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What is TWENTIES?
The EU-funded TWENTIES project - ‘Transmission sys-
tem operation with a large penetration of wind and oth-
er renewable electricity sources in electricity networks 
using innovative tools and integrated energy solutions’ - 
coordinated by Spanish Transmission System Operator 
Red Eléctrica de España, was launched in April 2010.

The aim of the TWENTIES project is to advance the de-
velopment and deployment of new technologies which 
facilitate the widespread integration of more onshore 
and offshore wind power into the European electricity 
system by 2020 and beyond.

TWENTIES is one of the largest renewable energy dem-
onstration projects funded by the European Commis-
sion’s Directorate-General for Energy under its seventh 
Framework Programme (FP7), with a total budget of 

over €56.8 million, and a European Commission con-
tribution of close to €32 million. The TWENTIES pro-
ject brings grid operators and wind energy operators 
together for the first time.

TWENTIES is organised around six large-scale demon-
stration projects grouped into three Task Forces, which 
aim to prove the benefits of new technologies. The 
six large-scale demonstrations are complemented by 
three work packages. One of the work packages fo-
cuses on the assessment of non-technology barriers 
to the development of a real offshore grid, and makes 
proposals for overcoming such barriers. The other two 
are related to the replicability and scalability at EU lev-
el of the results of the demonstration projects, based 
on their individual impact as well as the potential syn-
ergies between them.

Demo specifications and R&D gaps KPIs to assess the demos’ results

WP2: Specification and requirements (REE)
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TASK FORCE 1

Contribution from 
intermittent generation and 

load to system services

TASK FORCE 2

Allow for offshore wind 
development

TASK FORCE 3

Give more flexibility to the 
transmission grid

Demo IBD Demo RTE Demo ELIADemo DONG Demo Energinet Demo REE

WP 3 R&D WP 4 R&D WP 5 R&D WP 6 R&D WP 7 R&D WP 9 R&D

WP 9 Demo WP 10 Demo WP 11 Demo WP 12 Demo WP 13 Demo WP 14 Demo

WP 17: Offshore barriers (TENNET)

WP 15: Economic, legal and regulatory assessment of the results 
involving KPIs mesured demonstrations (COMILLAS)

WP 16: Integrated global assessment for future replication in EU 27 (RISOE)

FIGURE 1 TWENTIES PROjECT STRUCTURE
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What did TWENTIES find out?
TWENTIES shows that Europe’s energy infrastructure 
can be used a lot more efficiently than it currently is. 
The most significant findings include the following:

• Wind farms can provide wide area voltage control, 
and secondary frequency control services to the 
system; 

• Virtual power plants enables reliable delivery of an-
cillary services, like voltage control and reserves, by 
intelligent control of distributed generation including 
wind farms and industrial consumption;

• A DC circuit breaker prototype was tested 
successfully;

• By applying ‘high wind ride through control’, reserve 
requirements are cut in half;

• By using Real Time Thermal Rating (RTTR) or Dynam-
ic Line Rating (DLR) for measuring and forecasting 
overhead line capacity, 10% more flow in average 
can go through equipped overhead lines;

• By using the combined effect of DLR and power flow 
controlling devices to control the flows in the Euro-
pean grid, more wind in-feed can be integrated in the 
existing grid without jeopardizing the system security;

• By controlling flows by means of PSTs, HVDCs and 
FACTS, local congestions can be alleviated in a flexi-
ble manner. A smart control of a set of such devices 
enable getting even more out of the existing grids.

The key results: 

Task Force 1: Contribution of  
variable generation and flexible  
load to system services 

Demonstration project 1: System services 
provided by wind farms (SYSERWIND)
• Wind farms provided wide area voltage control, re-

ducing voltage deviation from 9 kV to 0.7 kV; 
• Wind farms can work in a coordinated way to pro-

vide secondary frequency control in the same way 
as conventional units;

• Secondary frequency control involves many chal-
lenges, including the need for very accurate wind 

forecasting in order to avoid curtailing large amounts 
of power;

• Wind farm voltage control leads to less wind curtail-
ment and slightly lower overall system costs. 

Demonstration project 2: Large-scale virtual 
power plant integration (DERINT) 
• The virtual power plant - “Power Hub” - enables reli-

able delivery of ancillary services, like voltage con-
trol and reserves, by intelligent control of distribut-
ed generation including wind farms and industrial 
consumption;

• Power hub was able to optimise the output from the 
available resources in different units across differ-
ent markets, deciding when most value would be 
generated;

• It is economically attractive to build virtual power 
plants. Power Hub can be replicated across Europe.

• Virtual power plants reduced marginal electricity 
prices by 0.25-0.4% and brought about lower total 
system costs in the day-ahead market in the Dan-
ish system; 

• VPPs based on biomass and heat pumps could pro-
vide a 2.18% reduction in average electricity prices 
and a 3.46% reduction in CO

2 emissions in the Ger-
man power system.

Task Force 2: Reliable offshore  
network and wind development

Demonstration project 3: Technical speci-
fications towards offshore HVDC networks 
(DCGRID)
• A DC circuit breaker demonstrator was successful-

ly tested, and innovative DC protection algorithms 
validated;

• Local controls were designed to enable various DC 
grids to accommodate wind power transmission and 
a large range of contingencies (including on the AC 
system) without any need for high-speed telecom-
munications, as demonstrated with the first DC grid 
mock-up (including physical cables and protection).
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• New offshore grids allows local surpluses of wind 
power to be used elsewhere, reserve power to be 
held, and potentially cheap, low carbon power to be 
used instead of more expensive higher carbon fos-
sil fuel plants. 

Demonstration project 4: Management of  
offshore wind power in extreme high wind  
situations (STORM MANAGEMENT)
• Wind turbine energy output was increased in stormy 

conditions by using high wind ride through control, 
which took the cut-off point from wind speeds of 25 
metres per second up to 32 metres per second; 

• Use of high wind ride through control reduced the 
risk of power system instability and blackouts. 

Task Force 3: Improvements in the 
flexibility of the transmission grid 

Demonstration project 5: Network-enhanced 
flexibility (NETFLEX) 
• By installing Ampacimon sensors that measure vi-

bration to deduce the sag of the line, and forecast-
ing capacities, TSOs can enjoy an average 10-15% 
more capacity out of overhead lines;

• By acting together, Power Flow Controlling devices 
(PFCs), like PSTs and HVDCs, can better distribute 
the flows over an entire area and unlock room for 
more wind power and exchanges;

• At the moment, the system damping is generally suf-
ficient. Nevertheless, new means for controlling the 
damping must be identified to cope with high pene-
tration of RES. Today, the damping of the system can 
be reliably predicted based on flows and injection.

• In order to achieve the same level of operational 
risk, the DLR forecaster can implement a more au-
dacious policy because the smart controller enables 
compensating for over-estimations;

• The grid can be planned more boldly, i.e. higher ca-
pacities for the market and for wind, while delivering 
the same level of reliability.

Demonstration project 6: Improving the  
flexibility of the grid (FLEXGRID)
• Real-time monitoring of the temperature of the pow-

er cables allows over 10% more wind-generated 
power to be brought onto the transmission grid;

• Excess energy can be re-directed to lines with spare ca-
pacity in order to use the transmission capacity more 
efficiently, increasing the controllability and security of 
the grid and reducing the need for curtailments.

TWENTIES has held a number of dissemination 
events, some of them linked to the project General As-
semblies and some in connection with other demon-
stration projects, and been present at several confer-
ences and workshops in Europe. 

The following pages present a brief summary of the 
most significant results obtained in each of the dem-
onstrations, how the demonstration project worked, 
and an overview of the project work packages. A 
more detailed description of the work and the re-
sults achieved are available on the project site:  
www.twenties-project.eu. 
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Work Package 15

Work Package 15

Introduction and background
Work Package (‘WP’) 15, ‘Economic impacts of the 
demonstrations, barriers towards scaling up and so-
lutions’, relates to all the different elements of the 
TWENTIES project. Its goals are to assess the lo-
cal economic and/or technological impact of each 

demonstration project (‘demo’), to perform an analy-
sis of the joint impact for all the demos in the same 
task force, to identify the barriers to scaling up the 
results, to propose regulatory and economic solutions 
to overcome the identified barriers, and to provide an 
analysis of the demos to be used in Work Package 16, 
which gives an EU-wide perspective of the larger tech-
nical and economic impact of the demos. The figure 
summarises the main activities developed in WP 15.

