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Disclaimer
This document has been prepared by Best Paths project partners as an account of work carried out within
the framework of the EC-GA contract nº 612748.
Neither Project Coordinator, nor any signatory party of Best Paths Project Consortium Agreement, nor
any person acting on behalf of any of them:
(a) makes any warranty or representation whatsoever, express or implied,
1. with respect to the use of any information, apparatus, method, process, or similar item disclosed
in this document, including merchantability and fitness for a particular purpose, or
2. that such use does not infringe on or interfere with privately owned rights, including any party's
intellectual property, or
3. that this document is suitable to any particular user's circumstance; or
(b) assumes responsibility for any damages or other liability whatsoever (including any consequential
damages, even if Project Coordinator or any representative of a signatory party of the Best Paths Project
Consortium Agreement, has been advised of the possibility of such damages) resulting from your selection
or use of this document or any information, apparatus, method, process, or similar item disclosed in this
document.
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AC

Alternating Current

ACCB

AC Circuit Breaker

ACSR

Aluminum Conductor Steel Reinforced

AWM

Air Warning Marker

C&F

Cap & Floor

CB

Circuit Breaker

CSC

Current Source Converter

DCG

DC grid

DLR

Dynamic Line Rating

EMF

Electro Magnetic Field

EMT

Electro-Magnetic Transient

EU

European Union

EWEA

European Wind Energy Association

FDCD

Fast DC Disconnector

FIP

Feed-in Premium

FIT

Feed-in Tariffs

HLC

High Level Controllers

HTLS

High Temperature Low Sag

HTS

High Temperature Superconducting

HV

High Voltage

HVAC

High Voltage Alternating Current

HVDC

High Voltage Direct Current

IEGT

Injection-Enhanced Gate Transistor

IGBT

Insulated-Gate Bipolar Transistor

IOP

Interoperability

LCC

Line Commutated Converters

MC

Master Control

MI

Mass Impregnated

MMC
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Offshore Wind Farms
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R&D

Research and Development

RAB

Regulatory Asset Base

RES

Renewable Energy Source

RTV

Room Temperature Vulcanizing

SM
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TSO

Transmission System Operator

VSC

Voltage Source Converter

WTG

Wind Turbine Generators

XLPE

Cross Linked Polyethylene
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Executive Summary
The project Best Paths aims at demonstrating through five real-life demonstrations the
capability of several critical network technologies to increase the pan-European
transmission network capacity and the electric system flexibility. Demos 1, 2, 3 are
related to HVDC technologies, with an especial focus on making an efficient use of available
off-shore wind resources. Demo 4 is focused on AC technologies, and Demo 5 is focused on
superconductivity of DC links. The objective of this report is to identify the barriers that could
prevent from the replicability of these technologies in the near future.
One of the conclusions of this analysis is that in order to build and properly operate a future
transnational HVDC grid it is paramount to define a regulatory framework to coordinate
the actions of involved TSOs and to provide clear schemes regarding the ownership
and governance of the grid assets. In the same vein, the development of technical
standards is essential to ensure the interoperability among different vendors and the
adoption by the TSOs of the new technologies developed in Best Paths project. The new
transmission lines based on HVDC technology will be indispensable in the future
European transmission network, and the reinforcements of the existing AC grid will be
necessary to accommodate increased injections of HVDC lines. Thus, a coordinated planning
of both AC and DC future networks is essential to achieve the full potential of both
technologies.
Regarding the innovation, it is necessary the development of new policies to incentivize
TSOs' investment in some of Best Paths technologies taking into account their
specificities. Fostering DLR technologies would imply a change in the retribution schemes for
TSOs that should include the acknowledgement and remuneration for efficient grid
management and operation. On the other hand, some of the developed technologies are rather
capital intensive, as the case of superconducting links, and therefore measures to ease the
access to co-financing (including European funds) could help its deployment.
Another important barrier is the lack of a complete data set that could be used for
network analysis (planning and operation) under a pan-European perspective. In this
sense, the European Commission should develop and maintain an open common reference
framework of European network scenarios and models for the pan-European Transmission
System. The model should include electrical data and geographical layout of the transmission
grid; basic information about generators, including capacity, type and location in the
transmission grid; and distribution of power demand; updated grid scenarios along with
expected grid scenarios for different time horizons considering the recommendations coming
from TYNDP 2018, Projects of Common Interest and some relevant European projects such as
e-Highways2050. This set of baseline scenarios would be a strong asset for future EU-funded
research projects as it would avoid overlap and effort in this recurring task. In addition, an
open set of scenarios would allow their unrestricted use (apart from due credit) for different
research initiatives.
Regarding the individual barriers for the demos, the key messages are summarized hereafter:
Demo1: The objective is to reduce the risks of HVDC links connecting offshore wind farms and
to foster new suppliers and sub-suppliers of HVDC technology. This will be done by investigating
the interactions of the converters in the wind turbines and the HVDC substation, and by
developing a testing laboratory where different stakeholders can perform their studies in a real
environment with real measurements from converter equipment. The main identifed barriers
are the following ones:
•

Without proper tuning of VSC controller parameters (assuming a coordinated design),
an overall negative impact on the system operation can be obtained. Coordination is
essential among TSOs to build future transnational HVDC grid.
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•

Control parameters of the Simulink-based model need to be re-tuned for different
applications according to specific dynamic requirements and ratings. Interaction
between controllers from different vendors could result in stability problems.

•

The simulation models developed in the demo do not allow to study connection and
disconnection processes of the converter stations.

•

VSC based MTDC system can be very expensive, and DC-Circuit Breaker can represent
up to one sixth of the converter station.

•

A regulatory framework needs to be well-defined to indicate who will be
entitled to access the grid, and who will be eligible to operate the system,
especially for a MT scheme connecting multiple countries.

•

Additional barriers related to offshore RES promotion:
o

Project finance requires a reliable regulatory framework.

o

Lack of spatial development plans and strict environmental requirements.

o

Grid connection costs and long licensing processes/ public opposition

o

Market design needs to be updated to ensure an efficient use of non-dispatchable
RES

Demo 2: The goal of the demonstration is to outline the conditions to ensure maximum
interoperability (IOP) for HVDC-VSC converters connected to a DC system. This will be done
for all parties involved and for a wide range of HVDC arrangements based on Modular Multilevel Converters (MMC). The main identifed barriers are the following ones:
•

The lack of standardizing requirements for the design of VSC controllers
represents a barrier for the development of multi-terminal HVDC systems in the future.

•

Half Bridge MMC is the only considered converter type for IOP assessment. As new
technologies could emerge in the next years, IOP has to be dealt with.

•

If IOP is not solved, DC networks will unlikely be able to handle more than 3 terminals,
as it is quite unlikely that one single converter supplier will be selected for larger
projects.

•

It is assumed a centralized coordination of the converters connected to the DC
grid via a Master Control (MC) since this is the most up-scalable solution.
However, this leads to a series of complications on the regulation side regarding
operation or ownership, governance and coordination of such a MC in a multiTSO AC network.

•

Other regulatory barriers concerning MTDC network:
o

National policies.

o

Financial instruments.

o

Standardization.

o

Legal and IP issues.

o

Other aspects such as public perception concerning EMF, visual impact, footprint.

Demo 3: The demonstration aims to design, develop and test new technological solutions
allowing to upgrade multi-terminal HVDC links, selecting the SACOI HVDC intertie as the project
where all these updgrades will be assessed. The main identifed barriers are the following ones:

10
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•

•

•

•

HVDC cables
o

There is a concern about the long-term reliability when working at a voltage
higher than 400 kV.

o

The higher the voltage level, the more challenging the transportation and
handling of cables can be.

o

Large bending radius may limit the installation and civil works in a populationdense area.

Insulation for HVDC OHLs
o

Environmental pollution severity plays an essential role in designing the
external insulation which needs re-evaluation before applying it in different
geographic locations.

o

HVDC insulators are costly and require ad hoc characterization.

HVDC HTLS conductors
o

Despite new HTLS with non-metallic core solutions have been developed and
tested for HVDC applications in this project, there is no commercially available
solution. This represents a barrier as there is a lack of suppliers of this
technology which is still not mature.

o

Technological performance is limited by the temperature due to the use of
composite material in the core. Future studies in depth are needed.

o

The replicability of this technology might be limited for situations where it is
necessary to repower existing lines in order to cope with events where the
transmission capacity needs to be increased with respect to the normal
conditions (peak requirements).

HVDC converters: similar conclusions as in Demos 1 and 2.

Demo 4: The first objective aims to research, analyze and model existing high-temperature
low-sag (HTLS) AC conductors with a focus on ageing behaviour and determine the benefits
of insulated cross-arms. The second objectives intends to validate all potentials for innovative
design and field working processes, including retrofit process and live line working. The third
objective consists in the development of a prototype dynamic line rating (DLR) system based
on low cost sensors allowing higher temperature operations of current line technologies. The
main identifed barriers are the following ones:
•

•

HTLS conductors
o

Extra effort is required to adapt to a different environment.

o

Long term reliability is not proven yet, while TSOs are conservative

o

There is a lack of standardization.

o

Cost-effectiveness is not evident at this stage.

Insulated cross-arms
o

Current solution is designed based on Elia’s specification, assuming middleEurope environment conditions (rain, temperature, etc.). In case other
countries would like to replicate such technology, under different environmental
conditions and subject to special national standards, the solution needs to be
adapted accordingly.
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•

•

•

o

Insulated cross-arms is part of the compact design which entails replacement of
old OHLs. It can be difficult for TSOs and public to accept it.

o

There is no standard configuration and requires special design to adapt to
particularities of the developing site.

OHL concept (robotic AWM, composite foundation and tower):
o

Composite foundation requires specific location where it has solid
rock/bedrock

o

Current solution is designed according to Statnett’s specifications which could
result in future barriers as regulations and standards differ in regions.

o

Risk-aversion of TSOs who might prefer traditional manual mounting of AWMs,
and use of concrete/steel foundations

Innovative repowering process:
o

Although the solution complies with mandatory standards (e.g. EN 50374, EN
50110-1, IEC 60895, etc.), it needs to adapt to different working conditions.

o

Due to novel material selection and new design principle, modification and/or
extension of current standards are required.

Dynamic line rating technology:
o

Lack of experience among TSOs and utilities to forecast required weather
conditions for this application.

o

Given the limited experience, all models used to forecast ampacity have to
be fine-tuned according to the particularities of each location. Lack of
consensus on the best models to be used in each case.

o

TSOs are not properly incentivized to invest in DLR systems. TSOs’ revenue
in EU are based on a Regulatory Asset Base and they are not acknowledged by
efficient grid management and operation, i.e., they are not remunerated for
operating the grid efficiently.

Demo 5: The objective of this demo is to carry out a prototype scale validation of the technical
feasibility of integrating DC superconducting cable links within an AC meshed network. The
main identifed barriers are the following ones:
•

Although current solution still is not mature for large-scale deployment, outcomes
obtained in the demo are rather promising. Additional policies are needed to
incentivize innovation at the TSO level, and in particular to deploy this innovative
idea in order to gain experience.

•

The conductor was designed to transmit 10 kA. Presently available HV converters
do not deliver current rating over 2 kA. However, either by increasing the maximum
current of HV converters, or by operating them in parallel, this barrier could be
overcome.

•

Pumping and cooling station is needed ideally fitting with power substations (in
average every 50km) along the cable route which can represent a serious barrier for
system operators. However, for shorter links less than 50 km this would not be a
barrier.

•

Crossing areas with steep inclines can lead to high pressure and a special design
is needed for the cooling system in this case. This could limit the applicability of
this technology in certain places.

12
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•

Currently there is no standard (except regulations concerning safety) for MgB2 wires
as the concept is very innovative.

•

From regulatory perspective, there is a lack of support to test so innovative
technologies. Strong collaboration is expected in case of interconnectors using
superconducting link among TSOs. As it is capital intensive, measures to facilitate access
to co-financing (including European funds) could help the deployment.

