
grids of TSOs Energinet.dk and 50Hertz Transmission,
thereby linking Danish and German power grids. The
project will be delivered by ABB [23].

5.2. Interconnectors

Table 3 displays a summary of the techno-economic
parameters of VSC HVDC interconnector projects
relevant for the cost parameter evaluation.

EstLink1 connects the power grids of Finland and
Estonia. East-West-Interconnector (EWIC) links the
Irish and UK transmission grids between North Dublin
and Wales. NordBalt is a link between the power
grids of LITGRID turtas AB in Lithuania and Svenska
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Table 3: Techno-economic figures of realised and contracted VSC HVDC interconnector projects

Project Rated ——- Line length ——- ——- Contracted cost
(
Ccon

ref,i

)
—— Source(s)

name power SMC+ UGC+ OHL+ Line Converters Total
MW km km km Me* Me* Me*

EstLink1 350 74 31 - ———– 84.8 ———– 84.8 [25]
EWIC 500 186 76 - 291.1 130.6 421.7 [26], [27]
NordBalt 700 400 13 40 268.7 169.9 438.6 [28], [29]
Åland 100 158 - - ———– 99.1 ———– 99.1 [30]
Skagerrak4 700 138 92 12 127.0 131.9 258.9 [31], [32], [33]
NordLink 1,400 516 54 53 936.5a 395.9a 1,332.3 [34], [35]
NorthSeaLink 1,400 720 7 - 890.0 408.9 1,298.9 [36], [37], [38]
COBRA 700 299 26 - 250.0 170.0 420.0 [39], [40]
IFA2 1000 208 27 - 320.2b 270.0 590.2 [41], [42]
+ SubMarine Cable (SMC), UnderGround Cable (UGC), OverHead Line (OHL)
* Currency other than e was converted with the monthly average exchange rate [24] corresponding to the

press releases’ date of publication.
a When calculating the converter and cable costs of the NordLink project, equal length-specific submarine

cable cost for both the Nexans and ABB contract were assumed.
b The HVAC cable on the UK side has been excluded from Prysmian’s total contract volume of 350 Me [42]

by assuming a cost-equivalent length factor of 2.5.

Kraftnät in Sweden. Åland link is located at the
entrance of the Gulf of Bothnia in the Baltic Sea,
connecting the power grid of Kraftnät Åland AB on
the Finnish archipelago to the Finnish mainland, which
had been previously connected only by an AC cable
to the Swedish mainland. At these four HVDC links,
the entire system including converters and cables was
supplied, installed and commissioned by ABB.

Skagerrak4 was built in parallel to the existing
HVDC links Skagerrak1-3 between the power grids
of Energinet.dk in Denmark and Statnett in Norway.
The two converter stations were supplied by ABB [31].
The submarine cable and the underground cable at the
Norwegian end were manufactured and installed by
Nexans [32], while the underground cable on the Danish
side was supplied by Prysmian Group [33]. As a distinct
project feature, Skagerrak4 is operated in bipolar mode
with the existing Skagerrak3, which is why only one
transmission cable has been laid (half-bipole).

NordLink is the first direct transmission link between
the power grids of Norway (Statnett) and Germany
(TenneT). The converter stations will be supplied solely
by ABB, while the corresponding cable system will be
manufactured and commissioned by ABB and Nexans.
ABB is responsible for the underground cable on
German soil and the German subsea route [34], and
Nexans will manufacture and install the HVDC cable
system in Norwegian and Danish waters [35].

NorthSeaLink will be a connection between the
electricity grids of the UK and Norway. ABB will

provide the two VSC HVDC converter stations, one
in Blyth, UK and one in Kvilldal, Norway [36].
The responsibility for supplying and installing the
submarine cable systems and a short path of
underground cable on the UK side of the link rests
with Prysmian Group [37]. Nexans will provide the
Fjord submarine section as well as the tunnel/lake and
underground cable at the Norwegian side [38].