FIGURE 2.1 WP 15 - ECONOMIC IMPACTS OF ThE DEMONSTRATIONS, BARRIERS TOWARDS SCALING UP AND SOLUTIONS

WP 15: Economic impacts of the demonstrations, barriers 
towards scaling up and solutions

TASk FORCE 1
system services

TASk FORCE 2
offshore wind

TASk FORCE 3
flexible grid

Economic impact assessment 
of demo 1 in Spain

Comillas-IIT, IBR, REE, Gamesa

Economic impact assessment 
of demo 2 (VPP) in Denmark

DTU, Dong, Energinet, F.IWES

Impact of new hVDC 
configurations in offshore 
penetration

RTE, Strathcllyde

Impact of coordinated storm 
control for offshore wind 
generation in Denmark

DTU, Energinet

Economic impact assessment 
of enhanced NETwork 
FLEXibility in CORESO

Elia, EdF

Economic impact assessment 
of demo 6 in Spain

Comillas-IIT, REE

joint analysis for the identification of barriers 
and proposal of regulatory recommendations
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1  Coreso is an independent company checking and improving the security of supply level in Western Europe. Its goal is to help 
European TSOs by providing them with a comprehensive overview of electricity flows, complementary to their national focus  
(www.coreso.eu)

Results and conclusions
Despite the benefits of the innovative system manage-
ment approaches and the novel technologies demon-
strated in TWENTIES, there are still some regulatory 
barriers preventing relevant benefits from being real-
ised. One important barrier relating to Task Force (TF) 
1 and TF 2 is the current design of day-ahead, intraday 
and balancing services. Their rules were not defined to 
integrate high shares of intermittent renewable genera-
tion. Three elements of the market should be improved 
to favour a higher penetration of renewable generation: 
liquidity, flexibility and integration with other power sys-
tems’ markets. Another major barrier to the develop-
ment of offshore grids is the high investment needed, 
and cost allocation. To overcome this barrier, existing in-
ter-Transmission System Operator (TSO) compensation 
mechanisms will need to be developed and joint sup-
port instruments and targeted EU funding need to be 
enhanced. The adoption of grid technologies such as 
those tested in TF 3 include economic and environmen-
tal criteria for assessing alternative solutions and the 
definition of standards for the use and control of these 
technologies. The latter is especially relevant when dif-
ferent TSO jurisdictions are affected, which will require 
agreement between the relevant TSOs.

Regulatory recommendations for TF 1
• Establishing market mechanisms for the procure-

ment of system services and remuneration schemes 
based on cost-reflective prices;

• Defining markets for the procurement of balancing 
reserve capacity (where participants take the com-
mitment of reserving capacity) and balancing energy 
(whereby the TSO balances the system based on 
the energy offers from reserve capacity providers 
and from other participants);

• Defining products that recognise the intrinsic char-
acteristics of potential market participants such 
as renewable generators, load and storage units 
(shorter product lengths, gate-closure times closer 
to real-time);

• Imposing balancing responsibility on all market par-
ticipants so that they are incentivised to “self-bal-
ance” instead of increasing the demand for balanc-
ing services, which in turn increases system costs;

• Defining imbalance prices that reflect the costs im-
posed on the system by imbalanced market parties 
so that they receive the incentives to be balanced.

Regulatory recommendations for TF 2
• Definition of clear targets for offshore generation 

beyond 2020 (2030-2050) agreed between the EU 
and its member countries as the main driver for off-
shore infrastructure development;

• Establishing a clear regulatory framework for off-
shore generation, including the harmonisation of 
support schemes or the introduction of flexible 
mechanisms such as joint schemes to reduce the 
distortions from national schemes; 

• Creating mechanisms for the coordination of plan-
ning, development and operation of common off-
shore grid infrastructure, such as the creation of 
regional initiatives or organisations (e.g. the North 
Seas Countries’ Offshore Grid Initiative - NSCOGI 
and Coreso1), the development of methodologies for 
coordinated transmission planning, ex-ante alloca-
tion of costs among infrastructure users;

• Developing a framework for grid infrastructure fi-
nancing that acknowledges the particular financial 
needs of TSOs. In order to incentivise investors to fi-
nance complex projects, investment risks should be 
reduced and attractive remuneration established;

• Harmonising market designs and defining specific 
arrangements for offshore generation such as trans-
mission capacity rights allocation, definition of bid 
areas and priority access for cross-border offshore 
assets.

Regulatory recommendations for TF 3
• Developing methodologies for coordinated transmis-

sion planning and creation of regional organisations 
such as Coreso;

• Harmonising grid codes (e.g. congestion manage-
ment, priority access and renewable energy curtail-
ment) for the operation of common infrastructure;

• Incentivising TSOs to invest in new and flexible grid 
technologies. National regulatory authorities (NRAs) 
should encourage TSOs to invest in R&D by defining 
cost-reflective network tariffs. Also, efficient costs of 
new technologies must be acknowledged by NRAs in 
order to reduce TSOs investment related risks.
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Work Package 16

Introduction and background
The purpose of WP 16 was to supplement WP 15’s 
economic, legal and regulatory assessment of the 
demonstrations in the countries that host each one, 
giving an EU-wide perspective of the larger technical 
and economic impact. A major part of the work in WP 
16 has focused on regions like the North Sea and 
large countries like Germany and France. 

The main activities in WP 16 are summarised in Fig-
ure 2.2 below. 

Results and conclusions
It has been shown that wind power plants and Virtual 
Power Plants can contribute to system services such 
as frequency control and voltage control. The impact 
will depend on regulatory rules and market structures.

The analyses of the impact of increased hydro capaci-
ty and offshore interconnections in North Europe show 
significant potential for enhancing the use of hydro 

power generation to balance wind power. The econom-
ic impact studies should be followed up by investment 
studies to quantify the cost of increasing hydro capac-
ity of interconnectors as an alternative to construction 
of new plants and postponing the decommissioning of 
existing thermal power plants. 

Analysis of the transmission system operators’ (TSO) 
Alps hydro scenarios suggests that if wind capacity 
in the North Sea reaches its maximum potential, the 
hydro capacity in 2020 and in 2030 may not be well 
connected to the wind generation in the Central West-
ern Europe (CWE) region and thus may not be able to 
fully exploit the increased wind generation. In such a 
case, the analysis suggests that the positive effect of 
grid extension alone may be higher than the further 
increase in hydro capacity. The simultaneous increase 
of the grid and hydro capacity may provide the great-
est increase in social welfare benefits from the Euro-
pean electricity system. If the wind capacities do not 
increase after 2020, the potential Alpine hydro capaci-
ties in 2020 and 2030 can help integrate intermittent 
wind output into the European electricity system with-
out additional transmission investments.

FIGURE 2.2 WP 16 - EU WIDE INTEGRATING ASSESSMENT OF DEMONSTRATION REPLICATION POTENTIAL

Work Package 16

TASk FORCE 1
System services

TASk FORCE 3
Flexible grid

TASk FORCE 2
Offshore wind

Demo 1
WP services

Demo 5
NetFlex

Demo 3
DC grid

Demo 2
VPP

Demo 6
FlexGrid

Demo 4
Storm 

management

Task 16.1

WP balancing and 
frequency control services 

to German market

WP balancing and 
frequency control services 

in France

WP balancing and 
frequency control services 

in the German system

VPP model applied to 
German and Spanish 

systems

Task 16.2

North European offshore 
wind power variability

Hydro potential and 
barriers (Nordic and Alps)

Grid restriction studies 
(Nordic and Cent. EU to 

Alps)

Economic impact study

Task 16.3

Analysis to generalise 
and quantify demo 5 and 

demo 6 impact



TwenTies project - Final report

TASk FORCE 1 - Contribution of variable generation 
and flexible load to system services
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Demonstration project 1 - System services 
provided by wind farms (SYSERWIND)
Main findings
• Wind farms provided wide-area voltage control in the 

transmission grid, reducing voltage deviation from  
9 kV to 0.7 kV; 

• Wind farms can operate in a coordinated fashion 
to provide secondary frequency control with similar 
technical performance as conventional units;

• Secondary frequency control involves many challeng-
es, including the need for accurate wind forecasting 
in order to avoid curtailing large amounts of power;

• A large amount of energy has to be curtailed to pro-
vide the upwards power reserve service so it is not 
currently attractive from an economic perspective, 
unless market design changes are made.

Introduction and background
Currently, conventional generators provide key servic-
es to the electrical system that wind generators are 
not able to provide: voltage control in the transmis-
sion grid and secondary frequency control. As wind 
penetration increases, reducing the conventional gen-
eration’s share of the power supply, it becomes more 
important for this technology to support the system 
with such services.

On alternating current (AC) systems, reactive power 
is used to control the voltage in different parts of the 
grid; when reactive power is injected the voltage in-
creases and vice versa. The ability to perform this 
voltage control is of great importance for three main 
reasons:
1.  The electrical equipment is designed to operate 

within a certain range, usually +/- 5% of the nominal 
voltage. A high voltage can damage equipment and 
low voltages make some elements perform poorly 
and even shorten their lifetime.

2.  Reactive power flows cause losses.
3.  The production of reactive power can limit a genera-

tor’s capability to produce active power.

The dynamic nature of the electricity system implies 
that voltages are constantly evolving as inductive and 
capacitive elements are added and removed from the 
grid or active power transmission levels change. The dy-
namic control of the voltage in the transmission grid has 
been traditionally performed by conventional generators, 
while the reactive power control capabilities of the wind 
turbines have been used solely to optimise the losses 
in the medium voltage (MV) network of each wind farm.

Another important service provided by conventional 
generators is the secondary frequency control. In an 
AC system, mismatches between load and active power 
generation cause variations in the system frequency. 
If the load is larger than the generation the frequency 
drops and vice versa. This continuous balance is per-
formed by a system known as Automatic Generation 
Control (AGC), which adjusts the power output of differ-
ent generators, which are paid to provide this service, 
following the changes in the load. Due to the nature of 
wind, it is very difficult for wind generators to participate 
in this service because of the technical challenges, and 
the economic impact should also be specifically evalu-
ated (cost-benefit comparison with other technologies).

TWENTIES Demo 1 aims to prove that wind generators 
are technically able to provide wide-area voltage con-
trol and secondary frequency control services.

Description of project
The first demonstration in TWENTIES faces the chal-
lenge of clustering 15 wind farms in the south of 
Spain adding up to 482 MW and connected to three 
different 400 kV nodes in the transmission grid (Tajo 
de la Encantada, Arcos de la Frontera, and Huéneja), 
in order to prove the ability of wind generation to pro-
vide services like wide-area voltage control and sec-
ondary frequency regulation to the system while mini-
mizing the equipment modifications at wind farm level. 