13
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1. Introduction
In response to the call ENERGY.2013.7.2.3 - large-scale demonstration of innovative
transmission system integration and operation solution for (inter)connecting renewable
electricity production – Best Paths project was launched in 2014. This project aims at
demonstrating through five real-life demonstrations the capability of several critical network
technologies to increase the pan-European transmission network capacity and the electric
system flexibility. Demos 1, 2, 3 are related to HVDC technologies, with an especial focus on
making an efficient use of available off-shore wind resources. Demo 4 is focused on AC
technologies, and Demo 5 is focused on superconductivity of DC links. The objective of this
report is to identify the barriers that could prevent from the replicability of these technologies
in the near future.
One of the greatest difficulties of this analysis is that the potential barriers can belong to
different categories and can have diverse levels of severity. In addition, within the five demos
there is a wide variety of technologies that cover very different aspects among them: from
improving the interaction between the VSC converters of an off-shore wind farm with the wind
turbines, to updated life-line working technologies for AC corridors. Therefore, besides the
specific barriers of each technology, the identification of more general barriers is not a trivial
task. Finally, the degree of maturity of the different tested technologies is not homogeneous
either, and sometimes there is uncertainty about the evolution of its future costs.
Despite all these difficulties, the high representativeness of different types of agents in the
project consortium (TSO’s, RES companies, manufactures and research centres) represents a
great advantage. Therefore, different partners involved in the development of each demo have
been consulted during this study. In addition to external research, a replicability survey has
been designed and conducted in several stages. The first part of the survey consisted of
particular questions addressing each demo participant. The second part of the survey was
further divided into three aspects, i.e., technical, economic and regulatory. Lists of
questions/barriers were given to all the demo partners to either rank the importance or express
their opinions. Finally, workshops and interviews/bilateral meetings were held for further
clarification and information exchange. This report summarizes the mind findings of this
process and elaborates some recommendations based on the experience gained.
The five demonstrations carried out in Best Paths project address the following issues
accordingly:
•

Demo 1: operation and control perspective on Offshore Wind Farms (OWFs) integration,
through Voltage Source Converter (VSC) based HVDC technology

•

Demo 2: multivendor interoperability (IOP) for VSC-based HVDC systems

•

Demo 3: technological upgrade of SACOI3 link. Four components were investigated,
namely: 1) converters, 2) cables (both submarine and terrestrial), 3) High Temperature
Low Sag (HTLS) conductors, and 4) insulators for HVDC Overhead Lines (OHL)

•

Demo 4: innovative repowering systems which include 1) use of HTLS conductors and
insulated cross-arm, 2) innovative design of OHL concept and repowering process, and
3) dynamic line rating

•

Demo 5: DC superconducting links

In order to provide a comprehensive analysis of the barriers, this document is structured in the
way that each section is dedicated to one demo. Each section briefly reviews the technical
solution(s) that meant to be investigated and how could these solutions contribute to the
network upgrade and expansion. Then barriers concerning technical, economic and regulatory
aspects are discussed respectively. Finally, conclusions will be drawn in the final section,
including a brief summary of specific recommendations oriented to policy-makers.

14
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2. Demo 1
2.1

Review of offshore wind generation in EU

Meeting the rising energy requirements in a sustainable, secure and competitive manner is one
of the main challenges of current power systems. In order to achieve such goal, a larger
integration of Renewable Energy Sources (RES) is needed. Offshore Wind Farms (OWF) are
expected to supply a significant portion of future energy needs and, in that sense, the European
Wind Energy Association (EWEA) estimated in 2011 that 150 GW of offshore wind capacity
would be installed by 2030, producing 562 TWh of electricity annually to cover 14% of the
European Union (EU)’s electricity demand [1]. However, a careful analysis of the trend during
the last years regarding the evolution of OWF installed capacity in Europe makes such
estimation too optimistic unless potential barriers are overcome. Thus, in the last report Key
trends and statistics 2017 published by WindEurope.org [2], the expected offshore wind power
cumulative capacity to 2030 is 72,2 GW for the central scenario, 49,5 GW for the low scenario,
and 98,93 GW for the high scenario. Next figure shows the EU cumulative installed capacity
of OWF during the time period 1991-2017.

Offshore Wind Development in EU (1991 - 2017)
18
16

15,7645

Installed Capacity [GW]

14
12,6155

12

11,0575
10
8

8,039
6,5557

6

4,9887
4

3,8227
0,8052
0,7127
0,533
0,012 0,029 0,032 0,036 0,257
1,1236

2
0,005
0
1991

1993

1995
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2007

2,9567
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Year

Fig. 1 EU Offshore wind development from year 1991 to 2017 (GW of installed capacity)

Despite the obvious increasing trend, the original EWEA estimation would imply to increase the
current installed capacity by a factor of 10. Table 1, Table 2, and Table 3 show the capacity
installed by each country in each one of the covered years, where only the countries with notnull installed capacity have been included.

15
15

D13.3 Identified barriers for replicability
November 2018

Table 1. Offshore installed capacity per year and country [MW] during 1991-2000

Country/Year 1991
Accumulated [GW]

0.005

Annual Total [MW]

4.95

92

93

94

95

96

97

98

99

2000

0.005

0.005

0.007

0.012

0.029

0.029

0.032

0.032

0.036

2

5

16.8

2.8

3.8
3.8

UK
Denmark

4.95

5
2

Netherland

16.8
2.8

Sweden

Table 2. Offshore installed capacity per year and country [MW] during 2001-2010

Country/Year 2001

02

03

04

05

06

07

08

09

2010

Accumulated [GW]

0.087

0.257

0.533

0.623

0.713

0.805

1.124

1.497

2.074

2.957

Annual Total [MW]

50.5

170

279

89.7

90

92.5

318

366

576.7

882.7

Belgium

165

Finland

2.3
4.5

Germany
4

UK
Denmark

40

160

Netherland
Sweden

10.5

10

60

90

90

100

5

30

50

187

284.4

458.4

230

207

233
19

108

23

110

120
30
2.3

Norway
Ireland

2.5

25.2
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Table 3. Offshore installed capacity per year and country [MW] during 2011-2017

Country/Year 2011

12

13

14

15

16

2017

Accumulated [GW]

3.823

4.989

6.556

8.039

11.058

12.616

15.765

Annual Total [MW]

866.4

1165.5

1568

1483.3

3018.5

1558

3149

184.5

Belgium

192

141

165

Finland

60

France

2
5

Spain
Germany

108.3

80

240

528.9

2282.4

813

1247

UK

752.5

854.2

733

813.4

566.1

56

1680

Denmark

3.6

46.8

350
180

Netherland
48

Sweden
Portugal

-5

2

691

-10
-2

During the early stages of OWF industry development, the distances between the wind turbines
and the shore were small. For instance, the world’s first OWF project named Vindeby (Denmark)
started in 1991, and consisted of 11 wind turbine generators (WTG) (450 kW each) that were
placed 2 km from the coast. In 2012, the average distance to shore of the new installed OWF
was 29 km, and in 2017 this value was 41 km 1 . The selection of the most appropriate
technology depends basically on the distance from the existing alternating current (AC)
network, and for low distances AC transmission systems are preferred. In any case, there is a
need to be able to capture offshore wind resources at higher distances, where wind energy
resources can be more abundant taking advantage of the last technological advances of WTGs
and power electronics.
In this framework new OWFs are being built at 1) rising distances to shore, and 2) for higher
levels of transmitted power. These two factors limit the feasibility of High Voltage Alternating

1

Source: https://windeurope.org
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Current (HVAC) transmission schemes [2]. In [3] it is discussed that the breakeven distance
of High Voltage Direct Current (HVDC) system interconnected by cables is about 120 km in
terms of total costs, although the decision to choose HVDC instead of HVAC depends on the
particularities of the project, and such breakeven distance could be smaller.
Currently, there are two dominant types of converters for HVDC systems: Line Commutated
Converters (LCC) –also known as Current Source Converter (CSC)–, and VSC. LCC has several
drawbacks for offshore wind power applications. Among others, LCC technology relies on a
strong AC system to function appropriately. In addition, the required substation of a LCC
occupies more space and produces more harmonic distortion than VSC, requiring additional
filters. Moreover, the power reversal of an LCC based system needs the change of DC voltage
polarity and this may cause disruptions in the DC system, while for the VSC sytem, power
reversal can be achieved just by changing the direction of current flow. Finally, LCC does not
allow to build a mehsed DC grid, while VSC makes meshed MTDC systems technically feasible
[4]. This means that it is possible to build a multi-terminal topology where in case of a cable
contingency, the generated power can be redirected by an alternative pathway, increasing the
reliability of the system. This is the main reason why the offshore wind industry is paying a lot
of attention to VSC systems in order to overcome some of its well known barriers: lower power
capability, weaker overload capability, higher station losses, higher costs, and less mature
technology.

2.2

Objectives of Demo 1

The first demonstration, led by Iberdrola, is aimed at acquiring a deeper knowledge from both
operation and control perspective of OWFs integration through Voltage Source Converter (VSC)
based HVDC technology. Simulation models and control algorithms are developed for different
components to perform the analysis, including WTGs, HVDC lines, AC grids, Modular Multi-level
Converters (MMCs) and High Level Controllers (HLCs 2 ). The demonstration replicates in a
laboratory scale, i.e., low voltage levels, an OWF connecting to onshore AC grids through a
Multi-Terminal HVDC (MTDC) transmission system. It was carried out in the National Smart
Grid Laboratory jointly operated by SINTEF Energy Research and the Norwegian University of
Science and Technology (NTNU). The purpose is to investigate the interactions between OWFs
and VSCs within the MTDC system and to identify potential interoperability problems.
All models have been developed based on MATLAB 2015b. The simulation blocks and a user
manual are publicly available from the Best Paths project website.

2.3

Technical barriers of Demo 1

With such an open access MATLAB/Simulink toolbox including all necessary building blocks for
OWFs integration, it is expected that Transmission System Operators (TSO), utilities and Wind
Turbine (WT) manufactures can obtain sufficient information using this set of tools so that
MTDC systems can be better designed and constructed in the near future.
From the models intrinsic point of view, there are no obstacles for replication. One can simply
download them from the website and build their own systems accordingly. Nevertheless, this
toolbox can have its own limitations. The most immediate ones come from the modelling
assumptions made during the development process, which are described as follows in Table 4.

2

The HLCs allows converter operation in three different control modes to cover the main control
needs of HVDC schemes.
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Table 4 Modelling Assumptions

Components

Assumptions
The operation of the sub-modules (SMs) is represented by an equivalent
mathematical function. Therefore, modelling of power semiconductors is not
included.

Converter

Discharging resistors are not modelled. As a result, the voltage of the SM
capacitors remains constant once the converter is disconnected from the AC
and DC sides.

Only the following topologies are covered:
•
•

Wind
Model

Farm

MMC with half-bridge (HB) SMs
MMC with full-bridge (FB) SMs

Each wind farm is represented in an aggregated manner. It contains one
detailed model of WTG and all the rest are assumed to be exactly the same.

Only a symmetrical monopole configuration is assumed in the model.
HVDC Link

The noise of input/output signals of the controller is not considered.

High
Level
Controller

The parameters of the controller are tuned based on the ones from the
manufacturers. It may have to be re-tuned when employed in a practical
system.

Consequently, potential replication barriers are the ones shown hereafter in Table 5:
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Table 5 Model Replication Barrier

Components

Barriers
From the perspective of this demonstration, this simplification is accepted.

Converter

However, it limits the application of the models to perform several analyses.
For example, efficiency calculation cannot be performed in this case.
Moreover, without proper consideration of discharging elements, the model
is not applicable for studying issues related to the connection and
disconnection of the converter stations.
Only two VSC topologies were investigated, i.e., HB MMC and FB MMC. HB
MMC is the state-of-the-art for large OWFs, FB MMC has fault blocking
capabilities which lead to potentially more usage in the future. In case other
topologies are assumed, this model may not be valid and needs adjustments.

Wind
Model

Farm

HVDC Line

High
Level
Controller
(HLC)

Due to the reason that the scope of the study focuses on impact assessment
of (net) power output of OWFs on HVDC links, an aggregated model was
used to represent OWFs with each wind turbine is assumed identical. In this
demonstration, this modelling approach is accurate enough for studies
carried out.
Nevertheless, if one wants to modify the wind turbines individually and study
the global impact, this model needs to be adjusted accordingly. For example,
the wake effect is not considered.

If other configurations were assumed, the model would need further
adjustments. For example, an asymmetric monopole configuration would
require to modify the DC protection system including the earthing system.

Although state-of-the-art control structures are adopted, which are also
widely used in literature to control power converters and VSC-HVDC
systems, depending on the application, the parameters need to be re-tuned
to address the specific dynamic requirements and ratings.

Apart from the barriers derived from the model development, in this demo, the WTG is
represented by a Permanent Magnet Synchronous Generators (PMSG) based on a full-power
converter3. If a different WTG technology is assumed, the model needs to be adapted. Besides,
the interactions with the HVDC controllers could be different.

Variable-speed wind turbines can be implemented with either Doubly Fed Induction
Generators (DFIG) or full-power converters [41]. For variable-speed wind turbines with full-

3
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There are no other models developed for hybrid converter topologies as it is out of the scope
of Demo 1. All converter models developed in this demo are validated by comparing their
performance with the models developed by ABB, Siemens and GE in Demo 2. According to the
information received by the technical staff of demo 1, the obtained results show similarity under
most of the studied situations.
Within the converter models, in order to consider the converter losses, it is assumed a
resistance in series per arm. The main purpose is to capture the damping factor that depends
on such equivalent resistance. As Demo 1 focuses on converter type MMC, and power losses
on MMCs are small (~0.8% of the transferred power), the considered approach can be
considered representative enough from the controllability study perspective.
The developed HLC includes three operation modes that cover the main control necessities of
the proposed HVDC schemes. In general, it is representative enough for most converter
manufacturers. However, it must be taken into account that all studies carried out in the
demonstration have assumed that all system components are in operation. The effect of
starting-up and shutting-down of converters are not considered.
In the scaled-down experiment site, four specific HVDC system topologies were proposed and
studied. It is reported that they mean to cover basic building blocks for more complex and
meshed HVDC grids; thus they are representative enough for future offshore projects in
Europe. Six categories of KPIs were defined to evaluate the steady-state and dynamic
performance of the proposed converters, HVDC topologies and control algorithms, namely:
•

Steady State AC/DC Interactions

•

Transient AC/DC Interactions

•

Protection Performance

•

DC Inter-array

•

Resonances

•

Grid Code Compliance

In this sense, there shall be no obstacle to replicate such demonstration at an industrial level.
The converter model was developed in a generalized way so that it is easy to configure to
different power and voltage ratings. The three basic control modes are included to cover a wide
range of operation. All control modes can be operated with droop control characteristics. From
a technical point of view, only one thing needs to be addressed: control parameters need to be
re-tuned for different application purposes according to the specific dynamic requirements and
ratings.
Finally, as this demonstration is meant to provide MATLAB/Simulink models that are validated
with a laboratory scale facility, acceptance from the academia and the industry directly affects
the replication of the models. Although the models developed are comprehensive and suitable
for most studies, universities and research centres may find them subject to the following
restrictions:

power converters, the wind turbine is connected directly to the WTG which is represented by a
PMSG.
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•

Due to simplifications/assumptions, the mechanical part of the wind turbines is not
considered in detail. Therefore, modelling the impact of switching of semiconductors will
not be possible.