The COpenhagen BRussels Amsterdam or COBRA
cable is an HVDC link between the electricity grids
of Energinet.dk in Denmark and its Dutch counterpart
Tennet TSO. Both converter stations will be supplied by
Siemens [39] and the cable system by Prysmian [40].

The IFA2 interconnector project connecting the
onshore grids of National Grid in the UK and RTE
of France was recently awarded to ABB [41] and
Prysmian [42]. ABB will supply both converter
stations and Prysmian is responsible for delivering the
underground and subsea cable systems.

5.3. Offshore wind connections
Table 4 displays a summary of the techno-economic

parameters of offshore wind connection projects
relevant for the cost parameter evaluation.

All currently existing VSC HVDC systems
connecting offshore wind power plants to the onshore
grid are located in the German exclusive economic
zone of the North Sea; moreover, all of them are
also in the responsibility of TenneT. Several of the
offshore wind connection projects have experienced
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Table 4: Techno-economic figures of realised and contracted VSC HVDC offshore wind connection projects

Project Rated ——- Line length ——- ————– Contracted cost
(
Ccon

ref,i

)
————- Source(s)

name power SMC+ UGC+ OHL+ Line Converters Platform Total
MW km km km Me* Me* Me* Me*

BorWin1 400 125 75 - —————— 422.8a—————- 422.8 [43]
BorWin2 800 125 75 - 300.0 ———— 445.3a———– 745.3 [44], [45]
HelWin1 576 85 45 - 150.0 ———— 595.3a———– 745.3 [45], [46]
DolWin1 800 75 90 - —————— 682.4a—————- 682.4 [47], [48]
SylWin1 864 160 45 - 250.0 ———— 495.3a———– 745.3 [49], [50], [51]
DolWin2 916 45 92 - ———- 479.6 ———- 353.0a 832.6 [52], [53]
HelWin2 690 85 45 - 200.0 ———— 645.3ab———– 845.3 [54], [55]
DolWin3 900 83 79 - 350.0 ———— 800.0 ———– 1,150.0 [56], [57], [58]
BorWin3 900 132 29 - 250.0 ———– 1000.0 ———– 1,250.0 [59], [60], [61]
+ SubMarine Cable (SMC), UnderGround Cable (UGC), OverHead Line (OHL)
* Currency other than e was converted with the monthly average exchange rate [24] corresponding to the press

releases’ date of publication.
a In this context, platform cost include cost increases for ABB’s and Siemens’ offshore converter stations reported in

[62] [51] which were equally distributed among the affected projects.
b While Siemens mentions the combined contract value being higher than 500 Me [54], Prysmian Group indicates

an amount exceeding 600 Me [55]; the latter is used here.

significant delays and cost overruns. Additional costs
caused by the offshore converter stations are reported
for both ABB and Siemens [62]. However, no final
costs including the overruns have been published for
these delayed projects. Given the limited availability
of information, the cost figures presented here rely on
publicly accessible awarded contractual volumes in
press releases. Based on reported additional cost for
Siemens and ABB [62], [51], the cost overruns are
captured and included as far as possible.

BorWin1 was built by ABB as the first HVDC
connection for offshore wind, and it is the only
one based on two-level-converter technology. The
project’s commissioning phase took about seven
months longer than expected [51]. Even after
this extended commissioning phase, problems
continued for several years resulting in significant
down-times [63], [64], [65].

DolWin1 and DolWin2 were entirely built by ABB.
These each included the two converter stations, the
cable system, and the offshore platform.

BorWin2, HelWin1, SylWin1 and HelWin2 were built
by a consortium of Siemens AG and Prysmian Group.
Siemens was responsible for the converter stations and
the offshore platforms while Prysmian was in charge of
the cable system.

DolWin3 was awarded to a consortium of Alstom
and Prysmian Group. The project’s commissioning is
expected in mid-2017.

BorWin3 differs from its preceding projects to the

extent that it has been awarded in two separate tenders,
one to Siemens (together with Petrofac) and another to
Prysmian Group. Initial power transmission on the link
is to commence in early 2019.