TASk FORCE 1 - Contribution of variable generation and flexible load to system services



17TwenTies project - Final report

FIGURE 3.1  WIDE AREA VOLTAGE CONTROL TEST RESULTS

 Source: Iberdrola

These objectives have been pursued by developing 
new controllers that have been installed in Iberdrola’s 
and Red Eléctrica de España’s control centres and 
the wind farms, which implement new strategies that 
make 240 wind turbines work in a coordinated way in 
order to control the voltage in a 400 kV AC corridor 
more than 350 kilometres long.

It has also been necessary to develop a very short 
term wind forecasting algorithm in order to pro-
vide a secondary frequency regulation band with the 

necessary precision. Most importantly, these tools are 
fully integrated into the system operation and the TSO 
tools. 

The demonstration is divided into two main tests: a 
voltage control test and a secondary frequency control 
test. In the first case, all the TWENTIES wind farms con-
trol their reactive power generation and consumption 
in a coordinated fashion, thus modifying the voltages 
in the 400 kV nodes in a controlled way. Figure 3.1 
shows the results from this part of the demonstration.
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FIGURE 3.2 SECONDARy FREqUENCy CONTROL TEST

 Source: Iberdrola

During the test wind conditions were very good, with 
high capacity factors (70% in Huéneja, 83% in Tajo de 
la Encantada and 97% in Arcos de la Frontera). The 
figure shows that initially the maximum voltage differ-
ence between the clusters was 9 kV and as soon as 
setpoints (i.e. the signals containing the requested 
voltage value) were received from the TSO to achieve 
a flat voltage profile the voltage levels in the clusters 
started to converge, reaching a minimum difference of 
0.7 kV in the last part of the test. As soon as the volt-
age control was deactivated, 1.5 hours after the start 
of the test, the voltage levels rapidly diverged again.

Controlling the reactive power capabilities of the wind 
turbines meant taking into account the behaviour of 
the MV grid of the wind farms as well as other instal-
lations that were not part of the demonstration. They 

were connected to the same nodes, and the on-load 
tap changer of the transformers, which reacted to the 
modifications in the voltage profile.

For the second part of Demo 1 the active power pro-
vided by the 15 wind farms taking part in TWENTIES 
is controlled in a coordinated way in order to allow 
wind generators to provide secondary frequency con-
trol services. To provide this service the generators 
must curtail their active power output and provide a 
regulation band (both upper and lower) that has been 
agreed with the TSO. While the service is being pro-
vided the TSO sends setpoints corresponding to any 
point inside the band, and they will have to be followed 
by the generators. 

Figure 3.2 depicts how the test works.

TASk FORCE 1 - Contribution of variable generation and flexible load to system services
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FIGURE 3.3 SECONDARy FREqUENCy CONTROL TEST RESULTS (ThREE CLUSTERS)

 Source: Iberdrola

Fifteen minutes prior to the beginning of the demonstra-
tion the wind forecast system calculates the expected 
available active power for the following hour. The mini-
mum value of this forecast, generated for all the wind 
farms, is used as the upper limit of the regulation band 
(it is necessary to use the minimum value, otherwise 
there is no guarantee that all the setpoints will be fol-
lowed accurately). In order to avoid the uncertainties of 
the wind forecasting algorithms, this upper value is low-
ered in correspondence to the estimated forecast error.

It has been necessary to improve the wind algorithms 
to provide short time forecasts. The wind speeds can 
now be estimated for two hours fifteen minutes before 
each period begins.

Likewise, the lower value of the regulation band is cal-
culated taking into account the technical limitations of 
the wind turbines. When a wind turbine is regulating 
active power by means of changes in the pitch of its 
blades there is a lower limit in which the turbines stop. 
In the case of the generators used in this demonstra-
tion, this value is between 25% and 50% of the nom-
inal power. The control in the demonstration avoids 
stopping generators because it implies that starting 
them again may take several minutes until it finds the 
wind direction and configures the pitch to provide the 
requested active power output.

Once the regulation band has been defined, an initial 
power output is selected. The clusters will maintain at 
this level until the TSO starts to send its setpoints. 
These setpoints, arriving every four seconds, are cal-
culated by the TSO taking into account the time con-
stant (τ) of the generators, with the aim of reaching a 
certain behaviour. Setpoints in Figure 3.2 (green line) 
are indeed calculated by taking into account the dy-
namic behaviour of wind farms. Higher steps in the 
line mean that wind farms will modify their output with 
a steeper slope. As a result of applying these set-
points, the desired real dynamic response is achieved.

The wind farms taking part in TWENTIES cover a very 
large area of southern Spain, and sometimes the me-
teorological conditions differ from one cluster to an-
other, as was the case during the day this demonstra-
tion took place. Arcos de la Frontera and Tajo de la 
Encantada had enough wind, while the wind farms 
in Huéneja were producing at less than 1% of the in-
stalled power, which is far below the technical limita-
tions of the machines to perform active power regula-
tion. Despite this, the wind farms that were able to 
take part had enough power to deliver a +/- 20 MW 
band with an initial value of 100 MW.

The results are shown in Figure 3.3.

Upper band

Lower band

SUM 1 (τ = 100s)

PGCD - Setpoint REE

APGC - Generated power

0 10 20 30 40 50 60

75

80

85

90

95

100

105

110

115

120

t (minutes)

P 
(M

W
)



20 TwenTies project - Final report

For most of the time the power generation was be-
tween the setpoint from Red Eléctrica (black line) and 
the required response with a time constant of 100 
seconds (blue line). The generated power mostly fell 
between the upper and lower band limits, even when 
the TSO sends setpoints outside these boundaries. 
This is the expected behaviour, the generators offer 
the band and always operate inside these margins. 

In order to provide a regulation band with the sufficient 
reliability throughout the test, a very accurate and re-
liable forecast is needed. Other difficulties were the 
need to respond rapidly to the setpoints that the TSO 
sends every four seconds and controlling the pitch in 
all the wind turbines so that power generation reduc-
tions were achieved without stopping any of the ma-
chines, which would have slowed the overall response 
of the clusters.

Results and conclusions

General
• The hardware and software changes in the wind 

farms and control centres were kept to a minimum. 
This means that the CAPEX for delivering these an-
cillary services is reduced (around 100 - 150 k€ per 
50 - 100 MW wind farm) and there is not a clear im-
pact on the OPEX.

Wide-area voltage control test
• The wind farms grouped in a cluster are able to con-

trol the 400 kV voltage in the TSO’s point of connec-
tion, according to the same operational procedure 
that is applied to conventional generation;

• A flat voltage profile in the 400 kV corridor has been 
successfully achieved, with voltage differences be-
tween controlled nodes as low as 0.7 kV;

• A minimum capacity factor (around 20%) is required 
to adequately control voltages;

• The algorithms are able to effectively compensate 
the losses in the cables and lines up to the connec-
tion point;

• Limitations in reactive power generation capacities 
in the wind generators translate into limitations in 
voltage control.

Secondary frequency control test
• Grouped wind farms are able to control their ac-

tive power, in real time and in a coordinated way, 
according to the TSO’s secondary frequency control 
requirements;

• The controllers are able to change their response 
time in the same way that conventional generation 
units do;

• The secondary frequency control test has shown 
good performance with high capacity factors, al-
though further research is needed to show how the 
results would be affected by machines stopping due 
to low capacity factors;

• A large amount of energy has to be curtailed for pro-
viding the upwards power reserve service, so it is 
not currently economically attractive;

• The required energy curtailment is lower when more 
wind farms are grouped to provide the service and 
there is a shorter term forecast calculation. Howev-
er, the amount of energy to be curtailed is still quite 
representative; 

• The current secondary reserve market is a day-
ahead one, and wind energy would need a short 
term market, almost in real time, or to offer this up-
wards reserve only once wind generation has been 
curtailed by technical constraints, or just offer the 
downwards reserve.

TASk FORCE 1 - Contribution of variable generation and flexible load to system services
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FIGURE 3.4 ThE VIRTUAL POWER PLANT

 Source: Power Hub

Demonstration project 2 - Large-scale virtual 
power plant integration (DERINT)
Main findings
The virtual power plant ‘Power Hub’ has delivered the 
key objectives of TWENTIES - supporting the integra-
tion of wind in the European energy system. It has 
done so by developing a new tool, a virtual power plant 
for system balancing.

Power Hub enables reliable delivery of ancillary ser-
vices, like voltage control and reserves, by intelligent 
control of distributed generation including wind farms 
and industrial consumption.

Power Hub was able to optimise the output from the 
available resources in different units across different 
markets, deciding when most value would be generated. 

It is economically attractive for all stakeholders to par-
ticipate in virtual power plants. Power Hub can be rep-
licated across Europe, although challenges include at-
tracting and integrating industrial units to participate 
in a virtual power plant. 

Another challenge was scaling up the virtual power 
plant on commercial terms in Denmark due to the Dan-
ish regulatory regime and market design. Similar chal-
lenges have been identified in Germany and Spain.

Introduction and background
When an increasing share of energy is produced by re-
newable sources such as solar and wind, electric¬ity 
production can fluctuate significantly. In the future 
there will be a need for services that can help balance 
power systems in excess of what conventional assets 
can provide. Virtual power plants (VPPs) are one of the 
most promising new technologies that can deliver the 
necessary stabilising services. The goal of the second 
TWENTIES demonstration project was to show the full 
potential of the VPP technology.