•

Due to the simulation tool the model may not be the best option for studies involving
the thermal performance of related power electronics (e.g. MMCs).

•

Some components of VSC-HVDC systems are not included, such as overhead line
models and detailed DC CB models.

As a conclusion, one of the main barriers that have been identified is that interactions between
controllers developed by different vendors could endanger system stability. This situation did
not occur in the demo since a coordinated controller design was implemented, and its
parameters were tuned accordingly. However, this may not happen in a real situation as
vendors may be reluctant to share certain information due to intellectual property concerns. In
this sense, the lack of standardizing requirements for the design of VSC controllers represents
a barrier for the development of multi-terminal HVDC systems in the future.

2.4

Economic barriers of Demo 1

A significant part of this demo was focused on
the development of a complete
MATLAB/Simulink toolbox of component models. In order to ease its replication in the future,
this toolbox will be publicly available. Therefore, from this particular point of view, the economic
barriers for using the developed toolbox in other places and under different circumstances are
negligible.
Regarding the low-voltage testing laboratory facilities at SINTEF Energy Research in Norway,
one of the objectives of this demo was to enable stakeholders other than big HVDC equipment
manufacturers to have access to the scaled-down demonstrator. This can foster new suppliers
and sub-suppliers of HVDC equipment to enter into this market, and it will allow new entrants
to gain access to the technology reducing the expected cost of these technologies. However,
the evolution of these costs is uncertain, and therefor the biggest economic barrier comes from
the fact that the cost-effectiveness of VSC HVDC systems for offshore wind integration is still
unknown.
Thus, VSC based HVDC becomes the most attractive technology for integration of offshore wind
when transmission distance is long, which is also the central issue of this demonstration. VSC
HVDC system comprises of two main components, i.e., converter stations and cables. One
great disadvantage of such system is that converters are very expensive. If MTDC configuration
is employed, DC Circuit Breaker (CB) is indispensable in this case and CB costs can go up to
one sixth of the cost of a converter station [4]. As a result, entire system cost is significant.
More discussions concerning converters and CBs are carried out in the section devoted to Demo
2.
Nevertheless, having such system integrated with the continental main system, a number of
benefits can be obtained. The most intuitive one is savings on system operating cost resulting
from more use of wind energy. It reduces the consumption of fossil fuel, thus further assist on
sustainable energy development.
In addition, VSC valves use IGBT semiconductors, which have been constantly evolving to
achieve lower losses and higher voltage and current withstanding capabilities. Hence, converter
costs are expected to decrease in the future. Meanwhile, cable technologies are also evolving
to have higher voltages in order to achieve a higher transmission capability.
Having said all of the above, whether VSC HVDC offshore wind integration projects are overall
economically beneficial or not depends on many factors and is case-dependent. To conclude,
the takeaway message here is: cost and benefit of such HVDC application need to be carefully
justified before implementation in real life.
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Finally, given the macroeconomic conditions, economic crisis has been affecting national
budgets globally. As wind energy receives different levels of economic support such as Feed-in
Tariffs (FIT); Feed-in Premium (FIP); fiscal measures and financing, depending on the country,
these types of support can be interrupted due to financial crisis [5]. Regarding the policies and
regulatory framework to promote offshore wind integration, more discussion is followed in the
next section.

2.5

Regulatory barriers of Demo 1

If considering the lab-scale experimental system is to be implemented in reality, regulatory
barriers can be categorized into two parts.
2.5.1

VSC HVDC systems

During the stage of model development, a coordinated control design was assumed followed
by the careful tuning of all the parameters. As previously mentioned in the subsection of
technical barriers, one outcome of the demonstration is that a wrong tuning of the controller
parameters can lead to an overall negative impact on the system operation. This underlies a
regulatory barrier: if an existing PTP link is expected to be part of the future transnational
HVDC grid, coordination is essential among TSOs.
In addition, interactions among controllers from different vendors could endanger system
stability. This creates a big challenge from the regulatory perspective as without a proper
coordination, “plug and play” of the converters and their related controlers will be impossible.
For one example, even with a Point-to-Point (PTP) HVDC link, if one VSC malfunctions, it cannot
be replaced simply by another VSC from a different manufacturer.
Moreover, in the demo it was assumed that the HLC sets the operating point, which acts as a
proxy for the system operator. This would result in a series of crucial discussions among entities
involved: who (for OWFs) will be entitled to access the grid and what TSOs will be assigned the
responsibility to operate this syste, especially when the offshore grid is a multi-terminal sytem
connected to multiple countries.
2.5.2

Renewable Energy Source (RES) promotion

The second group of regulatory barriers comes from the viewpoint of RES integration. The
Renewable Energy Directive 2009/28/EC has set mandatory national targets in order to achieve
a 20% renewable energy for the overall share of energy by 2020 [6]. According to the National
Renewable Energy Action Plans (NREAP) submitted by each Member State (MS), wind energy
is essential to achieve the 2020 targets [5].
There are extensive studies on the regulatory framework which plays a critical role to promote
RES deployment. The EU project “PROMOtioN” has one dedicated deliverable concerning with
legal framework for offshore wind and grid development [7]. According to the European
Overview of Deviations and Barriers report in 2015, the majority of the MSs are not expected
to reach their 2020 RES targets. In 2013, only eight MSs had reported electricity generation
from offshore wind. All but Sweden and Finland deviated from the targeted level in 2013 NREAP
[8]. Barriers identified can be classified into five global categories:
•

Political and economic framework: Reliability of the regulatory framework is crucial and
its absence consequently results in difficulties to finance projects.

•

Grid regulations and infrastructure: Grid connection cost is considered a barrier for some
MSs. Moreover, complex or inefficient procedures may lead to long connection process.
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•

Market structure: As RES becomes a market player, due to their non-dispatchable and
less predictable nature, proper market design is required to improve overall system
efficiency.

•

Administrative processes: Lack of spatial development plans sometimes hampers RES
development. Meanwhile, renewable projects may be hindered due to strict
environmental requirements. The administrative procedure is complex and long.

•

Other issues, such as public perception, information exchange/communication between
stakeholders, operational issues, etc.

Among the five categories of barriers that are briefly explained above, political and economic
framework is the dominant one for wind energy diffusion, followed by grid regulation and
infrastructure and market structure. Administrative processes are considered less relevant, [9].
The global category Political and economic framework can be further divided into: existence
and reliability of the general RES strategy and the support scheme; access to finance;
remuneration level for RES and revenue risk under a given support scheme.
The sub-category existence and reliability of the general RES strategy and the support scheme
is recognized as the most important factor representing more than half of the barriers.
Subsequently, access to finance represents roughly one fifth share of the identified barriers
and it can be concluded that the national financing environment of each MS is a major driver
that affects substantially the development of renewable projects [8].In this sense, Europewidely, MSs have implemented different support schemes with a combination of different
measures to promote wind energy, both onshore and offshore. Fig. 2 shows the overview of
the support schemes currently applied for new installations in MS since 2016 [5]. As can be
seen, compared to onshore wind, offshore wind is less mature. Specific instruments have been
implemented or remuneration rates are adapted by some MSs.

Fig. 2 Overview of support instruments in EU MSs

Similarly, grid regulations and infrastructure can also be further categorized:
predictability/transparency of connection procedure; cost of RES grid access; treatment of RES
dispatch (curtailment); transparent and foreseeable grid development and duration of RES grid
access. Reference [8] indicates that sub-categories predictability/transparency of connection
procedure and cost of RES grid access are both dominant factors and are equivalently
influential.
In most MSs, general procedure for grid connection of wind farms is described in [10]. However,
for countries equipped with specific regulatory instruments for offshore wind, the procedure
differs [5]. Besides, grid connection costs can also vary notably from country to country.
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In general, RES connection charges are allocated between Plant Developer (PD) and Grid
Operator (GO). However, it varies notably from country to country. They are generally variants
of the four charging methods summarized as follows [11]:
Table 6 Distribution of Grid Connection Cost

Charging
Method

Shallow

PD

GO

Cost of RES technology

Cost of any grid reinforcement to
allow
integration
of
new
generators

Cost of grid connection

Cost of RES technology

Deep

All connection costs, along with costs
associated with it, i.e., underlying
network reinforcement

Null

Cost of RES technology

Mixed

Cost of grid connection up to the
assigned point, with a portion of the
reinforcement costs

Any further reinforcement costs

Cost of RES technology

True

Cost of connecting to the nearest
point on the network with sufficient
capacity
on
the
network
to
accommodate generations

Cost
of
further
grid
reinforcement if there is any

Based on this, different MSs may have special polices for developing RES (including OWFs). For
example, Belgium adopts the shallow approach. However, for OWFs, connection costs to
onshore are partially subsidized [5].
Until now, all discussions are referring to one MS assuming RES and HVDC connections are
developed within one country. However there are already many regulatory issues tangled
together, and another layer of complexity arises when MTDC systems connect multiple
countries. For example, several MSs would like to develop common infrastructure for OWFs
and MTDC grids for RES integration, and then, the decission of how to allocate the related costs
will be of paramount importance.
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3. Demo 2
The concept of the Supergrid was introduced and seen as a promising solution to comply with
the European renewable energy targets by helping to integrate geographically dispersed lowcarbon energy sources (such as offshore wind and solar), and also to facilitate the cross-border
trading and the integration of wholesale electricity markets [12]. However, technical drawbacks
of CSC technology (such as polarity reversal, commutation failure, etc.), do not make it a
suitable option to extend the HVDC grid to a MT configuration. On the other hand, compared
to CSCs, VSC allows a relatively simple extension plan to a meshed grid.
The central goal of the second demonstration, led by Réseau de Transport d'Électricité (RTE),
was to investigate multivendor Interoperability (IOP) for VSC-based HVDC systems. Two
interim objectives were targeted:
Perform assessment of IOP on a wide variety of situations (combinations of DC topologies, AC
connections, control modes, etc.) and conditions (normal operation, fault conditions, special
sequences)
Maximize IOP for multivendor HVDC systems based on recent VSC technology from the three
world-leading vendors, i.e., ABB, Siemens and GE
In the end, some recommendations are provided for specifications and hardware control
implementation which would ensure maximum IOP for multi-vendor solutions. Some guidelines
are proposed and serve as feedback for the Network Code drafting teams of the ENTSO-e, as
well as standardization groups such as CENELEC, CIGRE, etc.
A two-stage process was initially proposed: Electro-Magnetic Transient (EMT) simulation with
VSC converter models provided by the three vendors so that first IOP results are obtained.
Consequently, interim recommendations were delivered as well as improved specification for
vendors to maximize IOP. Then, real-time simulations were performed with improved HVDC
control systems implemented in the VSCs from the different vendors. Previous
recommendations are revised to provide the final guideline to maximize IOP.
However, with the withdrawal of Siemens (Oct. 2016) and GE (Oct. 2017), this demonstration
was not able to proceed as originally planned at the real-time simulation stage. Instead,
industrial control cubicles owned by a TSO partner were used to provide multivendor conditions.
With some adaptation, 5 different topologies were studied (instead of three according to the
initial plans); in particular, one of them which was not possible at the beginning of the project,
is even most relevant regarding real-world European projects as it corresponds to three of
them (FAB, Ultranet, Cobra Cable).
The purpose of this section is to identify barriers that prevent multivendor solutions from
realization, so that maximum IOP can be ensured in the future. It is divided into three
subsections, covering technical, economic and regulatory aspects correspondingly.

3.1

Technical barriers of Demo 2

Before performing EMT simulations with the commercial VSC design, network topologies and
functional specifications for different HVDC network configurations needs to be defined and
thoroughly described. This task was approached as follows:
•

Outline five DC network topologies that covers the most probable elementary
configurations, in order to set the basis for future DC Grids (DCGs).