6. Evaluation Methodology

Based on the collected data on contracted cost for
the reference projects, the reference investment cost
for the individual projects is calculated according to
Equation (7).

Cref,i =
11
10

Ccon
ref,i ∀i ∈ IB2B

Cref,i =
5
4

Ccon
ref,i ∀i ∈ IITC (7)

Cref,i =
5
4

Ccon
ref,i ∀i ∈ IOWC

These estimated markups are accounting for the
difference between reference contractual cost Ccon

ref,i
and total project reference investment cost Cref,i.
These differences are caused by many different
factors, including, but not limited to, internal efforts,
risk budget, engineering and concession costs, land
purchase, construction etc. The markup values are
based on [9], [51], [66] and unquotable personal
communication with relevant industry stakeholders.

For each individual reference project, the cost
estimation is calculated with each available cost
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parameter set. These cost estimations are then
compared with the reference investment cost and the
relative deviation is expressed on a logarithmic scale,
expressed by Equation (8).

Dk
i = log2

Ck
est,i

Cref,i

 (8)

Relative deviations guarantee an adequate assessment
of both small and big projects. Using absolute cost
figures would undervalue the correct estimation of
smaller projects.

Logarithmic deviations account for the ratio between
estimate and reality. It is important to use a logarithmic
measure of the deviation to ensure a correct evaluation
of both under- and overestimation.

Cost estimations range between the two worst
possible estimates {0,∞}, which are both equally
evaluated on a logarithmic scale {−∞,+∞}. A
non-logarithmic (linear) measure would inadequately
evaluate them {−1,+∞}, creating the wrong impression
that zero cost would be a much better estimate than
infinite cost.

The non-logarithmic measure would equally evaluate
{0, 2}, yielding {−1,+1}. {2} is by all means not a
good estimation, but it still represents a valid result.
On the contrary, {0} implies that the infrastructure
can be deployed at zero cost, which is obviously
wrong, leading to over-investments in ’free’ assets
when a transmission expansion planning optimisation is
conducted. The logarithmic measure returns {−∞,+1}
for this example, correctly reflecting the practical
implications of the two estimates.

As a consequence, the following evaluation of
parameter sets employs the relative logarithmic
measure, as shown in Equation (8).

To assess whether a parameter set generally over- or
underestimates the cost of the three categories, the mean
category deviation of each category has been calculated
according to Equation (9)

Dk
j =

1
|I j|

I j∑
i

Dk
i (9)

To assess the performance of the parameter sets
for the three project categories, the root-mean-square
category error for all projects within a category is
calculated, as expressed in Equation (10).

Ek
j =

√√√
1
|I j|

I j∑
i

(
Dk

i

)2
(10)

To assess the overall performance of the parameter
sets, the overall root-mean-square error is calculated, as
expressed in Equation (11):

Ek =

√√√
1
|J|

J∑
j

(
Ek

j

)2
(11)

7. Evaluation of cost parameter sets

In this section, the investment model cost parameters
in Table A.1 and Table A.2 are related to real-world
VSC HVDC project data in Table 2, Table 3 and Table 4.

7.1. Back-to-back

Figure 4 illustrates the project deviations and
category deviation for back-to-back projects.
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Figure 4: Deviations for back-to-back projects (category deviation
values shown in boxes)

As a result, the different cost parameter sets reveal
deviations in both directions with a slight tendency
towards underestimating the costs of the back-to-back
projects. Since Imperial College and Torbaghan use
a very simple cost model (no node parameters, only
branch parameters), both estimate zero investment
costs for back-to-back systems, and consequently show
deviations of negative infinity. This clearly shows the
limitations of such simple cost models.

7.2. Interconnectors

Figure 5 illustrates the project deviations and
category deviation for interconnector projects.
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Figure 5: Deviations for interconnector projects (category deviation
values shown in boxes)

The illustration shows that the majority of cost
parameter sets overestimate the investment costs for
interconnector projects, most notably EstLink1 and
Skagerrak4. That said, Åland project costs are both
over- and underestimated which might be due to the fact
that it is a comparatively small project, in terms of both
length and power rating, which most of the parameter
sets do not seem to be well adjusted to. Interestingly, for
the interconnector projects in focus, the parameter set of
Torbaghan which is only employing the Blp parameter
solely underestimates the interconnector projects.