Description of project
The demonstration project involved the development 
of a virtual power plant, named ’Power Hub’. Pow-
er Hub is an IT system that can manage both small 
power generators (such as small hydro power plants, 
indus¬trial combined heat and power plants (CHP) or 
emer¬gency generation sets) and power consuming 
units (such as pumps in waste water treatment, grow 
light in greenhouses, cooling in cold storages). 

Power Hub’s main task is to ensure that all units are 
used optimally for both the electrical system and the 
unit owner. 
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When the units are used optimally, they are able to 
serve their primary purpose and to provide the ser-
vices required by a future low carbon energy system. 
For example, pumping water can be stopped or started 
in a matter of seconds if the power system needs it. 
Similarly a small hydroelectric plant could gain access 
through Power Hub to provide services which stabilise 
the frequency of the power system, which would other-
wise be too complex to deliver.

The virtual power plant (VPP) demonstration was set 
up in Denmark on fully commercial terms. This means 
that the VPP delivers services to the Danish power 
system based on the controlled units on a daily basis. 
It also means that the VPP only pays the unit owners a 
share of what can be earned from the portfolio of units 
in the existing markets. 

Building a VPP covers a range of tasks, which fall into 
three main groups: 
1. Building the conceptual solution, including the IT 

platform; 
2. Reaching an agreement with the unit owner and 

installing unit controls; 
3. Running the daily operation, trading energy and 

flexibility in the markets and delivering services 
by optimising the units.

Results and conclusions
Research shows flexibility in distributed energy re-
sources is key to balancing the future energy system. 
Flexibility exists in many forms and has different uses 
in system balancing ranging from fast sub-second 
ramping, to hour-long reserves. In the future energy 
system the need for flexibility will be even greater than 
today, due to the fast development of wind power pro-
duction all over Europe. The question will be how to 
mobilise flexibility rather than whether there will be 
enough flexibility in the energy system. The impor-
tance of sustainable business models encompassing 
all stakeholders will be clear. 

Mobilisation of distributed flexibility is the 
core solution
TWENTIES Demo 2 has documented both the avail-
ability of flexibility in distributed energy resources 

(‘DERs’), as well as the feasibility of mobilising the 
flexibility for system support on commercial terms act-
ing through existing energy and reserves markets. The 
ability of Power Hub to integrate different energy pro-
ducing and consuming technologies has been proven. 
Testing utilisation strategies based on marketing of 
energy and flexibility in existing Danish markets has 
produced compelling results. Even a small portfolio of 
assets can be competitive to existing resources par-
ticipating in existing reserves markets, which means 
a VPP could be an efficient tool for utilising flexibility 
in DERs. 

A number of different mobilisation strategies, business 
models and processes have been tested throughout 
TWENTIES. The key challenges identified in mobilising 
DER flexibility are related to the mobilisation process 
itself and to existing barriers in current market design 
and regulation. The latter are not developed with the 
challenges to the future energy system and with tech-
nologies like the VPP in mind.

Most DER owners are not aware of the potential eco-
nomic value of flexible power production and consump-
tion. Mobilising flexibility often involves time consum-
ing efforts to create the necessary awareness among 
them, explaining the potential economic value as well 
as the value of contributing to the greening of the en-
ergy system. The most important driver for DER own-
ers is by far economic value.

Because of the high mobilisation cost it is important 
to establish the total value of flexibility in each asset. 
The value of flexibility not only depends on the size of 
the unit in terms of MW regulation capability, but also 
on factors like response time, duration of up/down 
regulated level and regulation cycle frequency. The val-
ue is maximised with respect to the primary purpose 
of the assets and determined by the flexibility in the 
business process in which the asset operates. Hence 
real flexibility will often be less than the technical flex-
ibility of the asset itself. In case of consumption as-
sets, the size of flexible consumption and how well it 
fits into the existing technical requirements for ancil-
lary services poses real challenges to mobilisation. 
Once the quality of flexibility is established, actual 

TASk FORCE 1 - Contribution of variable generation and flexible load to system services
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mobilisation depends on the cost of accessing flex-
ibility, which often requires modification to asset con-
trols or integration to third party control systems. Col-
laborating with third party aggregators/integrators has 
proved to be a way to drive down mobilisation costs 
and to integrate flexibility, which might otherwise be 
inaccessible to the VPP.

In TWENTIES, the Power Hub team approached more 
than 100 DER owners. Companies from many indus-
tries have agreed to participate in the VPP demonstra-
tion on commercial terms with a total of 47 DERs. 
Power Hub delivered real economic value to these 
customers. For generation assets the value is created 
bringing them into new markets, by optimising their 
production according to price forecast and automat-
ing relevant operations, for example scheduling and 
activation. For consumption assets the value crea-
tion comes from scheduling consumption according to 
price forecast (load shifting) and from delivering ancil-
lary services, which in most cases is a totally new op-
portunity for the DER owner. 

The capabilities of a successful VPP
The versatility of the VPP is crucial to success. Power 
Hub has demonstrated the technical capability to inte-
grate and utilise both consumption and production as-
sets and to optimise combined flexibility across both 
types simultaneously. However the current mandatory 
1:1 relationship between the power contract and the 
balance responsibility on an installation represents a 
strong barrier to exploiting consumption based flexi-
bility for ancillary services in Denmark. This regula-
tion has limited Power Hub to approaching only DONG 
Energy power customers in Denmark for commercial 
operation of their flexibility. Customers with another 
retailer must change to DONG Energy in order to be 
integrated into Power Hub, but they are often tied into 
contracts runs over several years. In practice the VPP 
has not been able to attract customers without an ex-
isting power contract with DONG Energy.

Technical demonstrations
A number of technical demonstrations have been car-
ried out to show the full capabilities of the VPP.

In TWENTIES Demonstration 2 it has been crucial to 
demonstrate wind energy not only to be a challenge 
to the future energy system, but also an integral part 
of the solution. Power Hub has shown wind turbine 
generators (‘WTGs’) to be capable of delivering all re-
quired balancing services compliant with the technical 
specifications from the TSOs. However, the costs of 
reserve provisions from WTGs are highly dependent 
on direction of control under the current support re-
gimes throughout Europe. In order to provide up-reg-
ulation, the WTGs have to run down-regulated (not at 
their maximum possible production). Under the cur-
rent Danish support regime it is economically unat-
tractive, because the feed-in payment for the curtailed 
production is deferred. On the other hand down-regu-
lation through curtailment in case of excess energy 
production from WTGs exists in Denmark both as a 
TSO controlled mechanism and as a market-based in-
centive, because prices are allowed to become nega-
tive, causing WTG operators to shut down the farms. 

In addition to the common balancing services Power 
Hub has proven to be capable of delivering a broad-
er portfolio of balancing services, some of which are 
mandatory for specific types of production assets and 
some required in certain system setups. It is antici-
pated that these types of services will be traded on 
open liquid markets in the future with an energy sys-
tem based primarily on renewable energy production. 

The demonstrations in TWENTIES have shown that Pow-
er Hub is capable of delivering services such as reactive 
power and fast frequency demand response, as well as 
other services not yet managed through markets.

 Power Hub can deliver ancillary services by  
controlling these Vestas wind turbines
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Reactive power sources are needed in the power sys-
tem to maintain the right voltage. A voltage collapse 
will in the worst cases lead to a collapse of the power 
system. Today reactive power is primarily provided by 
conventional power plants, which are required to run 
even when WTGs cover the entire load in the system. 
Power Hub is able to control DERs which can supply 
reactive power to the power system. Power Hub can 
provide automatic reactive power control as well as 
manually activated reactive power control. 

Power Hub is able to deliver fast frequency demand re-
sponse (‘FFDR’). The Faroe Islands have some of the 
world’s best wind resources, but they have a small and 
vulnerable power system with a high number of black-
outs compared to continental Europe. The islands only 
have a few power plants, no interconnectors to other 
countries and harsh weather conditions with frequent 
storms. It is one of the most difficult places in the 
world to integrate large amounts of intermittent renew-
able energy. Despite these circumstances the Faroe 
Islands have chosen to pursue a green transformation 
of the energy system and in order to improve security 
of supply, Power Hub has been introduced. In case of 
failure at a power plant or a sudden drop in the wind 
power generation, Power Hub can compensate within 
less than a second by reducing or stopping electricity 
consumption from three industrial sites. This will help 
avoid blackouts and give the remaining power plants 
the short time they need to increase power production 
to re-establish balance between power consumption 
and production. 

This Power Hub solution is not only relevant to the Far-
oe Islands. A majority of islands throughout EU have 
plans for moving towards a more sustainable energy 
future that include ambitious goals for the integration 
of renewable energy sources. In that sense there is 
a significant “market” for solutions like Power Hub, 
which supports islands, in achieving their renewable 
energy goals. The TSO’s of larger power systems on 
islands like Ireland and UK consider inertia a future 
issue, as wind power production rises. New solutions 
may be needed and FFDR is one option.

TWENTIES Demonstration 2 has shown how VPP tech-
nology can support the integration of an increased 
share of intermittent renewable energy in the Europe-
an power system. The demonstration has been con-
ducted by developing an advanced VPP that operates 
in Denmark on commercial terms, active in the ancil-
lary services and power markets on a daily basis. The 
project has developed a unique VPP with extensive ca-
pabilities combined in a single solution. This makes 
it possible to fully exploit the industrial flexibility and 
deliver a large variety of services beneficial to the fu-
ture low carbon power system. Demonstration 2 has 
come far towards its vision: ”to show the full potential 
of virtual power plant technology”.