•

Define functional specifications for VSC stations. Given that the three main vendors
(ABB, GE, Siemens) were involved initially in the project, expressing requirements for
VSC stations as functional specifications was necessary. Furthermore, it was mandatory
to have the same requirements for the three of them to enable upcoming IOP tests.
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Consequently, all converters would have identical features but were independently
designed.
Note that in this demo, HB MMC is the only considered converter type, as it was the only
available technology at that time that three vendors could provide jointly. However, there are
other technologies that already exist or can emerge commercially in the next years and that
will require further studies.
It was claimed that the five DC system topologies considered in the demo are good
representations of the foreseeable future networks, as they are considered as the building
blocks of any future DCGs. Nevertheless, based on EMTP-RV4 simulations, no clear correlation
could be made between the DCG topology and IOP problems. Experiments show that regardless
of topology types (e.t., treelike, meshed, 3-terminal or 4-terminal, etc.), there is no evidence
suggesting that any of these ones is more problematic than others. In other words, it is unlikely
to identify a topology that is more robust against IOP problems. Apart from network topology,
there is currently no standard for controlling the MTDC grid and, similarly as in demo 1, this is
one important barrier.
During real-time simulation stage, five topologies were implemented and several tests were
carried out. From the EMT simulation experience mentioned above, it is believed that in spite
of a limited number of configurations, they are very relevant to assess IOP. One of the topology
is PTP link with two converters coming from two vendors (as originally planned). Another
topology is a 3-terminal HVDC link: two converters from one vendor located at each extreme
(of a PTP link) with one interim converter (from another vendor) in the middle. This topology
corresponds to a number of ongoing projects within Europe such as Ultranet (DE), Cobra Cable
(Denmark-Netherlands) and FAB (France-UK). Since it resembles what is expected to be the
first European VSC based MTDC grid, this topology which was not possible under the initial
scope of the project, now is of most importance for EU projects. Another 3-terminal topology
considers the tapping of a 3rd converter to an existing point-to-point topology such that 2
converters (from different suppliers) are physically connected to the same DC Point of Common
Coupling. The fouth topology is another 3-terminal layout, with offshore wind farm connection.
Finally, the 5th topology combines two parrallel point-to-point links.
In this demo, causes of the IOP problems and how they may be avoided are not revealed due
to confidentiality with HVDC manufacturers’ IP. However, the process of developing a
multivendor solution that functions properly and experience gained can be generalized to more
vendors.
From the VSC technology point of view, there is no standard either for the design of the
converter, or for designing the control strategy. As a consequence, none of the vendors’
solutions are just “plug and play” equipment. From the practical point of view, this means that
a particular analysis should be required in each new project to adapt their operations and
interactions to a different working environment with other suppliers. In addition, substitution
of components within the converter by different manufactures is not possible neither. Moreover,
it is assumed that the system protection relies on readily available and proven solutions, i.e.,
AC CB and Fast DC Disconnector (FDCD). They can be activated by converters’ control or the
overall AC/DC protection system. Potentially, future practice of other converters in real
projects, such as FB MMC or hybrid converter, and protection devices, such as DC CB or DC
chopper, would require new control strategies coming along. Distinct technical solutions

4

EMTP-RV is a simulation and analysis software tool for power system transients.
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probably would have been obtained. This could give rise to new problems regarding IOP that
were not encountered before.
When fault occurs, DC breakers are critical elements to isolate the faulted lines instead of
shutting down the entire DC system which is not acceptable for the future supergrid scenario.
DC CB modelling was performed in demo 2 and an innovative DC protection strategy was
validated using real-time simulation. Several solutions are illustrated in [13], however, none
of them have been implemented and used in real projects. Results of Demo 3 of previous
project TWENTIES project suggest that without DC CB (assuming IOP problems are solved), a
reasonable assumption for the maximum number of terminals of a MTDC grid is 3 to 4 assuming
that in case of failure of the MTDC system, the maximum loss of power due to this contingency
from the Continental Europe AC network point of view is around 3 GW. However, the maximum
power that could be securely managed in case of a contingency depends on the various factors.
First, differences exist among different applications, e.g., loss of power of offshore grid and
interconnectors (among countries) are more difficult to manage than onshore DCG. In addition,
how to balance the flow when power is lost also has an impact on the maximum power that
can be lost in case of a contingency. In systems such as the Spanish peninsular system where
balancing relies a lot on the external flow, 1GW could be already tough to manage according
to the information provided by REE.
If IOP is not solved, then the DC network is unlikely to handle more than 3 terminals as it is
quite unlikely that one single converter supplier will be selected for larger projects. In this
hypothetical situation, it would be problems of possible exercise of market power since
competition among vendors could be restricted in case the TSOs have to choose a single vendor
when developing a DCG.
In addition to what was has been explained above, demo 2 has considered a centralized
coordination of the converters connected to the DCG via a Master Control (MC) since this is the
most up-scalable solution. In this way, all converters were treated equivalently. This solution
is also recommended by pre-standardization bodies such as CENELEC. Furthermore, it is
believed that strong coordination will also be needed between such a MC and the underlying
AC network(s). This leads to a series of complications on the regulation side regarding operation
or ownership, governance and coordination of such a MC in a multi-TSO mixed AC/DC network..
Finally, it also appeared in the demo that some of the technical functions specified in the
functional specifications cannot be easily implemented due to legal and Intellectual Property
(IP) protections. It limits the vendors’ capability to collaborate on IOP issues and this is an
issue that needs to be addressed under the regulatory umbrella as discussed later on.

3.2

Economic barriers of Demo 2

Along with a significant increase of renewable energy generation experienced by many
countries in Europe [9], increases in transmission capacity are in the agenda of the current EU
energy policy [14]. VSC-based HVDC is not only the most attractive technology for integration
of offshore wind as far as demonstrated in demo 1, but also currently the only feasible approach
towards a DC grid. Nevertheless, the capital cost for MTDC systems (including converter
stations, cables and/or CBs5) is very high. Although CB cost can be very different depending
on the technical specificities, e.g., some CB can clear faults in 3 ms, while others may take 20-

5

CB is an essential component for MTDC configuration to isolate fault. However, it is not necessary for PTP DC links
[4].
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30 or even 50 ms. In addition, standardization does not exist currently among VSCs, and
therefore IOP could be a significant problem potentially costly to be solved.
The benefits that this demo could bring to Europe are related to the possibility of building
stronger MTDC networks. These infrastructures will allow to increase the energy
interconnection capacity between different countries, making it possible to build optimal
infrastructures under a system-based perspective, and can help to make a more efficient use
of distant DER/RES. However, the expected reduction of operational costs needs to be carefully
compared with the capital cost required to build such MTDC networks. Thus, policy makers
have to strike a balance between expenditures and profits before a massive deployment of
large-scale MTDC networks. As a result, the profitability of MTDC systems will be a crucial factor
affecting the future replicability of this demonstration at an industrial level. Obviously, if these
systems do not show an economic viability, then MTDC will not be the ideal option to reinforce
infrastructures at a wide European level, and consequently, IOP would not be such a vital issue.
Despite this reasoning, a standardization requirement to ensure the IOP among different
vendors can foster the competition among them, reducing the final cost of MTDC.
To extend the discussion further, the entire profitability of MTDC systems depends on various
factors. First of all, as time goes by, new materials and products will be available at lower costs
which will increase the competitiveness of MTDC grids comparing to conventional AC
transmission. Moreover, it offers certain great advantages that AC system is not capable of,
such as interconnection of asynchronous area and bulk power transmission over long distances.
Under the European context, it could allow better exploitation of DER/RES far from the load
centers and transmit massive power to where it is needed. The developed Best Path scenario
where a stronger DC grid for the North Sea offshore area is considered, represents a good
example to assess the profitability of this technology under a pan-European perspective.
Moreover, it shall be highlighted that, solving IOP issue is beneficial even for traditional PTP
links. It not only could assist on future DC network development, but also ease the procedure
for refurbishment during the commitment years since TSOs are not obliged to buy from one
single manufacturer anymore. Therefore it increases competitiveness in the market and saves
time for purchases.
However, MTDC schemes interconnecting different countries are sensitive to national policies.
For example, on one hand, subsidies would promote the deployment of MTDC; on the other
hand, differences in grid codes could compromise the economic viability of a joint project
involving several countries. This is related to the regulation side of the subject which will be
addressed further in the next section. In addition, the health of the financial sector and the
macroeconomic circumstances are also factors that influence national budgets, which in turn
will have an impact on the level of support for both domestic and transnational infrastructure
development.

3.3

Regulatory barriers of Demo 2

Considering replication of the demonstration at an industrial level, all participated partners
have reached an agreement that regulatory barriers are the most problematic one among all.
3.3.1 National Policies
The development of MTDC grid can involve the interconnections among multiple countries.
Under the scope of the entire pan-European system, national targets and standards vary from
country to country which makes cross-border grid investment more difficult. Lack of
harmonisation among policies create an insecure environment for investors who seek long term
stability. In this sense, a stable legal and regulatory framework must be ensured in order to
attract the required investments. For instance, UK has established so called the Cap & Floor
regime (C&F) for the purpose of encouraging investment in electricity interconnectors [15].
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Governmental support schemes have major influence over technology choice. Inappropriate or
insufficient support can lead to discouragement of technology development. Serious doubts are
raised among demo partners concerning that current policy framework does not guarantee to
move forward the build-up of HVDC grids. For one example, as previously discussed in demo
1, MSs may or may not have intense measures to promote renewable energies, as well as
targets for energy mix. Under the liberalized market context, investment decisions for grid are
taken decoupled with generation investments facing uncertainties, subsequently, influencing
the deployment of MTDC network.
Moreover, permitting procedure for such investment (for both onshore and offshore) is rather
complex and long. It can lead to long delays in projects and large administrative costs.
Comparatively speaking, the onshore part is the most critical for planning and permitting of
submarine interconnectors [16]. For transnational investments involving different MSs,
regulatory issues are even more complex as the cable route needs approval from all involved
countries. In addition, how to allocate costs among beneficiaries according to common criterias,
like benefits, is very challenging. Thus, standardized processes that rationalize the work
developed by involved TSOs are crucial to ease the permitting procedure.
Governance issues such as different regulatory frameworks, the allocation of benefits and costs
among the different systems, and the planning of integrated lines are central barriers to an
integrated grid. The method to allocate the costs and benefits is considered a building block
to define a governance framework, [17]. However, there is still not an agreed distribution
methodology of those costs and benefits. Defining this framework is of paramount importance
at the planning stage, and therefore a joint approach to design the optimal MTDC grid under a
pan-European perspective is needed. Notice that such approach would allow to evaluate the
interaction and impact of the planned transmission lines in an integrated manner but at the
same time, it would increase the complexity of the problem, not only from a pure technical
perspective, but also from the political point of view as national authorities migh have
conflicting interests that should be necessary to deal with. In the recent research work [18],
the expansion planning of the North Sea offshore grid is studied. It is shown that such offshore
grid is a multilevel and multi-actor system that requires a governance decision-making
approach. Given that existing offshore expansion planning models do not include governance
constraints6 endogenously, the authors study the impact of such constraints on the North Sea
grid expansion. The obtained results confirm that the offshore grid is beneficial, but integrated
governance constraints lead to different grid topologies. As a main conclusion, the authors
claim that “expansion planning must consider all combinations of technologies and candidate
lines, or risk forfeiting economic, environmental and operational benefits”, and that “the
deployment of multiterminal HVDC and integrated lines are partly independent. Hence, a
governance framework must be capable to address the compatibilization and planning of
multiterminal grids separately of the deployment of integrated lines.”
3.3.2 Financial Instrument
Currently, most infrastructure projects which are capital intensive with high upfront investment
costs needing long-term funding, are invested of by TSOs. Driven by the increasing need for
future transmission capacity, substantial amount of investments can be expected. However,
the investment levels indicated in the national development plans are lagging behind [19].

6

Such as country vetoes to integrated lines.
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Measures to facilitate access to co-financing (including European funds), other institutional
investors and reduce regulatory risks can drive up the process.
The C&F regime established by UK is a good example to encourage investors. The cap sets the
maximum amount of revenue to ensure sufficient but not excessive returns can be received by
equity investors. The floor sets the minimum amount of revenue that an interconnector is able
to collect to cover its costs. In this way, risk is appropriately mitigated for project developers
[15]. On one hand, it attempts to remove regulatory barriers and facilitate economic and
efficient investment. On the other hand, it limits the underlying profitability and thus may
discourage some investors.
Finally, the remaining effect of the financial crisis that swept the international economy one
decade ago is still limiting the national budgets to support for both domestic and transnational
deployment of HVDC infrastructures [20].
3.3.3 Standardization
The demo started with the assumption that all converter models should be interchangeable as
“plug and play” elements. It considered rather simple, but proven protection solutions as
discussed in the technical barries of demo 2. The results showed that 85% of EMT simulation
did not reveal IOP problems in light of functional specifications defined at the initial stage. In
addition, this partially was contributed by assuming the same type of converter, i.e., HB MMC,
from different vendors and considering simple protection solutions. However, IOP issues that
were not encountered may emerge as far as the converter technology evolves in the future,
and the same for its protection and control scheme.
As previously mentioned, standards presently do not exist for VSC design and control strategy
which results in IOP problems for multivendor solutions. More fundamentally, there is not even
a clear definition of control modes for individual converter station [21]. Development of
appropriate standards for VSC and MTDC can facilitate solving IOP problems which brings cost
reduction and improvement on system reliability.
3.3.4 Legal and IP issue
Currently, there are no standard requirements for operating MTDC grids. In this demo, a Master
Control (MC) design was followed to coordinate the converters connecting to a DCG in a
centralized manner. Information flows uniquely between each converter and the MC. This
organization is based on pre-standardisation recommendations (CENELEC TC8X) [22].
Depending on the grid operator(s)’ intention, converter may be assigned different roles and
this could affect the involved systems (for instance MSs in case of a transnational grid) in a
different manner.
During the demonstration development, some specified technical functions could not be
implemented due to legal and IP protections. Therefore, some IOP tests could not be carried
out. By all means, similar situation would take place when considering replication of
multivendor solution in the real world.
3.3.5 Other Aspects
Consent from public due to environmental impact, for example: electromagnetic field (EMF),
footprint, visual impact, etc., is important for projects development. As reported in [23], public
acceptance is one of the key issue that prevents expansion of electricity grid. Work has been
carried out to study how to enhance level of acceptance. Lack of favorable intention from public
can hamper transmission assets investments [23].
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4. Demo 3
4.1