7.3. Offshore wind connectors
Figure 6 illustrates the project deviations and

category deviation for offshore wind connector projects.
Most importantly, it can be observed that the

majority of the cost model parameter sets significantly
underestimate the cost of offshore wind connection
projects. Only ETYS13, ETYS15 and NorthSeaGrid
reveal smaller deviations.

7.4. Overall results
Figure 7 shows the category error and the overall

error for all parameter sets.
When considering back-to-back, interconnector, and

offshore wind connection projects altogether, it can
be seen that ETYS13 produces the smallest overall
investment cost estimation error, followed by the
average parameter set. Applying the mean of all the
collected parameter sets seems to have yielded reduced
uncertainty, delivering rather good results for all three
of the considered project categories.
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Figure 6: Deviations for offshore wind connector projects (category
deviation values shown in boxes)
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Figure 7: Evaluation of category errors and overall error (overall error
values shown in boxes)

It is surprising that ETYS13 outperforms ETYS15,
giving the impression that the older data source was
more accurate than the more recent data. This
conclusion, however, is wrong, since the ETYS data
sets reflect the technology market prices at a specific
moment in time. The ETYS15 cost snapshot could be
dominated by an offer-driven-market resulting in high
prices, which might not be valid as a long-term average
needed for the overall results.

Since the strongly simplified cost models of Imperial
College and Torbaghan are not suitable for estimating
the cost of back-to-back projects, their overall
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performance cannot be determined (mathematically
leading to an infinite error).

8. Discussion

8.1. Limitations of the methodology
There are a few simplifications and assumptions

limiting the validity of this analysis, as described below.

8.1.1. Parameter set conversion
The parameter sets obtained from the literature

have been converted into the structure of the linear
investment cost model proposed in Section 3. In many
cases, this conversion causes the loss of information.
For instance, Bk

0 has been estimated to zero if it could
not be determined by the available parameter set data.
Nevertheless, a conversion of the cost parameter data
to fit the proposed linear cost model is unavoidable,
since otherwise hardly any comparison would have been
possible.

8.1.2. Line type cost ratios
A simplified cost ratio between submarine cables

and underground cables as well as overhead lines has
been used for the evaluation. Assuming different ratios
could have minor effects on the parameter evaluation
for projects with large underground cable or overhead
line sections. However, the simplified cost ratios are
necessary to consider the contractual cost taken from
press releases.

8.1.3. Investment cost markup
A blanket markup on the contractual cost figures

has been used when evaluating cost estimates against
reference project cost. As previously mentioned, the
cost markup is necessary to consider the contractual cost
taken from press releases.

8.1.4. Evolution of cost
The analysis does not include the cost changes over

time, e.g. learning curves or inflation correction for
the cost parameter sets. Given the limited overall
reference data availability, learning curve effects have
been excluded as they are, at least for the moment,
impossible to quantify. The inflation correction for the
cost parameter sets could have been included. However,
as learning curve and inflation effects presumably
influence the costs in opposite directions, the accuracy
of the results is expected to be better when neglecting
both, opposed to neglecting only one of them. It was
therefore chosen not to correct the cost parameter sets
for inflation.

8.1.5. Biased validation
Due to the fact that the limited available reference

data used for the validation might or might not be
the same as the one used for creating some of the
cost parameter sets, a possible methodological flaw
could arise. If they, by any chance, coincide while
comparing the cost parameter performance against the
reference data, the observed amount of deviations could
be lower, providing a false sense of reliability for the
cost parameter set in question.