TASk FORCE 1 - Contribution of variable generation and flexible load to system services

Power Hub is able to deliver reactive power by controlling 
emergency gensets

The Faroe Islands have decided to increase wind power from 
5% in 2012 to 25% in 2014
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Work Package 15 - Economic impacts of the 
demonstration projects, barriers to scaling up 
and solutions

Main findings
• TWENTIES has overcome a major technical barrier 

preventing better use of wind generation relating 
to the capability of wind farms to provide frequency 
and voltage control. 

• The analysis of the 2020 scenario for Spain shows 
that active power control by wind farms could re-
duce system operation costs by 1.1%. This reduc-
tion could be greater under conditions such as high-
er levels of wind generation and low installed power 
of flexible generation (as pumped-storage units).

• The analysis of voltage control by wind farms shows 
that wind penetration will not be limited because of 
voltage issues. 

• VPP in the Danish system can decrease costs in 
the European power system. With the predicted sce-
nario for 2030 (400 MW cold storage and 300,000 
electrical vehicles), the estimated cost savings in 
the day-ahead market are 27 M€/year, and net bal-
ancing costs 3.4 M€/year. The reduction in wind 
curtailment due to the VPP is estimated at 18 GWh/
year.

Work Package contribution
The economic impact of having wind farms in Spain 
provide active power control in 2020 was assessed 
by comparing two cases: a) wind farms do not provide 
active power control, and b) wind farms provide active 
power control. The results show that the provision of 
active power control by wind generators in Spain would 
reduce the need for committing extra conventional 
generation to comply with reserve requirements. This 
would avoid wind curtailments and slightly reduce sys-
tem operation costs. The latter could be reduced by 
1.1%, although the market share of wind generation 
and CO2 emissions are barely affected. It is important 
to note that this cost reduction cannot be interpreted 
as renewable energy integration costs.

 
Most of the cost savings are explained by using wind 
generation to provide downward reserve instead of 
conventional thermal generation. In case b (wind 
farms provide active power control), downward reserve 
provided by wind generators accounts for 11.8% of to-
tal down reserve requirements. These reserves are 
provided during off peak hours, where thermal units 
are operated close to their minimum stable loads and 
hydro plants close to the run of river output.

The advantage of being able to provide active pow-
er control by wind farms is more marked where wind 
generation spillages are higher. In the nominal sce-
nario wind generation capacity is 34,820 MW. As-
suming an increase of 20% of wind generation capac-
ity (38,302 MW) the provision of active power control 
by wind farms has a higher impact on cost savings 
(6.45%), reducing wind generation spillages and carbon 
emissions. A sensibility analysis in this study indicates 
that the economic impact is greater on systems with 
a high share of wind power capacity, low share of flex-
ible pumping-storage facilities, and where reserve con-
straints influence the resulting generation scheduling. 

The study demonstrated that in most cases wind pen-
etration will not be limited for voltage reasons. Voltage 
control by wind farms causes a slight rise in active 
power loss in the wind farm grid. This could be reduced 
by developing an optimal voltage control strategy.

One important conclusion from the VPP assessment 
in Denmark is that even when treated solely as a de-
mand-response unit, the VPP technologies have cut 
overall system costs and increased revenues. With the 
scenario for VPPs in 2030 consisting of 400 MW cold 
storage and 300,000 electrical vehicles (2,800 MW), 
the benefit of the VPP was estimated at 27 M€/y 
cost savings in the day-ahead, based on the WILMAR 
(Wind Power Integration in Liberalised Markets model) 
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Work Package 16 - EU-wide assessment of the 
demonstration projects’ replication potential
Main findings 
• It is socio-economically feasible to have wind power 

contribute to system frequency control in limited pe-
riods (Demo 1); 

• Wind power could generate cost reductions in the 
secondary control reserve market of up to 24% with 
99.99% reliability in Germany (Demo 1); 

• VPPs based on biomass and heat pumps provide a 
2.18% reduction in average electricity prices and a 
3.46% reduction in CO2 emissions from the German 
power system (Demo 2). 

Work Package contribution
The potential for using wind power in frequency con-
trol in Germany and France was assessed, as was the 
economic impact of using wind power in secondary 
frequency control in Spain (Demo 1). In general, the 
results show that it is socio-economically feasible to 
have wind power contribute to system frequency con-
trol in limited periods, although this implies that wind 
power production will be less than it could have been 
in those periods. 

The German study concludes that in the right condi-
tions, wind power could generate cost reductions in the 
secondary control reserve market of up to 24% with 
99.99% reliability. The full potential will be deployed if 
wind turbines decided only to bid for down-regulation 

reserve products (that is, not offering to increase but 
only to reduce power output). Bidding for up-regulation 
reserve products under the current cost structure is 
not beneficial for wind farms. 

Using a supply and demand model, the French 2020 
case study concludes that less than 2% of the total 
required frequency control volume will be provided by 
wind power. This contribution corresponds to a total 
cost saving of 2.3 M€/year.

The potential for using wind power in voltage control 
was assessed in three wind power plants in Willich, 
Germany (Demonstration project 1). The cost of us-
ing wind power in voltage control varies between 
0.022 €/kVarh (kVarh = kilo Volt amps reactive power 
in one hour) and 0.0393 €/kVarh, depending on the 
different wind power plant grid layouts. 

The potential for using Virtual Power Plant (VPP) in fre-
quency control in Germany was assessed as an up-
scaling of Demo 2, and supplementing the VPP upscal-
ing in Denmark done in WP 15. The conclusion is that 
VPPs in Germany, based on biomass and heat pumps, 
could provide a 2.18% reduction in average electricity 
prices and a 3.46% reduction in CO

2 emissions from 
the country’s power system. 

simulations. Additionally, the net balancing cost of the 
hour-ahead balancing performed by the Danish TSO is 
estimated to be reduced by 3.4 M€/y, so the total sav-
ings are approximately 30 M€/y. Other benefits of the 
VPP, such as savings in real time balancing and volt-
age control, may make the VPP even more profitable.

Another important finding from the WILMAR simulation 
is mixed results of the VPP in terms of its impact on 
CO2 emissions, as they depend on the base-load fuel 
type. Finally, the wind shedding was reduced because 
of the VPP. This was expected, as the VPP was act-
ing as a demand-response system. The total reduc-
tion in wind curtailment due to the VPP is estimated 
at 18 GWh/year.

TASk FORCE 1 - Contribution of variable generation and flexible load to system services
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TASk FORCE 2 - Reliable offshore network and wind 
development
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Demonstration project 3 - Technical  
specifications towards offshore HVDC  
networks (DCGRID)

Main findings 
• DC Circuit Breaker (DCCB): The technical feasibility 

of an innovative DCCB was proven through success-
ful medium-voltage power tests witnessed by an in-
dependent observer: current conduction in closed 
state, fast current interruption, voltage withstand in 
open state. The assembly of the high-voltage DCCB 
demonstrator and new power tests are expected by 
end 2013;

• The first meshed Direct Current Grid (DCG) mock-up 
(with 15 km cables and protection devices): a five-
terminal DCG using hardware-in-the-loop facility on 
actual and simulated equipment was designed and 
assembled. It proved the viability and robustness 
of various DCG converter controls, including coordi-
nated control;

• Innovative DC fault detection algorithms: DC fault 
detection algorithms have been designed and vali-
dated on the DCG mock-up with physical cables to 
illustrate new principles for a DC protection plan;

• Autonomous power flow control (wind power transfer 
and AC interconnection): DCG topologies (such as 
the « backbones ») make it possible to design dedi-
cated autonomous controls for onshore converters 
to transfer power according to a predefined behav-
iour (wind power mitigation or not, with possible AC 
inter-area power exchange), thus accommodating for 
wind intermittency in a communication free system;

• Partial power flow control and wind spillage: Some 
complex DCG structures (possibly resulting from ex-
isting grid extensions) may result in partial power 
flow control, due to their complex structure. The 
principles of a simple Power Flow Control (PFC) de-
vice were analysed, resulting in a gain in power flow 
flexibility and significant savings on wind spillage;

• DC power flow control for AC network security: The 
principles of preventive strategies to reduce potential 
AC congestions by shifting DC power injections has 
been demonstrated using algorithms based on a risk-
based control strategy to minimize the overall high 
current risk while minimizing the redispatching costs; 

 

• Ancillary services : In addition to voltage support for 
the AC onshore power system, primary frequency 
control capability and inertia emulation can be pro-
vided (like conventional AC generators) with supple-
mentary autonomous controls using DC voltage de-
viations. Other services can be provided on a case 
by case basis, such as Power Oscillation Damping;

• Fault Ride-Through (FRT): The capability to maintain 
the DC voltage during an AC contingency or the loss 
of an onshore converter could be provided by either 
using a DC chopper resistor, or relying on coordi-
nated cascaded controls for the offshore converters 
and wind turbines. However, the combination of both 
approaches would be highly recommended;

• AC protection: Protection coordination is required at 
the interface between the DCG and the AC onshore 
network to cope with potential malfunction of relay 
protections (under-reach issue). In addition, System 
Protection Scheme (SPS) can play an important role 
to detect a particular system condition causing un-
usual stress, and to take predetermined action to 
counteract instability;

• Technological survey: Voltage Source Converter 
(VSC) is obviously the most promising DC technol-
ogy for offshore DCGs. Simulations of various con-
tingencies prove that some types of VSC (currently 
under development) will be best suited to build an 
offshore DCG (unlike wind turbines, for which no pre-
ferred technology arose);

• Economic drivers for the offshore DCG: Global cost 
benefit comparisons between radial connections 
and DCG schemes using various sets of parameters 
(like the cost of DCCB and cable capacities) reveal 
that there is no clear advantage of one connection 
scheme compared to others. DCGs are more costly 
but also provide added benefits for operation and 
remain competitive overall. At the 2020 or 2030 ho-
rizon, other uncertainties like regulation criteria or 
the cost of CO

2 emissions will also play a significant 
role in the balance.