The SACOI link

The focus of the third demonstration, led by TERNA, is to design, develop and test new
technological solutions allowing to upgrade MT HVDC links. This will help to upgrade the SACOI
link (“SACOI3”), which was planned for implementation in 2018 and onwards. It interconnects
Sardinia, Corsica and mainland Italy through a 3-terminal HVDC link.
The entire demonstration can be mainly divided into two parts: R&D and implementation. Four
components were separately investigated, namely: converters, cables (both submarine and
terrestrial), High Temperature Low Sag (HTLS) conductors, and insulators for HVDC Overhead
Lines (OHL).
In order to foster the best technological upgrading of each component for SACOI3, during the
R&D process the rehabilitation requirements were specified, in such a way as to push the
manufacturers for new solutions that go beyond the state-of-the-art. Preliminary evaluations
were carried out to ensure that they are consistent with each other and they address the
requirements. In the implementation stage, new technologies were assessed and tested for
application in the future SACOI3 rehabilitation project and other HVDC projects all over the
world.
Before presenting the set of obstacles that can prevent the demo from replication in other
places, it is important to understand what was aimed at during the project development phase.
The main features to be investigated for each component in the R&D tasks carried out are
summarized as follows:
•

HVDC cables: Due to growing deployment of HVDC grids, it raises global interest to
increase their rating and reliability. High performance HVDC cables are needed for the
SACOI rehabilitation project. Different insulation material and technology have been
used to develop HVDC cable systems. There are mainly two types, i.e., Cross Linked
Polyethylene7 (XLPE) and paper-lapped (or oil-impregnated) cables. The latter type can
be further categorized into oil fluid filled (OF) and Mass Impregnated (MI). Compared
to the highest operating voltage level (600 kV) that paper-lapped cables have achieved,
the rated voltage of commercially available extruded cables are still lower (320 kV) [24].
It can be expected that new polymeric insulation materials will be commercially available
in the near future for HVDC systems to be operated at higher voltages. Consequently,
cable systems need to be redesigned.
o

Submarine cable: Current cable systems require adaptation for new materials.
The measurement of electrical, chemical and mechanical properties of these
insulation types allows ranking of the solutions. Finally, interaction between
cable insulation system and accessories (joints and terminations) were
investigated.

o

Land cable: This demo targeted design of cable system withstands +/- 320kV
and above using XLPE insulation.

7

XLPE cables are not suitable for CSC application due to polarity reversal issue [42]. However,
in this demo, VSC is the only considered converter technology.
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•

Insulation for HVDC OHLs: One of the major task for designing a HVDC OHL is to decide
on the external insulation and its size, taking into account the most innovative
development on the market. Two aspects need to be paid attention to when sizing the
external insulation for HVDC OHLs, i.e., environmental stress and dielectric strength.
Use of Room Temperature Vulcanizing (RTV) silicon coating were analyzed. This task
complements demo 4 that only targets AC lines.

•

HTLS conductor technology for HVDC OHLs: Optimal choice and size of conductors for
HVDC OHLs depend on two aspects: 1) maximization of transmission capacity which
leads to a higher system flexibility and 2) minimization of corona and electromagnetic
effects. The demo aimed at designing innovative conductors that have significantly
higher ampacity based on different technologies and related fitting. It was needed to be
designed in the way that new core materials could be adopted, to replace the
conventional technology, i.e., Aluminum Conductor Steel Reinforced (ACSR) or
Aluminum Conductor Steel Supported (ACSS) conductors. In particular, two types of
HTLS conductors were investigated in the project, namely: Aluminum Conductor Fiber
Reinforced (ACFR) conductor with Kevlar fibre core (also referred as “aramid fiber
solution” in the demonstration) and Carbon Multistrand conductor (referred as “carbon
fiber solution” in the demonstration). Characterizations and installation tests were
carried out.

•

HVDC converters: Both HB and FB solutions were carefully analyzed under the most
representative operating conditions (steady state and transient) considering future
application in the R&D stage. One solution that was investigated in particular and further
implemented is a buffer-reactor free HB VSC with a special converter transformer
manufactured by Toshiba.

In addition, operation of the 3-terminal HVDC system link SACOI is complicated. Sardinia and
Corsica are synchronously operated through an AC cable. Moreover each terminal belongs to a
different control area and market zone. There is another HVDC link, i.e. SAPEI link, between
Sardinia and the continent as well. The possible deployment of VSC technology would enable
more advanced control. In order to increase the flexibility and security of operation, this
demonstration has studied several control strategies for the HVDC system. For one example,
optimal operation of such network (between Sardinia, Corsica and Continental Europe) by
means of coordinated control of SACOI and SAPEI.
In the implementation stage, all prototypes that were studied and manufactured according to
the measurements and specifications provided in R&D were tested.
When considering replication of various components at an industrial level, it may be hindered
by distinct reasons. Therefore, in the following sections, all barriers are listed for each element
accordingly.

4.2

Technical barriers of DEMO 3

4.2.1 HVDC cables
For both land and submarine cables, XLPE technology is mature at 320 kV and 400 kV and
ready for commercialization today. Current technological trend is aiming at higher voltage and
this is something that can rise some concerns for reliability. Tenders for acquiring cables
commonly are at a voltage level of 320kV, rarely at 400kV, and extremely rare at 500kV.
According to the experts’ feedback received during the elaboration of the study, 90% of the
lesson learnt and knowledge gained while deploying this cable technology in Best Paths is
directly applicable in future projects. However, the solution is not plug and play, different
working conditions will require particular adaptations. So are the accessories (joints and
terminations) since different interactions can be expected. Regarding the standards
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establishment, current cable systems developed in the demo comply with mandatory standards
for cables. It is not straightforward for the current solution to adapt to a different set of
standards if it were defined. Therefore, it calls for collaborative work among standardization
entities and manufactures when new standards are to be defined.
In addition, when facing high operating voltage and large cable size, transportation and
handling of such cables are challenging. In particular, for land cables, large bending radius may
limit the installation and civil works could be a problem in a population-dense area.
4.2.2 Insulation for HVDC OHLs
In this demo, there has not been development of insulation for OHL, rather experiments carried
out on currently available solutions only. The analyzed insulators in the project are already
commercial solutions (even if partiallly coated insulators are not on the market, but can be
realized with the actual technology). They are designed in a modular manner which meets
requirements of both current and voltage. For the technologies tested, the main barrier for
replication are the environmental conditions which play an essential role in designing the
external insulation. Thus, depending on the pollution severity, current commercially available
solutions need re-evaluation before being applied in different geographic locations. For one
example, desert might need a different design than highlands for the external insulation.
Nevertheless, it is not very difficult to make adjustment in order to adapt to another set of
standards. Moreover, design criteria and experience achieved in the project are fully replicable
to other HVDC applications.
4.2.3 HTLS conductor technology for HVDC OHLs
The conductors developed in the project are not commercially available yet. The maturity of
these technologies depends on the tests that have been carried out in Demo 3. These solutions
can be easily made to comply with a different set of standards, although different tests will be
needed. Furthermore, they can be exploited in any other HVDC overhead line application and
also in AC applications.
The main barrier from the technical perspective is due to the use of composite material in the
core. Their performance is limited by the temperature. Although these materials have been
studied in other application (at moderate temperature) and no specific problems are shown,
they require a more in depth study about the behaviour at a continuous regime of high
temperature. In case of poor performance, new matrix solutions need to be studied and
developed. Tests and field experience will tell more about possible challenges to face.
4.2.4 HVDC converters
Apart from HB and FB solutions that were analyzed in the demo, an additional technology that
was investigated is a buffer-reactor free HB VSC with a special converter transformer.
According to demo leader’s comment, the innovative design of the converter transformer
adopted by Toshiba is mature and under development for High Voltage (HV) and full-scale. A
thorough discussion has been carried out for demo 2 regarding converters and associated IOP.
All issues regarding converters discussed in Demo 1 and 2 remain in demo 3 if MTDC scheme
is assumed. For PTP HVDC link, the converter technology investigated in the demo is not
representative enough since only HB and FB solutions were considered. Nevertheless, despite
the control strategies studied in the demo are all SACOI oriented taking into account certain
stringent requirements and operation constraints, the solution devised is fully adaptable to
other VSC HVDC systems.
From the VSC technology or control strategies point of view, according to the feedback received
by demo leaders, there is absolutely no difficulty to replicate either the VSC or the control.
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Nevertheless, to make the entire system consistent and function properly is much more than
simply installing the exactly same equipment and software and therfore futher adaptations will
be necessary.

4.3

Economic barriers of Demo 3

4.3.1 HVDC cables
In the submarine area, submarine cables are the only viable option. However, for inland
transmission projects, both underground cables and OHLs are applicable except for certain
cases where usage of OHLs are limited, e.g., public opposition, craggy mountains. For
terrestrial projects, cables are often preferred due to lower environmental impact and less
right-of-way. For a same capacity, HVDC cables are 2-3 times more expensive than OHLs [25].
The cost of cable technologies developed in the Best Paths projects does not exceed the limit,
therefore it does not represent an economic barrier for replicability.
4.3.2 Insulation for HVDC OHLs
Insulators tested in the demo 3 are already mature technology. Although they are costly, the
reliability is also high. A reduction in the costs would allow this technology to increase its market
share with respect to other technologies. Nevertheless, evolution is not foreseeable in the short
to medium term to improve the cost-effectiveness.
In addition, the final selection of OHL insulation type and insulation level could be different due
to environmental or weather severity concerns. This entails an extra amount of costs before
deployment.
4.3.3 HTLS conductor technology for HVDC OHLs
For new line applications, HTLS is usually not considered since constant loading at full capacity
will result in a lot of energy losses. HTLS conductors are preferable whenever flexibility on line
capacity is required because there are some peaks in the loading of the line.
When facing repowering of existing corridors, constrained right-of-way is one of the main issue
since higher capacity usually entails that larger right-of-way is demanded. Consequently, to
avoid building new infrastructure, special solution needs to be adopted, such as HTLS
conductors.
Cost of HVDC HTLS conductors depends on both the size (diameter) and the conductor type
(materials used).
So far, HTLS technology has only been applied for AC lines. This demonstration aims to develop
an innovative conductor suitable for HVDC use. This entails that all the advantages (higher
ampacity, lower losses, less right-of-way) of HVDC needs to be ensured. To increase ampacity
of the conventional solution (ACSR, 30-35mm in diameter), several drawbacks associated are:
•

Small diameter

•

Small conductive section

•

Higher resistance

These drawbacks are not so critical for AC HTLS conductors because AC lines are usually short
and the corona effect at the voltage levels of HTLS lines is not high [26]. With HVDC use, lines
are usually longer and loss is a major aspect in their design and operation. Thus, one would
like to have larger diameter (but still with low weight) and higher conductive section in order
have increased ampacities and reduced losses (when compared with conventional conductors
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at the same ampacity). As a result, proposed solutions, i.e., non-metallic (composite) core
HTLS conductor, cost 4-5 times of the conventional one. More quantitative analysis is provided
in the individual assessment section.
In addition, although the objective to apply this technology is to make as fewer interventions
as possible, the accessories (fitting) need to be changed because they are specific for the
proposed HTLS solutions. This implies an extra amount of cost on components.
Although the developed technology is not commercially available yet, it is expected to be
competitive with respect to other HTLS solutions that are presently in the market, in particular,
with respect to metallic core solutions.
Reduction on cost of carbon fibers could effectively lower the total manufacturing costs for the
conductor. Nevertheless, according to the feedback received from demo partners, it is unknown
whether this can be achieved in the near term.
4.3.4 HVDC converters
As revealed in sections of demo 1 and 2, converter costs can be very expensive despite many
benefit could be brought from the system point of view. To strike a balance between cost and
benefit is not a trivial task and it requires a design specific analysis.
Injection-Enhanced Gate Transistor (IEGT), which is an Insulated-Gate Bipolar Transistor
(IGBT) based technology developed by Toshiba, is expected to withstand larger voltage in the
future and thus the number of semiconductors can thereby be reduced. Consequently, the
converter losses are expected to be lower which entails economic saving on system operations.
Moreover, the reactor-free HB VSC solution attempts to address the offshore integration
problem, which potentially can be deployed massively if economic viability is proven.