8.2. Accuracy of the reference project cost data

The investment cost can significantly differ from
project to project. Some of the main causes for
differences between costs of individual projects are:

• Customised specifications for individual projects

• HVDC technology market situation
(e.g. market power of technology suppliers)

• Offshore operations market situation
(e.g. availability of large vessels)

• Prices of raw materials (e.g. steel and copper)

• Location related aspects (e.g. water depth,
type of soil and distances to harbours)

• Problems caused by rough conditions offshore

• Type of client (e.g. commercial company or TSO)

• Differences in risk perception

Going through the process of collecting information
about realised and planned VSC HVDC projects, it
became clear that the obtainable cost information in the
public domain does not provide a sound and transparent
reference to evaluate the parameter sets against, as
important data often is proprietary and undisclosed.
More specifically, the offshore wind connection projects
experienced significant cost overruns incurred by
problems and delays concerning the offshore converter
stations and their platforms. Detailed information on
these cost overruns is not available. With TenneT
currently being the only customer for offshore wind
connection projects using VSC HVDC technology, the
possibilities for data collection are limited. Given the
fact that more and more experience is being gained
with the offshore wind connection projects, present
contractual values might better reflect real costs of
offshore converter stations (e.g. the higher contract
values of DolWin3 and BorWin3), as compared to older
projects (DolWin1 and BorWin1).
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The contract values provided in our overview are the
only publicly available data to rely on. The additional
costs, which are not included in the contract values,
have been included using information from [62] [51] to
the best of the authors’ knowledge.

8.3. Accuracy of the cost parameter sets

The analysis has shown significant differences
between the cost parameter sets. These differences can
to some extent be explained by the fact that the different
parameter sets:

• have been designed for a variety of purposes

• focus on specific project categories
(e.g. only interconnector projects)

• employ a different level of simplification
(e.g. totally neglecting node costs)

• consider phenomena, which are specific for and
only valid at the specific point in time of their
creation

• are based on a specific reference project

• reflect the prices at a specific moment in time

• are based on different assumptions regarding all the
items listed in Subsection 8.2

• lack solid reference project cost data to rely on

This can result in cost parameter sets which are very
capable of estimating the cost for a specific type of
HVDC projects but fail to do so for another type of
HVDC projects. For instance, ETYS15 produces small
deviations for the offshore wind connection projects,
but at the same time exhibits large deviations for
interconnectors. Several other cost parameter sets give
better estimations for interconnectors, but significantly
underestimate the cost of offshore wind connections.

It can also lead to cost parameter sets estimating the
cost of a specific project very well, but having a large
deviation for another project within the same category.
As an example, Torbaghan produces good estimates for
the high-power long-distance interconnector NordLink,
but cannot give an acceptable estimate for the
low-power short-distance interconnector Åland. Given
the time-evolving nature of technology, older reference
data might be outdated. However, as the total amount
of published data is very limited, all available data
is essential, comprising the risk of using outdated
information.

As shown by the comparisons above, the collected
cost parameters and thereby obtained cost estimations

spread over a wide range, indicating high uncertainty.
The evaluation of cost parameter sets reveals that their
validity is of heterogeneous nature and the resulting
variations of cost estimates are unacceptably large.
In summary, the performed analysis substantiates the
claim that robust cost information on VSC HVDC
infrastructure and reliable cost parameters for VSC
HVDC investment models are still not available.

9. Conclusion

VSC HVDC transmission infrastructure cost data
sets have been gathered from literature, compared to
each other, and evaluated against cost data from real
reference projects.

The Electricity Ten Year Statement 2013 [8] showed
the best overall performance, followed by the average
parameter set. Applying the mean of all the
collected parameter sets seems to have yielded reduced
uncertainty, delivering rather good results for all three
of the considered project categories.

Regarding all three types of VSC HVDC
infrastructure (back-to-back, interconnector, and
offshore wind connection), this review can provide a
profound basis for future grid investment analyses.
Moreover, future research can benefit from these
contributions when further reference data reviews and
new cost parameter sets are pursued.