TASk FORCE 2 - Reliable offshore network and wind development
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Introduction and background
Wind energy is already a mainstay of clean power 
generation in Europe, with over 100 GW of capacity 
installed so far, and another 120 GW anticipated by 
2020 according to various analysts. Much of this ca-
pacity is expected to be installed offshore, as it is 
a windier and steadier source compared to onshore 
wind energy. 

High-voltage direct current (HVDC) transmission tech-
nology provides the platform that can be used to en-
able massive integration of offshore wind farms into 
AC onshore networks with minimum losses and in-
creased flexibility over power control. Although no 
Direct Current Grids (DCG) are operational yet, such 
grids are widely investigated for integration of multiple 
offshore wind farms dispersed over wide areas into 
AC onshore networks. In addition to optimisation of 
AC and DC transmission infrastructures, and potential 
improvement of reliability and security of supply, DCG 
are expected to provide additional functionalities and 
meet some requirements: wind power transfer func-
tion (including smoothing of wind power fluctuations); 
interconnection function (i.e. use of the DCG to ex-
change power between AC zones); ancillary services 
(e.g. voltage support, frequency support to onshore 
AC grids, etc.). Finally, security assessment must be 
specifically addressed to prevent instabilities and cas-
cading outages of the DCG, but also any adverse ef-
fect on the mainland AC network.

In spite of those potential benefits, no DCG currently 
exists, as major barriers still remain. The objective of 
the “DC Grid” demo is to clarify and overcome some 
significant barriers, either technological or economic: 
what controls should be implemented to operate an 
offshore DCG in a flexible yet robust way (both for the 
DCG itself, but also the AC network)? Are such con-
trols compatible with the provision of ancillary servic-
es for the onshore power system? How to protect the 
DCG, for which no DC Circuit Breaker (DCCB) is cur-
rently available on the market? What new detection al-
gorithms have to be specifically designed, since those 
used in AC cannot operate on a DCG? What is the 
economic viability of a DCG (and how can it be influ-
enced?) compared to point-to-point DC connections?

Those questions were addressed within the DEMO 3 
of TWENTIES, shedding new light on offshore DCGs 
thanks to major achievements (DCCB demonstrator, 
and the first meshed DCG mock-up with physical ca-
bles and protection devices), and new controls and 
methodologies.

Description of project
The challenges associated with DCGs connecting off-
shore wind farms are addressed in DEMO 3 through 
two work packages: 

Work Package 5 (WP 5) is responsible for Research 
and Development tasks, including: the control and 
protection strategies of DCGs (for different grid struc-
tures) including autonomous power flow controls, an-
cillary services provided to the AC network and the 
Fault Ride-Through capability; the impact of the DCG 
on the AC protections; the economic drivers for the 
offshore DCG; reliability assessment of different DCG 
structures. This achievement is the result of a joint ef-
fort of WP 5 partners: RTE, as Work Package leader, 
INESC Porto, RSE, University of Strathclyde and UCD.

Work Package 11 (WP 11) gathers RTE (as Work Pack-
age leader) and Alstom Grid in contributing to the reali-
sation of a key demonstrator: a DCCB demonstrator, 
designed and assembled by Alstom Grid, was suc-
cessfully tested for medium-voltage as a proof of con-
cept, while a high-voltage version is about to be tested 
(results expected by end 2013). In addition, the first 
meshed DCG mock-up (with 15 km cables and protec-
tion devices) was realized in Université de Lille (as 
sub-contractor for RTE) to prove the effectiveness and 
robustness of various control algorithms, both in nor-
mal operation and during contingencies. This mock-up 
was also used to validate innovative DC fault detec-
tion algorithms elaborated by G2eLab in Grenoble (as 
sub-contractor for RTE).

Results and conclusions
The DEMO 3 activities provided and demonstrated key 
building blocks for designing future HVDC networks 
which can be securely operated and integrated into 
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existing AC systems. Investigations covered a signifi-
cant range of security related issues, from the sta-
ble and reliable steady-state operation to the detec-
tion, clearing of and recovery from large perturbations 
like DC faults. The need and requirements for specific 
equipment and systems like master DCG controllers, 
DCCBs and associated protections schemes were 
characterized in simulations and through a laboratory 
test mock-up. Some classes of these requirements 
proved to be achievable using innovative DC technol-
ogies, as demonstrated through the test of a large 
scale DCCB demonstrator, and through operations 
on the first meshed DCG mock-up with physical ca-
bles and protection devices. Finally, the benefits and 

impacts of meshed DCGs were studied in the context 
of the North Sea area, in comparison with the current 
approach of radial connection of wind farms. 

Considering that future offshore DCGs are likely to be 
built stepwise, the DEMO 3 activities distinguished 
three stages beyond radial connection of wind farms: 

A first stage with small backbone-shaped 
DCGs can be readily constructed and extended
Such DCG layout (Figure 4.1) is feasible using current-
ly available technologies, without specific equipment 
or systems like DCCBs or master DCG controllers. 

FIGURE 4.1 TREE-LIKE (PLAIN LINES) AND MEShED (PLAIN AND DAShED LINES) DC BACKBONE EXAMPLES

TASk FORCE 2 - Reliable offshore network and wind development
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Autonomous controls for both the DCG converters and 
the offshore wind turbines were exhibited, which dem-
onstrated that flexible power flow control in normal 
and disturbed conditions, ancillary services provided 
to the AC mainland network (voltage support, frequen-
cy control, Power System Stabilizer), and Fault Ride-
Through capacity can be provided by such DCGs using 
local measurements only.

Fault clearance would then involve de-energizing the 
complete network from the onshore AC grid. Therefore 
the maximum power indeed from these networks must 
remain below acceptable values for such events, for 
example a few GW (depending on the primary reserve 
of the synchronous zone it connects). 

An intermediate stage with simple meshed 
networks by 2020
Specific equipment or systems such as a master DCG 
controller would be required for such DCG, in addition 
to controls for the backbone structures. To establish 
these requirements and assess the operation of such 
networks, a representative network topology with five 
VSC terminals was used in simulation. In a second 
stage, the various controls embedded in the convert-
ers (master-slave, voltage droop, and coordinated con-
trol) were experimentally validated, using a scaled 
down five-terminal mock-up (Figure 4.2). 

FIGURE 4.2 DCG MOCK-UP USING hARDWARE-IN-ThE-LOOP (hIL) ON BOTh ACTUAL AND SIMULATED EqUIPMENT
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In case of a DC fault, the rate of rise and amplitude 
of the fault current are dramatic. Therefore, a protec-
tion system based on DCCBs is required to selectively 
detect and clear DC faults, as the loss of the com-
plete DCG would not be acceptable. Three different 
classes of requirements were identified for the duty 
of DCCBs, depending on the ratings of the grid, but 

also the portions of the grid to protect. Two of them 
are met by the performance of the fast switch-type 
DCCB demonstrator (Figure 4.3) which was designed 
to meet their stringent speed requirements at accept-
able cost, as witnessed by an independent observer 
and the EC Technical Reviewer.

FIGURE 4.3: DCCB DEMONSTRATOR ARChITECTURE

TASk FORCE 2 - Reliable offshore network and wind development

Source: Alstom
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Fault clearing time constraints also required the devel-
opment of selective and very rapid protection schemes 
using optical fibres. Based on differential overcurrent 
relays, this was shown to be effective for cable dis-
tances no longer than about 200 km. It was validated 
experimentally on the DCG mock-up, where opening or-
ders are sent in less than three milliseconds.

A final stage with complex meshed DCGs (by 
2030 or later)
Secure operation cannot be yet guaranteed for this 
kind of grid given currently foreseen technological 
advances. 

Economic analysis focused on comparing possible DC 
topologies (radial, point-to-point interconnectors, multi-
terminal, or meshed) in line with the development of off-
shore wind generation in the North Sea, based on the 
long-term planning methods used by European TSOs. It 
was quantitatively established that DCGs use underwa-
ter cable capacities more effectively than radial connec-
tion schemes to feed offshore wind power back to the 
continent, with the additional benefit of interconnect-
ing energy production areas at the European scale. The 
DCG can also implement beneficial functions for operat-
ing the onshore AC grids connected to it, which were not 
assessed in the framework of the economic study: im-
proved AC security margins through appropriate power 
injections via the onshore DCG terminals; ancillary ser-
vices like voltage control, frequency support, synthetic 
inertia or damping of inter-area oscillations; black start 
restoration of the AC system from the offshore grid. 

Global cost benefit comparisons between radial con-
nection and DCG schemes were carried out while 

varying parameters such as cable capacity or the cost 
of CO2 emissions and new DC technology. The main 
factors of influence, namely the cost of DC technology 
(especially DCCB) and the apparent merit order of con-
ventional generation, have a large impact on the ex-
pected benefits of a DCG. From this analysis there is 
no clear advantage or disadvantage between the stud-
ied schemes. Grid schemes are more costly in terms 
of investment but provide added benefits for operation 
and remain competitive overall. At the 2020 or 2030 
horizon, other uncertainties like regulation criteria on 
structural adequacy of the European generation mix 
could also play a significant role in the balance. 