4.4

Regulatory barriers

4.4.1 HVDC cables
The standards complied by the developed cables (both land and submarine) are fully accepted
internationally. Therefore, apart from impediment that might come from society and TSOs, no
further regulatory barriers can be perceived for this technology.
4.4.2 Insulation for HVDC OHLs
The solution tested was developed following proprietary standards. In the case where other
standards are required and in practice, this raises a barrier from the regulatory point of view.
4.4.3 HTLS conductor technology for HVDC OHLs
Currently, standards are under drafting, i.e., IEC/TC7. Lack of standardization causes problems
for both manufactures and TSOs. On one hand, manufacturer must be ready to modify the
specifications and the relevant test procedures; on the other hand, TSOs concern on the
reliability issue associated with the technology and they do not incline to accept it.
4.4.4 HVDC converters
For a MTDC configuration, or for the case of PTP HVDC links -either domestic or transnational
involving two countries- all the previously regulatory barriers discussed in demo 2 apply here.
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4.5

Individual assessment example

This section means to provide a concise evaluation from the economic perspective to assist
further cost-benefit analysis of individual technologies. The purpose is to highlight the impact
of each technological solutions in a quantitative manner.
Please notice that data involved in the calculation below are provided by demonstration
partners. It refers to the particular demonstration in the Best Paths project and cannot be
generalized to represent these types of technologies worldwide.
4.5.1 HTLS conductor
As previously discussed, cost of HTLS conductors are case dependent. So are the capacity
increased and resistance decreased.
The capacity increased (typically 1.5 times of the original value) by using HTLS conductors
depends on both the conductors (maximum operating temperature ranges from 150 ℃ to 250
℃) and the towers (e.g., clearance to ground). The resistance decreased depends on the
conductor design (diameter of the core). Large core is needed to reduce sag in order to have
a small clearance to ground. Nowadays, the maximum allowed operating temperature for
conventional ACSR conductor is limited to 95 ℃ or less [27]. [28] suggests a value of 85 ℃.
Resistance of HTLS conductors in this case could be similar compared to conventional ones
when operating at the same temperature. While operating at high temperature, resistance of
HTLS conductors is higher. However, the solutions proposed (non-metallic core) in this
demonstration are able to reduce resistance with respect to other metallic-core HTLS solutions.
To shed some light on the cost-effectiveness of the proposed technology, a simple economic
evaluation that monetizes loss reduction is carried out (by comparing conductors at the same
ampacity) as an example. It is important to note that, loss reduction is only one of the several
benefits that can be offered by the proposed HTLS solutions. Due to limited information
available, other benefits such as avoidance of building of new infrastructure, cannot be
quantified in this example case, nor the increased capacity impact on lower wind curtailments.
Result is presented in Table 7 assuming: a rating current of 370 ampere, cost of energy is
0.07€/kWh and 8760 hours a year.

Cost8 [€/km]
Resistance [Ω/km]
Losses [kW/km]
Annual cost on losses [€/km]
Saving/year [€/km]
Pay-back time [year]

ACSR ∅ 31.50 mm
~ 5000
0.0613
8.392
5146
/
/

Carbon fiber
~ 25000
0.0589
8.063
4944
202
99

Aramid fiber
~ 20000
0.0548
7.502
4600
546
27.5

Table 7 Economic evaluation of HTLS conductor

Based on the calculation, it is clear that energy saving is small and payback would occur after
a long-time period. However, it shall be borne in mind that the key driver for HTLS conductors
is the need to reinforce an existing corridor whenever there are constraints on the right-ofway, i.e., larger/taller tower is not allowed.

8

Budgetary cost
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5. Demo 4
The main objective of the fourth demonstration, led by 50Hertz Transmission GmbH, is to
investigate and demonstrate several innovative systems for repowering AC transmission
corridors.
Similarly as in other demos, this one can be divided into two parts: R&D and demonstration.
Three innovative corridor repowering systems were studied:
•

•

•

Use of HTLS conductors and insulated cross-arm
o

HTLS conductors: Seven HTLS technologies and one reference conductor were
chosen to study the material and component properties. It focused on long-term
behaviour (under static, thermal and fatigue loading) investigation and aging
process of the conductors.

o

Insulated cross-arm: Although it has been deployed in several pilot projects in
Europe to raise voltage level of OHLs, reliability and aging mechanisms about
this technology are not clear. This demo meant to address these issues.

Innovative design of OHL concept and repowering process
o

OHL design: New concepts and associated retrofit process were proposed.
Robotic mounting of Air Warning Marker (AWM), composite foundation for rocky
area and composite towers are the three technologies being developed.

o

Innovative repowering process: Live line working concept were investigated
considering constraints of electric and magnetic fields. A conductor car used for
this purpose was developed.

Dynamic Line Rating (DLR) technology: The intention is to develop DLR systems which
can calculate and predict line ratings based on low cost sensors and novel software
solutions to assist on operations. Both sensors and modeling for DLR need to be
developed.

During the R&D process, research activities were carried out to acquire deeper knowledge and
better understanding of each innovative system. In the demonstration stage, all these new
technologies were installed and operated on-site. All experience, observations and results are
documented for future reference.
The identified barriers from the technical, economic and regulatory perspective for each of the
pioneering technologies of Demo 4 are briefly illustrated in the following subsections.

5.1 Technical barriers of HTLS conductors and insulated crossarm
6.1.1 HTLS conductor
In general, OHL technology is well established and has been used for decades on a global scale.
However, high visual impact, EMF, significant right-of-way, etc., result in long consultation and
permitting processes, new developments are urged. Conductors made of new materials
allowing higher operating temperatures and lower sag, i.e., HTLS conductors, allow higher
ampacity. Consequently transmission capacity can be increased.
The current solution is designed based on some proprietary standards, e.g., EN 50341. Yet it
requires extra effort (time and money) if considering deployment in a different environment.
There’s a lack of standardization from the regulation side. Some IEC open standards are
currently in development, e.g., IEC 62818 for composite core and IEC 63089 for HTLS
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conductors with composite core. Proper functioning of the solution can be influenced by specific
infrastructures such as towers and linked transformers. For one example, the capacity of the
existing towers may not be enough due to original design criteria. A change of loading cases
(ice and wind) due to a replacement of conductors on existing lines could excess the limit.
There are also certain HTLS conductor technologies which are better suited for specific loading
conditions.
Some products have been on the market for 30 years and can be considered mature, while
some others are rather new. The HTLS technologies investigated in the demo are mature
enough to be used commercially according to the demo participants. However, there is ongoing research about this kind of conductors. For the time being, no definite answer can be
given regarding the long-term reliability as it requires service experience exceeding 40 years.
Current service experience in Europe is around 10 years with great variety. This could further
result in a regulatory barrier, since TSOs tend to be conservative in the sense that they require
high reliability and maturity for the technologies to be used in the system. It will be discussed
more in depth in the later section about regulatory barriers.
6.1.2 Insulated cross-arms
Conventionally, there are predominately two options when considering uprating of transmission
capacity of an existing line: either by increasing ampacity or by increasing the voltage. Neither
of these solutions can be easily put into practice. However, by replacing normal cross-arms
with insulated ones, voltage level can be raised without significantly increasing the right of way
or height of existing overhead lines. Consequently, transmission capacity can be increased.
The concept of insulated cross-arms is quite mature today. Several pilot projects have been
realized in a number of countries, e.g., Belgium, Netherlands, Spain and Italy, in order to raise
voltage level of existing or new OHLs sometimes involving HTLS conductors with composite
matrices. However, from the technical point of view, there are no standard configurations and
it requires special design to adapt to the particularities of the developing site.
In this demo, the investigated insulated cross-arms are very appealing for reconstruction and
reinforcement of the network in Europe since it facilitates to transport up to ten times more
power in an existing corridor. Nevertheless, it constitutes part of the compact design (together
with OHLs) which entails replacement of old OHLs. This is mainly an option in regions where
public acceptance for new lines is lacking. Moreover, to cope with such solutions, new
methodologies/tools are required for maintenance. Some workbenches or hoisting beams have
been developed to give access to the conductors or to lift them for some interventions on the
insulated cross-arms, but the contractors prefer to work with cranes and bucket when it is
possible.
Although the investigated solution complies with IEC, EN and IEEE standards, it deos not work
“plug and play”. It is designed based on Elia’s9 specification, assuming a middle-European
environment, i.e., certain environmental parameters (e.g., low level of pollution, lighting and
ice load, etc.) were utilized. Each country has different loading cases which could excess the
mechanical capabilities of the insulated cross-arm. High declivity could also affect the stability
of the pivoting vees. In other words, mechanical stability of the system could be endangered
in the case of deployment in an improper environment.

9

Elia is Belgium’s HV TSO (30 kV to 380 kV).
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5.2 Technical barriers of Innovative OHL and repowering
process
5.2.1

Novel OHL concepts

New concepts and associated retrofit process were investigated and proposed for OHLs. Three
technologies have been developed, namely robotic mounting of AWM, rock foundations and
composite towers.
•

Robotic mounting helps save manpower that need to be devoted.

•

In rocky terrain, concrete transportation for pylon foundations is difficult, therefore
composite foundations without concrete are valuable.

•

Similarly, composite towers can be very useful due to its low weight, compared to
conventional pylons when transportation is problematic.

However, all current solutions are designed according to Statnett 10 specifications. This
potentially could result in future regulatory barriers as regions may have different regulations
and standards.
During the project, R&D tasks had been carried out trying to make the foundation and tower
complied with existing standards. The robotic installation complies with Norwegian aviation
authority’s requirements. AWM producers had participated in the project and modified the
marker accordingly so that it can be carried by the robot. To replicate the robotic solutions, it
is not very difficult although markers have to be made in correct size and with an interface that
enables the robot to catch them. Besides, the working staff need to receive proper training
before operating the robots. In principle, the foundation and tower shall be able to work with
products from different vendors without much difficulty. However, the composite foundation in
developing requires specific location where it has solid rock/bedrock. This could restrict the
deployment of the technology geographically. In addition, unlike conventional foundation,
composite foundation may not be able to withstand forest/bush fire.
5.2.2

Innovative repowering processes – Live line working

Live-line working has a long tradition. The earliest history of the concept dates back in 1913 in
the USA and 1933 in Europe [29]. The tools and methods are constantly evolving to meet the
challenges in day to day operation [30].
In this demo, in order to further develop the concepts of live-line working, a new type of
conductor car using new generation of materials was developed [31]. The technologies to be
developed are in the state of reaching maturity in the foreseeable future. Although the solution
complies with some mandatory standards, to name a few: EN 50374, EN 50110-1, IEC 60895,
etc., it does not allow adaptations to a different working conditions without futher adjustments.
The main challenges are the different combinations among tower, insulator and conductors at
HV, which have an impact on the available clearances.

10

Statnett is a Norwegian state-owned enterprise responsible for owning, operating and
constructing the stem power grid in Norway.
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5.3

Technical barriers of Dynamic line rating technology

DLR system aims to monitor lines and handle sag effectively so that normal conductor can be
operated the same way as high temperature conductors. Consequently, higher capacity is
achieved. There have been lots of attempts by TSOs and the industry to develop DLR systems,
yet many of the solutions are rather cost-intensive or do not represent suitable combinations
of measurements and algorithms [32].
During the editing of this document, from hardware point of view, the developed DLR sensor
prototype is able to measure parameters related to the conductor, (e.g. sag) but there is a lack
of experience among TSOs and utilities to calculate weather conditions, especially wind. How
environment conditions could affect the operations, as well as how temperature and strain
would evolve during operation are still matter of research. From software perspective, i.e.,
algorithms to forecast ampacity, there is a lack of consensus on the models that need to be
used. Once the sensors are intalled, the first step is to carry out their initial calibration which
is to be carried out only once. Besides this calibration, all algorithms and models have to be
fine-tuned according to the particularities of each location: sensors require a training process
(or learning process) to adapt to different atmospheric conditions. This is something that has
been found during the limited experience of this demo, and might represent a barrier unless
an efficient process is achieved. Notice that this process must be done line by line and could
take some time to achieve a certain level of efficiency in terms of maximum ampacity that can
be reached.
Therefore, experiments in real facilities are necessary for results comparison and more
importantly, to ensure that algorithms are replicable and not tailor made. Besides,
methodologies for measuring wind conditions need to prove being robust such that it can be
replicable from one site to another without much efforts.
Having said all above, data transmission between nodes may be obstructed by non-line-ofsight. Sometimes, in extreme weather conditions, calculation of the sag would be affected.
Finally, when deploying any DLR systems, an initial calibration on conductor angle at the
support is always needed.

5.4 Economic barriers of HTLS conductors and insulated crossarms
5.4.1

HTLS conductor technologies

Some example of the benefits that HTLS conductors could bring include:
•

HTLS conductor technologies could be used to increase the capacity of congested lines.

•

Re-utilization of existing tower could reduce the investment costs.

•

The use of exisiting corridors could decrease the impact on the landscape.