Clearly, both the availability of reliable cost reference
data and the validity of investment model cost
parameters need continuing attention. The next step
is to determine a new cost parameter set based on
the reference cost data which has been obtained. For
instance, by carefully applying a component-based
fitting (i.e. converter stations, cable system and
offshore converter platform), a potentially more
accurate representation of VSC HVDC transmission
infrastructure cost could be achieved.
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Appendix A. Cost parameter set data

The investment cost parameter sets which have been
gathered from the aforementioned references and the
adapted version of these parameter sets (converted to fit
the here-introduced cost model format) are given in the
appendix. The branch parameters are given in Table A.1
and the node parameters are given in Table A.2.
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Table A.1: Branch cost model parameters from previously published cost parameter data

Name Option/ variant Cost Unit Bk
lp Bk

l Bk
0 Source

Me/GW·km Me/km Me

RealiseGrid 700 MW 1.90 Me/km [4]
2011 1000 MW 2.60 Me/km

1200 MW 3.20 Me/km 2.58 0.07 0.00

WindSpeedg 600 MW 0.40 Me/km [5]
2011 Installation 0.36 Me/km

Mobilisation 5.00 Me 0.33 0.56 5.00

ENTSO-Ea 850 MW 0.43 Me/km [6]
2011 967 MW 0.43 Me/km

1069 MW 0.46 Me/km

1133 MW 0.53 Me/km

Installation 0.91 Me/km 0.33 1.05 0.00

Ergun et al.b 450 MW 0.98 Me/km [7]
2012 500 MW 1.07 Me/km

550 MW 1.17 Me/km

900 MW 1.85 Me/km 2.05 0.11 0.00

ETYSa 855 MW 0.32 Me/km [8]
2013 967 MW 0.33 Me/km

1069 MW 0.34 Me/km

1133 MW 0.38 Me/km

Installation 0.59 Me/km 0.29 1.06 0.00

NSTGcg 1200 MW 1.47 Me/km [9]
2013 0.61 0.74 0.00

NSOGa 403 MW 0.60 Me/km [11]
2014 1373 MW 1.32 Me/km

1510 MW 1.12 Me/km

2146 MW 1.47 Me/km

Installation 0.40 Me/km 0.50 0,45 0.00

Imperial Colleged Fixed cable costs, annuityc 0.07 Me/km·a [12]
2014 Variable cable costs, annuityc 120.00 Me/GW·km·a 1.50 0.87 0.00

NorthSeaGrid 1400 MW 0.57 Me/km [13]
2015 1000 MW 0.43 Me/km

700 MW 0.32 Me/km

Installation 1.78 Me/km 0.35 1.85 0.00

OffshoreDCc Low 1.10 Me/GW·km [14]
2015 Medium 1.30 Me/GW·km

High 1.50 Me/GW·km 1.30 0.00 0.00

Madariaga et al.eg 100 km, 900 MW 116.75 Me [15]
2015 110 km, 900 MW 128.03 Me

120 km, 900 MW 139.29 Me
130 km, 900 MW 150.56 Me
140 km, 900 MW 161.83 Me
150 km, 900 MW 173.10 Me 0.63 0.56 4.06

ETYS 600 MWf 0.65 Me/km [16]
2015 800 MWf 0.75 Me/km

1000 MWf 0.86 Me/km

1200 MWf 1.03 Me/km

Installation 1.19 Me/km 0.63 1.45 0.00

Torbaghanc Interconnector 1.48 Me/GW·km [17]
2016 1.48 0.00 0.00
a Transmittable power is derived from the cross-section of the cable according to [16].
b The proposed non-linear model is used to create cost data for the respective transmissible power. A voltage level of

320 kV is assumed.
c The provided cost parameters already fit the cost model coefficients.
d Personal contact to the author revealed that the fixed cable cost are annuitised as well. A discount rate of 5 % p.a. is

specified in the source and a service life of 20 a is assumed to convert annuities to investment costs.
e The cost for the land cable section is deducted from total cable cost.
f The cost figures are the average of all given HVDC extruded offshore cable options (aluminum and copper conductor).
g The provided source only relies on a single branch option. Given the purpose of this review, after thorough consideration

of different options, the branch option’s cost have been equally distributed to the Blp and Bl parameters.
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Table A.2: Node and offshore cost model parameters from previously published cost parameter data