Recommendations 
The TWENTIES DEMO 3 activities could be comple-
mented by future testing of a low-scale DCG demon-
strator, focusing on interoperability of multi-vendor 
components (including innovative VSC converters 
such as full-bridge topology), as a necessary step to-
ward future standardization. This should also permit 
to test available DCCB components in real conditions 
(integrating the full protection chain, from detection to 
complete fault isolation). 

In addition to such a demonstrator, further real-time 
simulations are required to include an AC network, the 
DCG and wind farms, for time scales ranging from µs 
to seconds in order to assess the protection and con-
trols compatibility for the equipment in those three 
sub-systems.

Last, better visibility on CO2 emission and DC equip-
ment costs is required to assess the economic viabil-
ity of future DCGs and their financing.
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Demonstration project 4 - Management of  
offshore wind power in extreme high wind  
situations (STORM MANAGEMENT)

Main findings 
• Development of new controller that reduces 

gradients;
• Gradients for reducing power are less steep with 

HWRT™ compared to HWSD which leads to a more 
stable electricity system;

• Using of high wind ride through control reduced the 
risk of power system instability and blackouts. The 
maximum forecast error was lowered more than 50%;

• Wind turbine energy output was increased in stormy 
conditions by using high wind ride through control, 
which took the cut-off point from wind speeds of 25 
meters per second up to 32 meters per second (m/s);

• Gain between 403 and 1,120 MWh of production in 
the observed storms;

• Nordic hydropower provides flexibility to Western-
Denmark against unexpected wind power variations, 
but this affects the Nordic frequency quality.

Introduction and background
The occurrence of storms raises new challenges when 
it comes to secure operation of the whole European 
electricity system with future large scale offshore wind 
power. With the present control schemes, storms will 
lead to sudden wind plant shut downs, which in turn 
is a threat to the whole system security, unless stand-
by reserves are ready to take over power demands at 
very short notice. The challenge that this demo has 
been addressing is to balance the wind power vari-
ability, operating the transmission grid securely during 
such storm conditions. The more specific objectives of 
the demo have been to:
• Demonstrate secure power system control during 

storm passage, using hydro power plants in Norway 
to balance storm shut down of Horns Rev 2 (HR2) 
wind farm in Denmark;

• Use existing forecast portfolio available to the TSO 
to monitor and plan the down-regulation of large  
scale offshore wind power during storm passages;

• Provide more flexible wind turbine and wind farm 
control during storms.

Description of project
From a system perspective the effect of losing pow-
er due to a storm is no different from other events 
causing loss of power in the system such as failures 
of interconnectors or power plants. The challenge for 
the system is a sudden unexpected change in produc-
tion and/or consumption. Therefore, from a systems 
viewpoint, it is important to quantify the magnitude of 
sudden change of power due to storms. The quality of 
the forecasts is important for the system in order to 
anticipate a change in production and therefore take 
action, for example by activating regulating power or 
even start up production if necessary. 

In future the production mix is expected to change 
since most countries have plans to integrate large 
amounts of wind power and a large amount of pho-
tovoltaic production. Understanding the important op-
erational processes of today’s system is necessary, 
in order to optimally develop the future transmission 
system. In Demo 4 six storm events at HR2 were ob-
served and data collected. HR2 is located off the west 
cost of West Denmark. The wind farm is owned by 
DONG Energy and the type SWP 2.3-93 turbines are 
supplied by Siemens. Each wind turbine has a capac-
ity of 2.3MW. With a total of 91 wind turbines, the wind 
farm has an overall capacity of 209MW. 

Within Demo 4 a new controller has been developed 
where the turbines keep producing at higher wind 
speeds. When the power is reduced due to high wind 
speeds this happens gradually. This new control-
ler from Siemens is referred to as High Wind Ride 
Through™ (HWRT). It will have an impact on the antici-
pated balance in the system and on the overall sys-
tem stability, outlined in the sections that follow.

TASk FORCE 2 - Reliable offshore network and wind development
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In general wind power production is difficult to predict, 
especially production from offshore wind turbines that 
are concentrated in groups over small geographical ar-
eas. During stormy weather this reduces the possibil-
ity of preventing blackouts that might lead to power 
system instability. Some of the work in Demo 4 is fo-
cused on understanding what happens in the trans-
mission system when production is suddenly lost 
due to stormy conditions. In order to understand this 
one has to know how the Western Danish system is 
balanced. 

In Western Denmark detailed schedules for production, 
consumption and flows on interconnectors are availa-
ble at all times. Market participants are obliged to send 
their most updated schedule for a given day to the Dan-
ish TSO Energinet.dk at all times, once they get a notifi-
cation from Elspot, the day-ahead market in the Nordic 
countries. If trades are made in the Elbas intraday mar-
ket the participants change their schedules and submit 
new ones. These notifications have a five minute reso-
lution; they are power-schedules and can be considered 
snapshots of the power system every five minutes. Off-
shore wind parks are considered large units and the 
power producer is obliged to send in detailed sched-
ules. The producer will base these schedules on wind 
forecasts. For the interconnectors Energinet.dk will gen-
erate detailed schedules respecting the ramping rules. 
Towards Nordic countries and between the Danish are-
as ramping happens at hour shift +/- 15 minutes at pre-
sent. Towards Germany ramping happens at hour shift 
+/- 5 minutes. This means that if there is big change 
in transit from Nordic countries to Germany this can 
cause temporarily (~ 5-10 minutes) large imbalances in 
the Western Danish system. 

All the schedules are aggregated and the result is an 
expected (im-)balance. Based on this expectation, ac-
tion can be taken, such as the activation of regulat-
ing power. By continuously monitoring the expecta-
tions for imbalances in the system in the next hour, 
large imbalances are reduced by activating manual 
regulating power in due time. Traditionally, reserves 
are used such that when an imbalance is seen, pri-
mary reserves are activated to restore frequency, then 
automatic (slower) reserves are activated to free the 

primary reserves and finally manual (slow) reserves 
are activated to free the secondary reserves so that 
the system is prepared for the next event. In addition 
to this way of using the reserves, Energinet.dk also 
minimizes the realized imbalances by continuously up-
dating schedules and anticipating the imbalances in 
the system. When activating manual regulating power 
the bids shall be fully activated within 15 minutes. 

From a system perspective the important storm man-
agement issue is how much actual production can 
deviate from a schedule for an offshore wind power 
plant. Two time frames are important. First the main 
balancing routine is based on the forecast available 
30 minutes before the operational hour. Secondly, the 
continuous evaluation of the need for adjustment is 
based on the available forecasts. However, the acti-
vation of regulating power has a lead time of 15 min-
utes. If we can forecast the production 15 minutes 
or more in advance, then the anticipated reduction of 
offshore wind can be neutralized by activating regulat-
ing power. Due to other restrictions and manual inter-
ference it is not possible to activate small amounts of 
regulating power continuously. 

Several events with very high wind speed occurred 
during the project period - both before installing the 
HWRT™ controller and after. In total, six events were re-
corded. Dates for the recorded events are presented in 
Table 4.1, which also shows which storm controller was 
installed at HR2 wind farm at that time of the event.

TABLE 4.1 RECORDED hIGh WIND EVENTS

Event nr Date Controller

1 11 Nov. 2010 HWSD

2 12 Nov. 2010 HWSD

3 07 Feb. 2011 HWSD

4 24 Sep. 2012 HWRT

5 14 Dec. 2012 HWRT

6 30 Jan. 2013 HWRT
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The dynamic controller consists of two systems work-
ing in parallel: the first curtails the rotor speed based 
on the rotor acceleration, while the second curtails 
the power based on the pitch angle. For the work pre-
sented here, the HWRT™ controller was parameter-
ized in the form of power curve, in a manner similar 
to the High Wind Shut Down (HWSD) control. The 
wind turbine power curves corresponding to the two 
control strategies are presented in Figures 4.4 and 
4.5, respectively. The wind speed value is defining 
the behaviour of the wind turbine. The wind speed 
thresholds for which the wind turbine will shut down, 
indicated with dotted lines and down pointing arrows 
in the figures, are based on the instantaneous wind 
speed (32 and 39 m/s, respectively), the 30 second 
mean value (28 and 34 m/s) and the 10 minute 
mean value (25 and 30 m/s). 

In both controllers, after a shut-down, the wind turbine 
will start again when the 10 min mean wind speed will 
go down to 20 m/s (dotted line with an up arrow in 
both figures).

Based on both power curves and wind speed measure-
ments from the individual turbines it is possible to sim-
ulate output from the wind park. The simulations can 
then be evaluated for the controller in operation during 
specific storms. In Figure 4.6 plots are shown for Febru-
ary 7th, 2011, where the storm was observed with the 
HWSD controller in operation. The detailed data that 
was collected has been used to simulate the behaviour 
with the HWRT™ controller. For 30 January 2013 the 
HWRT™ was in operation and the behaviour of the wind 
park with the HWSD controller has been simulated. 

TASk FORCE 2 - Reliable offshore network and wind development

FIGURE 4.6 POWER PRODUCTION AND WIND SPEED DURING ThE STORMS ON 7 FEBRUARy 2011 
AND 30 jANUARy 2013, RESPECTIVELy

 Source: Energinet

FIGURE 4.4 hWSD POWER CURVE

 Source: Energinet

FIGURE 4.5 hWRT POWER CURVE

 Source: Energinet
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As can be seen from these plots a significant amount 
of production has been gained and more importantly 
for the system, the gradient of which production is lost 
is reduced significantly. 