Despite the benefits mentioned above, from economic perspective the main barrier lies on the
high investment cost for such HTLS conductor technologies replacing old ones and the costeffectiveness being strongly dependent on case by case situations. The cost of any type of OHL
conductor depends on both the size (diameter) and the conductor type (materials used). As
previously mentioned, seven high temperature conductors and one reference conductor were
investigated in the demonstration. Compared with the reference conductor, the cost of the
other seven conductor technologies vary a lot, estimates ranging from one to ten times higher.
When considering upgrading the capacity of an OHL, TSO would always try to increase voltage
level first. Only when this option is limited due to some constraints such as environmental
impact concerns, TSO will consider increasing rated current, while voltage is usually kept the
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same. Consequently, old accessories remain, e.g., transformers, towers, etc... In that case,
the resistance of the replacing HTLS conductor can be assumed approximately maintained.
However, ohmic losses equal to current squared times resistance. If a line is congested most
of the time, HTLS conductor is not seen as an ideal option to uprate AC transmission lines since
more losses can be obtained. As commented by an expert from 50Hertz: ”HTLS conductor is
more a solution if many other alternatives do not work anymore.”
Moreover, existing OHLs are usually built based on standards available at the time of the
construction. For a latter replacement of the conductors, newer standards might be applicable
which could lead to an unfavorable cost benefit ratio and extra refurbishment costs.
Apart from technical challenges previously mentioned, when using HTLS conductors on existing
towers, remaining lifetime of the existing infrastructure should be assessed as this could hinder
the cost-effectiveness. In addition to the labor cost (to cover civil works which could differ very
much across Europe) associated with conductor replacement, capacity increase on an existing
OHL may have an impact on adjacent grid infrastructure. They also need to have enough
margin to handle the increased transfer capacity. Thus, possible reinforcement could be
required which entails additional investments. For countries that suffer from economic crisis,
deployment of such HTLS technology seems difficult. Nevertheless, 50Hertz Transmission
GmbH has demonstrated examples of solving congestion problems and issues concerning high
costs by using HTLS conductors where the payback period can be rather short. Depending on
the technology chosen, the capacity can be increased to roughly 120 – 200% of the original
capacity with conventional conductors. Presumably, with further cost reduction, this technology
could become more and more attractive.
5.4.2

Insulated cross-arms

The invesitgated solution of insulated cross-arms can be put on existing towers according to
experts’ opinion from Elia. However, it forms part of the compact design which implies
replacement of old OHLs. No standard configuration and the requiring of special designs for
each use case needs a lot of effort for deployment in a different working environment. That
entails new competences and know-how.

5.5 Economic barriers of Innovative OHL and repowering
process
5.5.1

Novel OHL concepts

Robotic AWM brings more safety to the technical personnel in charge of this kind of operations.
Meanwhile it reduces outage time and thus results in an overall saving for TSOs. Composite
foundation and tower help TSOs save on construction costs and even more importantly
sometimes enable the construction of lines at all. Moreover, these two solutions demand less
concrete/steel as raw materials which potential has less environmental impact. Nevertheless,
additional investment on manpower is required to train working staff for robotic AWM.
Regarding foundation and tower, profitability is evident when transportation to site is
challenging. Compared to conventional foundations, composite ones are more expensive. If the
site is quite accessible, economic viability could be affected since major saving for these two
technologies come from reduction on transportation costs.
In addition, this demo also looks into drone technology (instead of the traditional helicopter
one) to carry the robot for placing the marker. In this way, operational costs could be cut even
more. However, it could raise serious issues concerning security and privacy.
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5.5.2

Innovative repowering processes

Thanks to the new designs and new material used for live-line working, it is less expensive to
use the developed solution than the existing equipment. Meanwhile, maintenance time is
shortened and thus, more flexibility is offered for operation since switch off of lines is not
needed. Consequently, number of benefits are provided as follows:
•

System losses will be reduced

•

System reliability is increased

•

Malfunctions can be repaired immediately

•

Maintenance periods of switching devices can be extended due to less switching
frequency

Having said all the above, no barrier can be perceived for this technology from the economic
perspective.

5.6

Economic barriers of Dynamic line rating technology

DLR systems provides the TSO with more real-time knowledge about the operational conditions
of OHL as new measurements are received from the installed sensors. The DLR technology
tested in this demo is very cost-effective. Thus, with low capital investments, line capacities
can be increased without replacing the conductors. One of the most important requirements to
take advantage of this solution is to define a regulatory framework that incentivizes TSO’s to
invest in this technology.

5.7 Regulatory barrier of HTLS conductors and insulated crossarm
5.7.1

HTLS conductor technologies

HTLS conductor technologies are researched for replacement of conventional conductors in
order to upgrade transfer capacity. Usually, they are used in specific situations to replace
selected OHLs. The potential deployment of HTLS technology is very much depending on local
regulation because operation and construction of OHLs and its replacement is regulated on a
national or even local level. Permissions of responsible authorities are needed as a previous
step to any line upgrade. The permitting authorities might not perceive the replacement of
conventional conductor by HTLS conductors as a main alternative, i.e., HTLS will not be chosen
if there are also other cheaper or more convenient technological options to solve the specific
situation. Some regulatory or national standards might even prevent full use of such
conductors. For example, the operation of HTLS with higher currents might lead to an increase
of electromagnetic fields (depending on the configuration and the specific use case) which could
cause opposing opinions.
In addition, long-term reliability of HTLS conductors has been proven only on a partial basis
with the research work in Demo 4 enhancing this experience significantly. However, as TSOs
are conservative, they request high standards of reliability and maturity for technologies used
in the system. Therefore, problem concerning acceptance is foreseeable.
Finally, lack of standardization also represents a barrier for the replicability which could be
problematic in some countries. For one example, there is currently no standard for testing and
qualifying HTLS conductors and fitting. IEC 62818 (titled “FIBER REINFORCED COMPOSITE
CORE USED AS SUPPORTING MEMBER MATERIAL”) and IEC 63089 (titled “OVERHEAD
ELECTRICAL STRANDED CONDUCTORS COMPOSITE CORE REINFORCED”) are under drafting.
From a long-term perspective, more standards need to be developed.
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5.7.2

Insulated cross-arm

Insulated cross-arms are part of the compact design which entails replacement of old OHLs. It
can be difficult for TSOs to realize projects like this. What went through smoothly in Belgium,
could be doubtful in other countries.
On the one hand, deployment of insulated cross-arms may be driven by minimization of visual
impact and electromagnetic fields levels under the line. On the other hand, some local
regulation and standards may restrict the use of such technology.
Finally, the current and the first ever insulated cross-arms installation in Belgium was designed
assuming a middle-European environment by Belgium’s TSO, Elia. Consequently, the solution
specification is more detailed than standard requirements. In case other countries would like
to replicate such technology, under different environmental conditions and subject to special
national standards, the solution needs adaptations accordingly.

5.8 Regulatory barriers of Innovative OHL and repowering
process
5.8.1

Novel OHL concepts

At present, risk-aversion is considered as the biggest regulatory barrier that prevents from
deploying innovative technologies. Old-fashioned manual mounting of AWMs, and use of
concrete/steel foundations, may have strong traditions among TSOs and entrepreneurs. It can
be very challenging to convince these agents to accept the tested new technologies. Moreover,
distinct regulation and standards in different countries might discourage the realization of the
three technologies.
5.8.2

Innovative repowering processes

Live-line working shall be regulated in the country where it is planned to be applied. In countries
where live-line working is not accepted, it is necessary to establish standards/rules, including
required clearances, exposure limits of electric and magnetic files, geographies and
environmental circumstances, etc. For instance, Germany does not fully support live-line
working and activities at HV level are limited. Therefore, regulatory instruments on that regard
are needed.
In countries where live-line activities are allowed and supported, regulations and standards
(concerning required clearances, exposure limits of electric and magnetic files, geographies
and environmental circumstances, etc.) are different. Introduction of new equipment and
technologies may require modification of the legal and regulations/standards background
accordingly. For example, this demo has used new materials (composite) and adhesives for the
conductor car. Nevertheless, current standards consider conductor cars as a conductive object
made of metal structures. As in fact the car has plastic structures, some paragraphs of such
standards cannot be applied directly. Then, due to novel material selection and new design
principles, modification and/or extension of current standards are required.
Finally, live-line activities need to be very carefully examined due to strict personal safety
criteria and this could slow down the replication process.

5.9

Regulatory barriers of Dynamic line rating technology

Timely delivery of electricity infrastructure within EU is critical to achieve the full functioning
internal electricity market [33]. However, reality shows that delays have increased in delivering
infrastructure in recent years due to a number of barriers such as the macro-economic
framework, regulatory risks, etc. [19]. Nevertheless, the DLR technology demonstrated in
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Demo 4 is able to provide more flexibility for operation (increasing network capacity) without
complex permitting and installation processes to build new assets. It allows to measure line
ampacity of OHLs in real time and thus calculate the real maximum capacity at the given time.
Despite the benefits that it could offer, TSOs can be reluctant to invest in this technology. Most
if not all current TSOs’ revenue in EU are based on a Regulatory Asset Base (RAB), and they
are only partly acknowledged by efficient grid management and operation, i.e., they are not
remunerated for operating the grid more efficiently. Therefore, TSOs lack incentives to do
investments like DLR system as they are counted towards operational expenses in general.
Although European legislation11 promotes measures to improve energy efficiency, most MSs
have not yet moved in that direction [34].
Moreover, in the context of application on transnational interconnections, when the
beneficiaries and associated benefits are vague, it blocks the coordination across TSOs for such
technological investments. Lack of standardization and harmonization among national network
codes create operational difficulties. As a conclusion, some international standards and
regulation are thereby essential in order to foster the replication of this technology.

5.10 Individual assessment example
This section means to provide a guideline for cost-benefit analysis of individual technologies,
in order to highlight the impact of each technological solutions in a quantitative manner.
Notice that data involved in the calculation below are provided by demonstration partners and
represent rough estimates on a personal basis. It refers to the particular demonstration in the
Best Paths project and cannot be generalized to represent these types of technologies
worldwide.
5.10.1

Robotic installatio of AWM

Robotic installation of AWM was investigated as part of the “innovative design of OHL concept”
task. As previously discussed, robots can only install AWMs that meet interface specifications.
It needs to be noted that this part of the cost, i.e., marker modification, is not included in this
assessment as it is commercially sensitive information. In this demonstration, two suppliers
were involved: Mosdorfer and Dalekovod.
To shed some light on cost-benefit assessment, expenses (¡Error! No se encuentra el origen
de la referencia.) and savings (Table 9) are discussed respectively as follows.
Current investment costs of one robot prototype is estimated to be 60 k€ although it is expected
to be lower in the future. All personnel needs a one-day course training in order to operate one
robot.
Table 8 Cost Items of Robotic installation of AWM

Spending Items
Robot
Training of personal

Value
60 000
1

Units
€/robot
day/person

It is necessary to mention that robots need to be carried in and out by helicopters for operation.
Helicopter costs per minute for precision flying is unknown. However, time spent is provided in
this case. It can take 7- 12 mins/AWM for one robot or 4-9 mins/AWM for two robots. In

11

Article 15 of the Energy Efficiency Directive 2012/27/EU of 25 October 2012
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average, it is around 6.5 mins/marker. The total expense for this part can be calculated by
multiplying 6.5 minutes and helicopter cost per minute.
Table 9 Saving Items of Robotic installation of AWM

Saving Items
Robotic12 Vs. Manual installation
Traditional Vs. Robotic marker14

Value
1700 ∼ 180013
105

Units
€/AWM
€/AWM

On the benefit side, since absolute costs of labor (or manpower) and marker modifications are
commercially sensitive information, only differences were provided by demo partners as shown
above.
The AWM tested in the demonstration is 600 mm in diameter. According to Norwegian
regulations, maximum 70 m is allowed in between AWMs of this size. Therefore, it leads to 15
AWMs/km. For each km, the total saving amounts to roughly 27800 €/km:

1700 + 105 ∗ 15 = 27075 €/

∼ 1800 + 105 ∗ 15 = 28575 €/

It can be seen from above, without consideration of helicopter costs, that the use of robots to
install AWMs for a bit more than 2 km can already recover the investment cost for one robot.
5.10.2

Dynamic line rating

It must be pointed out that for this technology, although it can be installed with lines either
active or in outage, live-line working has been adopted by Red Eléctrica de España15 (REE). If
installation were carried out when the line is switched off, it could be potentially much cheaper.
Nevertheless, it is not recommended to perform this installation in outage for critical lines. A
brief cost breakdown is shown in Table 10. Notice that software expenses are not included in
this case.
Table 10 Cost breakdown of dynamic line rating technology

Investment
cost
[€/km]

Installation
cost
[€/km]

Calibration
cost
[€/km]

Live-line

6000

⁓ 5000

375

In outage

6000

625

375

Total
[€/km]
10000 12000
7000

The investment cost (essentially, cost of sensors and software licenses) is annualized
considering a life span of 7-10 years. The sensors are maintenance free and only subject to
replacement.

12

Robotic installation has taken into account helicopter costs.

13

It means that compared with manual installation, using robots saves 1700 ∼ 1800 €/AWM.

14

These markers are for use on 10.8-26.5 mm shield wires.

15

REE is a partly state-owned and public limited Spanish corporation which operates the
national transmission electricity grid in Spain.
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In average, a common range of 10-15% of capacity increase can be achieved. Usually, after
one year of training process of the sensors, line capacity roughly can be increased by 12%.
From the above given information, it reaches a break-even point if during the 7-10 years, total
benefits obtained (e.g., operating savings) exceed 7k€/km if installing with line in outage or
10-12k€/km if using live-line working.
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6. Demo 5
The fifth demonstration, led by Nexans, addressed the issues concerning DC superconducting
links. Its objectives are manifold:
•

Validate the novel superconducting cables made of MgB2 round wires for high-power
electricity transfer.

•

Demonstrate full-scale 3 GW HVDC superconducting cable system operating at 320 kV
and 10 kA, with hybrid current leads and HV cable insulation in liquid N2.

•

Provide guidance on technical aspects, economic viability, and environmental impact of
this innovative technology.