Name Option/variant Cost Unit Nk
p Nk

0 S k
p S k

0 Source
Me/GW Me Me/GW Me

RealiseGrida Converter costs 83.00 Me/GW [4]
2011 Platform costs 28.00 Me 83.00 0.00 0.00 28.00

Windspeeda 600 MW, off 143.40 Me [5]
2011 Installation, off 23.80 Me

600 MW, on 129.60 Me
Installation, on 6.50 Me 216.00 6.50 23.00 17.30

ENTSO-E VSC 500 MW 83.50 Me [6]
2011 VSC 850 MW 101.50 Me

VSC 1250 MW 135.50 Me
VSC 2000 MW 170.00 Me
Platform 400 MW 66.60 Me
Platform 800 MW 140.00 Me 58.90 54.90 183.50 -6.80

Ergun et al.b Power-dependent converter station cost 90.00 Me/GW [7]
2012 Fixed onshore converter station costs 18.00 Me

Fixed offshore converter station costs 42.00 Me 90.00 18.00 0.00 24.00

ETYS 500 MW VSC 61.26 Me [8]
2013 850 MW VSC 80.21 Me

1250 MW VSC 98.34 Me
2000 MW VSC 124.54 Me
1000 MW platform 237.40 Me
1250 MW platform 268.43 Me
2000 MW platform 384.11 Me 60.80 63.17 216.60 143.66

NSTGc Pair of 1200 MW VSC, fixed cost 110.00 Me [9], [10]
2013 Pair of 1200 MW VSC, variable cost 117.80 Me/GW

1200 MW platform 157.00 Me 58.90 54.90 130.83 0.00

NSOG Platform 111.30 Me [11]
2014 VSC 500 MW 83.50 Me

VSC 850 MW 101.50 Me
VSC 1250 MW 135.50 Me
VSC 2000 MW 170.00 Me 58.90 54.90 0.00 111.30

Imperial College - - - [12]
2014 0.00 0.00 0.00 0.00

NorthSeaGrid 1400 MW platform 340.00 Me [13]
2015 1000 MW platform 290.00 Me

1400 MW VSC 145.00 Me
1000 MW VSC 119.00 Me 65.00 54.00 125.00 218.95

OffshoreDCa Onshore station (Medium) 100.00 Me/GW [14]
2015 Offshore station 50 % (Medium) 150.00 Me/GW

Offshore station 100 % (Medium) 200.00 Me/GW 100.00 0.00 75.00 0.00

Madariaga et al. 900 MW Onshore HVDC Converter 141.38 Me [15]
2015 900 MW Offshore HVDC Converter 127.88 Me 157.00 0.00 -14.93 0.00

ETYS 800 MW VSC offshore 64.43 Me [16]
2015 1000 MW VSC offshore 85.06 Me

1200 MW VSC offshore 116.91 Me
1800 MW VSC offshore 130.30 Me
2200 MW VSC offshore 161.07 Me
800 MW VSC onshore 77.82 Me
1000 MW VSC onshore 88.32 Me
1200 MW VSC onshore 96.64 Me
1800 MW VSC onshore 121.25 Me
2200 MW VSC onshore 157.81 Me
1000 MW platform 296.80 Me
1250 MW platform 330.28 Me
1500 MW platform 402.67 Me
1750 MW platform 459.68 Me
2000 MW platform 521.21 Me
2250 MW platform 583.64 Me
2500 MW platform 650.61 Me 103.00 62.60 475.90 46.07

Torbaghan - - - [17]
2016 0.00 0.00 0.00 0.00
a The provided cost parameters already fit the cost model coefficients.
b The proposed non-linear model is used to create cost data for the respective transmissible power, a voltage level of 320 kV is assumed.
c Platform costs are not considered in this study.
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