Among all the five demonstrations, this demo is the most innovative one involving strong R&D
tasks. The idea to deploy superconducting material for transmitting GW of power has been
around for decades [35]. Nowadays, several demonstrative projects have been commissioned
and operated worldwide [36]. However, new materials and designs are evolving constantly.
MgB2 was discovered in 2000, and was rapidly transformed in an applied superconducting wires
in 2001 [37]. Compared to other superconductors such as NbTi or Nb3Sn, MgB2 has a relatively
high critical temperature of about 39 K and a low cost due to abundance of raw material (Mg
and B) and also due to its industrial manufacturing process.

6.1

Technical barriers

These superconducting links are very innovative in the “power transmission world” and
especially their reliability and availability shall be considered with great care. It naturally raises
some technical barriers that are described here below. However, the proposed solution is based
on proven, reliable and existing technologies largely deployed in other industrial fields.
6.1.1 Converters rated current
The remarkable performance of MgB2 wires demonstrated in Demo 5 leads to a cable conductor
with a potential ratings of tens of kilo amperes. In fact, the tested conductor was designed to
transmit 10 kA. It could be adjusted to the converter by adding/removing superconducting
wires given that presently available HV converters do not deliver current rating over 2 kA.
Therefore, converter current rating could be as a technical barrier for future replication of such
superconductor link. Nevertheless, discussions have been conducted with the converter
manufacturers suggesting that 5-6 kA is possible with today technologies, and with converters
operating in parallel, 10-12 kA could be achieved with some developments on the control
system.
6.1.2 Cryogenic envelopes
Based on a proven cryogenic envelope technology with high thermal efficiency and ability to
keep a sufficient vacuum for thermal insulation, positive results have been obtained within
Demo 5. More detail results can be found in D12.5 [38]. Despite several long-term
demonstrations, keeping the cryogenic insulation is still perceived as a technical risk since
TSOs are conservative and are concerned on the reliability and stability of the technologies
deployed. This will be further discussed below.
A damage in the cryogenic cable can be easily localized with thermal or vacuum sensors
distributed along the link. However, a detailed procedure to repair them in a “reasonable”
duration estimated less than 30 days has still to be developed. Beyond this reliability concerns,
an efficient physical protection strategy of such a bulk power cable to prevent the outages’
probability is recommended and has still to be developed (or inspired from other industrial
fields) to reduce the occurrence of a repair.
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6.1.3 Cryogenic pumps and cooling systems
In the cable concept of Demo 5, a double fluid circulation has been selected, i.e., helium (He)
for the MgB2 conductor at around 20K, and nitrogen (N2) at 80 K for the dielectric medium. It
entails that pumping and cooling stations are required to maintain these 2 temperatures along
the cable, ideally fitting with power substation location in average every 50 km. Efficient and
reliable similar systems are already existing and have been used for more than 30 years for
others industrial applications. Their costs have been estimated in Demo 5 at about 4% of the
total link cost and can therefore be considered as affordable. If the targeted link is less than
50 km, reduced pumping and cooling station are only needed at the two extremes of the link.
Installation of cryogenic stations would assume the acquisition of a surface less than 800 m2
of specific land for new building and installations additionally to the existing substation. If such
surface can be easily found out of cities, this can be problematic for the deployment in urban
areas.
Another option for the future would be the use of liquid hydrogen (H2) due to several
advantages such as low boiling point (20.3 K), large latent heat, low viscosity coefficient, etc.
[39], to replace N2 for long links but with safety issues to be work on.
6.1.4 Liquid N2, Gas He and Liquid H2 as Cooling fluids
Liquid N2 is a low cost and abundant fluid (constitute 80% of the air), easy to purchase in large
quantity, and consequently with no expected risk of shortage.
Gas He is a fossil gas found in natural gas fields as a minor component. It is known however
as the most abundant “rare gas” on the Earth. Today the market of gas He is strategic and
lightly under strain due to the decrease of USA exports. However, high He contents have been
recently discovered in several new gas fields (up to 10% content in South Africa). The
exploitation in the future of these new fields will release the today strains.
Based on Demo 5 design, an inner conduit with diameter of 90 mm is required for long length
power transmission. It represents a volume of 6.4 m3 per kilometer corresponding to 159
kg/km of He gas at 20 K under 15 bar. For a 500 km long bipolar link, 2 times 80 tons
approximately is needed. It is in the same range of magnitude than the 130 tons of He stored
on CERN site. So using helium gas as a cooling medium is still a viable option if a limited
number of bulk power links is installed. Preparation of a joint strategy of purchasing of He with
the gas suppliers is however recommended.
However, using liquid H2 is a good alternative on this regard. A good and positive experience
with liquid H2 at a large-scale has been acquired in aerospace industry. It is however insufficient
and needs more investigation especially on the dielectric behavior and the safety management
of grid installations.
6.1.5 Standards
While different standards on MgB2 wires testing are ongoing, currently, there is not yet a
standard (except regulations concerning cryogenic safety) for superconducting HVDC insulation
as the concept is innovative. The equipment is however designed according to the common
rules of insulation coordination. The tests conducted are inspired from the recommendation
provided by Cigre TB 538 [40], and it is expected that additional efforts will fill this gap in the
near future.
6.1.6 Installations
The compact design of the Demo 5 is of a great value; significant raw materials and reduction
of right-of-way and excavation work is achieved. In addition, the cryogenic envelope makes
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the cable independent of the thermal environment (which can be very influential for XLPE
cables).
Nevertheless, the use of relatively dense liquid N2 (0.8 g/ml) makes the cable solution
dependent on the ascending elevation of the link. The crossing of areas with a topography of
steep inclines will lead to high pressures drops that should be consider case by case. The
solution is to use Liquid N2 pumps more often in this case to re-pressurize the cooling fluid.
Most of conventional ways of installation are followed for the superconducting cables. The upper
part of the current leads will be connected to a standard bus-bar. The superconducting link
(including cooling and pumping system) will be monitored and controlled the same way as
other existing components within the system. It must be noticed that they cannot be considered
as classic branches in the grid for operation mainly due to its significant transmission capacity.
Management of an outage is more complex than a standard HVAC branch in the meshed grid.
It is recommended to install the best protection systems to prevent any damages to the cable.
Some ideas can be inspired from the 1500 km long H2 pipe networks that irrigate the north of
Europe.
Moreover, good harmonization shall be reached with the converters’ control and protection. In
case of a cable breakdown, the power must be shared by the other lines within the meshed
grid. The discussion in e-Highway 2050 shows that the maximum transit that can be managed
by TSOs is between 3 GW and 10 GW. The demonstration targets a value of 3.2 GW which can
be considered under the feasible margin and can also be tailored up or down to the grid
requirements. In principle, it can be properly managed without excessive difficulty.
Nevertheless, the actual limit can vary notably from case to case depending on the specific
location where the solution has to be commissioned.

6.2

Economic barriers

Although the solution can be deployed in various environments with a common design, special
attention needs to be paid to a cable route with an ascending elevation. There is an uncertainty
of additional costd along the cable route associated with the underground characteristics of the
system, such as rocky soils, inclines, crossing of singular points, etc. This fact might entail very
specific technological solutions, inducing some extra costs for some time, that in any case are
generally expected to be lower than the ones corresponding to XLPE cables due to the smaller
footprint of the superconducting solution.
On the other hand, underground solutions could also be considered as an advantage as building
conventional overhead HVDC lines could be challenging at sites which are impossible to cross,
e.g., craggy mountains. Although the MgB2 cable system is able to transmit power up to several
GW, the cryogenic system can be very costly which consequently could make the entire solution
less attractive compared to High Temperature Superconducting (HTS) tapes.
Yet, on top of no transmission losses, one great advantage of this type of superconducting link
is that unlike conventional resistive HVDC conductors, the cost can be considered independent
of current rating. Since when compared with cryogenic envelope, the cost of MgB2 wires are
negligible. And in order to increase current, it is only needed to add in parallel more MgB2 wires.
In addition, the design is more compact (i.e., less footprint), while for resistive HVDC lines, it
can be very complicated (and expensive) to acquire land.
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Fig. 3 Footprint comparison between resistive cables (XLPE) and Superconducting cables (MgB2)

Overall, MgB2 HVDC technology will present an economical interest under the following
conditions:
•

Very high-power rating

•

High load rate: >70%

•

Long length: > 300 km

•

Good reparability: Mean repair time <30 days

In demo 5, a social profitability analysis was carried out. Results show that for a 500 km line
which could transmit 6.4 GW power, superconducting cables (MgB2) results in a cost of 4 billion
euros while resistive HVDC cable (XLPE) needs 4.4 billion euros. The cost breakdown is shown
in Fig. 4. For superconducting link, only 4% of the costs are spent on cooling stations. With
shorter distance, presumably the design can be more compact and cheaper. Within 48% of
cable and cryogenic envelope costs, as discussed above, costs of MgB2 wires, i.e., cables, are
negligible. More details can be seen in D12.5 [38]. This cost estimation, however, has been
based on the existing industrial lines. For installing links of several hundreds of kilometres,
more efficient production lines will need to be set up. A consequent cost reduction of the
cryogenic envelopes by at least 30% is expected according to the feedback received from demo
leaders.
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Fig. 4 Capital cost breakdown for a 500 km link with 6.4GW

In any case, before construction of this type of link, it is essential to assess the quotation of
the components in order to perform a thorough cost-benefit analysis on case by case such that
expenses and savings can be carefully balanced.

6.3

Regulatory barriers

The reliability and stability of a system is of high priority. Although, current solution would
require further test for large-scale deployment, outcomes obtained in the demo are rather
promising. However, as TSOs tend to be conservative, some innovation incentives should be
designed in order to foster the deployment of this solution in some pilot projects in case the
related cost-benefit prospective analysis is positive in the medium-term.
Public acceptance for the solution is as important as any other underground system. There are
large projects that are postponed or cancelled after decades of consultation. This could happen
to the demonstrated solution as well. Although the underground feature leads to negligible
electromagnetic fields unlike OHLs, use of cryogenic fluid in public areas is quite new.
Duplication of cryogenic stations could lead to acquisition of land entailing a long process of
consultation and permitting process. Depending on the scale of the system, opposition level
can be higher or lower. If considering liquid H as coolant, use of which could result in one of
the biggest challenges for public acceptance.
Meanwhile, since TSOs cannot buy the land all along the cable route, landowner needs to agree
on the installation of superconducting cables. Strong collaboration is expected in case of
interconnectors using superconducting link among countries. Moreover, TSOs and stakeholders
will play a significant role promoting such innovative technology as it is capital intensive the
same as every other transmission projects. Measures to facilitate access to co-financing
(including European funds) could help the deployment.
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7. Conclusions
The five large-scale demonstration projects developed in Best Paths project proved that the
proposed network technologies are able to bring technical and/or economic benefits to power
system via increasing transmission network capacity and electric system flexibility.
Consequently, the pan-European system is able to foster and respond to the increasing
integration of RES.
Nevertheless, various barriers still present which prevent proposed solutions from deployment
in a large-scale. This deliverable reviewed all the technologies and described in detail the main
barriers for each technology respectively.
Table 11 Summary of barrier identification

Demo
Demo
Demo
Demo
Demo

1
2
3
4
5

Technical
+++
++
+++
++
++

Economic
++
++
+
++
++

Regulatory
+
+++
++
+++
+++

In order to give an intuitive overview of the overall difficulties on in each demo, Table 11
provides the ranking of barriers from different aspects (technical, economic or regulatory),
from the most concerning one (three “+” signs) to the least concerning one (one “+” sign). For
example, for demo 1, technical barriers are more troublesome than economic barriers,
regulatory barriers come last.
Apart from the individual assessment of each demo, some general conclusions can be drawn.
One of the main ones is that in order to build and properly operate a future transnational HVDC
grid it is paramount to define a regulatory framework to coordinate the actions of involved
TSOs and to provide clear schemes regarding the ownership and governance of the grid assets.
In the same vein the development of technical standards is essential to assure interoperability
and the adoption by the TSOs of the new technologies developed in Best Paths project. The
new transmission lines based on HVDC technology will be indispensable in the future European
transmission network. At the same time, reinforcements of the existing AC grid will be
necessary to accommodate increased injections of HVDC lines. Thus, a coordinated upgrade of
both AC and DC network is essential to achieve the full potential of either technology.
In addition, it is necessary the development of new policies to incentivize TSOs' investment in
some of Best Paths technologies taking into account their specificities. Fostering DLR
technologies would imply a change in the retribution schemes for TSOs that should include the
acknowledgement and remuneration for efficient grid management and operation. On the other
hand, some of the developed technologies are rather capital intensive, case of superconducting
links, therefore measures to ease the access to co-financing (including European funds) could
help the deployment.
Another important barrier is the lack of a complete data set that could be used for network
analysis (planning and operation) under a pan-European perspective. In this sense, the
European Commission should develop and maintain an open common reference framework of
European network scenarios and models for the pan-European Transmission System. The
model should include electrical data and geographical layout of the transmission grid; basic
information about generators, including capacity, type and location in the transmission grid;
and distribution of power demand; updated grid scenarios along with expected grid scenarios
for different time horizons considering the recommendations coming from TYNDP 2018,
Projects of Common Interest and some relevant European projects such as e-Highways2050.
This set of baseline scenarios would be a strong asset for future EU-funded research projects
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as it would avoid overlap and effort in this recurring task. In addition, an open set of scenarios
would allow their unrestricted use (apart from due credit) for different research initiatives.
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