It is not only how the production behaves that caus-
es problems. If the production is forecast precisely 
enough it might change very fast. Therefore the fore-
cast errors of the storm events have been assessed. 
The statistics of the forecast errors, for all events, are 
given in Table 4.2. A high wind event starts when the 
wind speed reaches 18m/s. The first column gives 
the maximum forecast error per recorded event, while 
in the second column the average forecast error is cal-
culated as the average of the maximum error for the 
events with the same controller – HWSD the first three 
and HWRT™ the last three. The final column shows 
the difference between the average maximum forecast 
errors, or the impact of the HWRT™ controller on the 
forecast error. The improvement is massive, with the 
maximum forecast error being lowered by more than 
50% - expressed as a fraction of installed capacity. 
One should take into account that the improvement is 
solely due to the improved control, since the forecast 
system in use at Energinet.dk has not been adapted 
to the new controller, i.e. equivalent HWRT™ power 
curve. When this happens, the improvement is likely 
to be even greater. 

TABLE 4.2 FORECAST ERROR STATISTICS 

Event
Max. forecast 
error (p.u.)

Average 
forecast error 
(p.u.)

Differ-
ence 
(p.u.)

11 Nov. 2010 0.80

0.77

0.51

12 Nov. 2010 0.80

07 Feb. 2011 0.72

24 Sep. 2012 0.26

0.2614 Dec. 2012 0.18

30 Jan. 2013 0.35

TABLE 4.3 ENERGy PRODUCTION DURING ThE RECORDED 
EVENTS

Event
Energy (MWh) Difference 

(MWh)hWSD hWRT

11 Nov. 2010 656 1.194 537

12 Nov. 2010 600 1.003 403

07 Feb. 2011 886 1.556 671

24 Sep. 2012 1.391 2.296 905

14 Dec. 2012 3.480 4.186 506

30 Jan. 2013 1.390 2.510 1.120

 
 
In order to assess the difference in the energy pro-
duced during the events, the energy production with 
both controllers was calculated. Table 4.3 shows that 
between 403 and 1,120 MWh is gained by installing 
the HWRT™ controller compared to the old HWSD 
controller. During a year we only expect a few (less 
than 10) storms. Where the turbines are located it is 
expected that 1 MW of installed capacity will produce 
about 4,300 MWh during one year. This means that 
the HR2 wind farm will produce about 0.9TWh during 
a year. The result of introducing the HWRT™ control-
ler is increased production during storm events, 
although the increase in the total annual production 
is insignificant. 

The storm front event on 7-8 February 2011 which 
was followed by an unexpected failure on HVDC line 
between Western Denmark and Sweden illustrates the 
challenges the power system will face in the future 
when these events occur. In both cases, the measured 
exchange across HVDC interconnection is compared 
with the power flow at the border between Western 
Denmark and Germany. The measured values indicate 
that a large part of the imbalances caused by storms 
are compensated by exchanged balancing power, ac-
tivated from the NOIS list, across Konti-Skan and Sk-
agerrak links. This shows the pivotal role of hydro pow-
er in the Nordic system to balance large wind power 
variations in Western Denmark especially during the 
storm events. However, the frequency in the Nordic 
system experienced wide variations due to large de-
viation on exchange across the Konti-Skan link, as a 
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consequence of the storm. Furthermore, the failure 
in Konti-Skan link caused an increasing trend in the 
Nordic frequency: for some minutes frequency goes 
above the upper threshold for normal operational lim-
its of 50.1 Hz. Comparing the frequency in the Nordic 
and the Western Danish system shows that the fre-
quency in the Nordic system experienced larger devia-
tions for two reasons:
• Western Denmark is part of the Continental Europe-

an synchronous system, and Continental European 
system is much larger than the Nordic synchronous 
system. Therefore, the Continental system has 
more inertia than the Nordic system;

• There are delays in the control signals caused by 
the manual control in the Nordic system, whereas 
the automatic control system in Western Denmark 
reacted very fast on frequency deviations. This has 
improved since the Nordic LFC is running with 100 
MW and will improve further when the size increas-
es in the near future. 

Results and conclusions
During the project, six high wind speed events were 
recorded at HR2, with both HWSD and HWRT™ 

controllers. The analysis has shown that when the 
wind turbines are equipped with HWRT, the wind power 
forecast error decreases by more than 50%. Similarly, 
the energy production during the high wind events in-
creased with the HWRT™ controller compared to the 
HWSD controller although the amounts are negligible 
compared to annual production. 

The way in which the Nordic system can be used to 
balance large wind power variations in Western Den-
mark especially during the storm events, has been 
analysed. There were wide variations in frequency in 
the Nordic system due to large deviation on exchange 
across Skagerrak and Konti-Skan links, as a result of 
storms and link failures.

The focus has been on explaining the operational pro-
cedures that are key to understanding how unexpected 
events are handled. It is important both to have good 
forecasts of wind power production so that it can be 
anticipated as precisely as possible. It is also impor-
tant to have access to enough automatic restoration 
reserves to restore balance. The trade-off between 
these two types of reserves is an on-going discussion.

TASk FORCE 2 - Reliable offshore network and wind development
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Work Package 15 - Economic impacts of the 
demonstration projects, barriers to scaling up 
and solutions

Main findings
• New offshore network capacity that interconnects 

national networks allows local surpluses of wind 
power to be used elsewhere, reserve power to be 
held, and potentially cheap, zero carbon power to be 
used instead of more expensive higher-carbon fos-
sil fuel plants; 

• It has not been possible to identify a clear prefer-
ence in 2020 for an H-grid multi-terminal offshore 
network when compared with radial connections of 
wind power from offshore hubs to shore plus point-
to-point interconnectors;

• The CO2 reduction benefits arising from a reversal 
of the merit order of fossil fuelled generation are 
significant;

• The analysis of offshore wind farms in Denmark 
shows that thanks to the new High Wind Extend-
ed Production (HWEP) controllers like the SIEMENS 
HWRT™ controller, the largest disturbance due to 
storms can be reduced significantly compared to 
the conventional HWSD controller. In particular, max-
imum ramp rates (in 15 minutes) are reduced from 
1,343 MW to 209 MW. 

Work Package contribution
Offshore wind power development is still at an early 
stage. However, it will contribute greatly to future Euro-
pean energy supply. The results of the impact assess-
ment of new HVDC configurations in offshore wind gen-
eration suggest that new offshore network capacity to 
allow increased exchange of power between different 
countries will be important to realising wind power po-
tential. This new network capacity not only enables 

local surpluses of wind power to be used elsewhere 
but also facilitates better reserve power reallocation. 
However, it might also allow cheap high carbon gen-
eration in remote areas to replace lower carbon fossil 
fuelled plants. Effective pricing of carbon emissions is 
crucial. Moreover, it has not been possible to identify 
a clear preference in 2020 for an H-grid multi-terminal 
offshore network when compared with radial connec-
tions of wind power from offshore hubs to shore plus 
point-to-point interconnectors. 

To assess the technical and economic impact of the 
storm controls, the traditional storm controller High 
Wind Shut Down (HWSD) has been compared with 
the High Wind Extended Production (HWEP), which is 
based on the new storm controller used in Demo 4.  
A number of high wind speed periods were identified 
in the data covering the period 2001 – 2011. Each pe-
riod was simulated with HWSD and HWEP. The results 
show very clearly that with the HWEP controller the 
total power dip is significantly lower than with HWSD, 
and the most remarkable impact is related to the maxi- 
mum ramping (in 15 minutes) which is reduced from 
1,343 MW to 209 MW. Although the frequency sta-
bility should be assessed for complete synchronous 
areas, this indicates that the HWSD control can be a 
threat to the frequency stability, and that this danger is 
significantly reduced using the HWEP control. Regard-
ing the impact on balancing during the analysed storm 
period, the TSO up-regulation expenses for hour-ahead 
balancing are increased and down-regulation earnings 
are increased when the HWSD control is replaced by 
the HWEP control. However, these numbers are neg-
ligible compared to the annual net balancing costs.
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FIGURE 4.7 IMPACT OF NEW hIGh WIND EXTENDED POWER (hWEP) CONTROLLER DURING STORMS

 Source: DTU

Work Package 16 - EU-wide assessment of the 
demonstration projects’ replication potential
Main findings
• When offshore grids are used for hydro-wind power 

balancing, CO2 prices have a major impact because 
they can change the merit order, for example of gas 
and coal fired thermal plants (Demo 3 and Demo 4); 

• Wind power forecast errors can be significantly re-
duced in storm periods, especially on a national level, 
by high wind ride through controls. At European level, 
the impact is less significant, but can reduce the vol-
ume of frequency containment reserves needed to 
ensure secure system operation (Demo 4); 

• A scenario for a realistic increased hydro capacity 
in Norway combined with interconnections to UK, 
Germany and the Netherlands will decrease the to-
tal power generation costs by approximately €518 
million/year and avoid 10 million tonnes of CO2 
emissions; 

• The hydro capacity in Switzerland and Austria can 
potentially contribute to the integration of the re-
newable generation in the central western European 
power system. It could contribute to system stabil-
ity as a very flexible source of the balancing power 
and decrease CO2 emissions. However, having suffi-
cient transmission capacity between Germany, Aus-
tria and Switzerland is a key prerequisite.

Work Package contribution
The potential for offshore grids supporting the use of 
Nordic hydro power to balance wind power generation 
in North Europe has been assessed in studies sup-
plementing the general studies of HVDC networks in 
Demo 3 and the balancing of wind power variability in 
storm conditions in Demo 4. These studies have con-
firmed that the assumptions of the CO2 prices can be 
critical to the findings, because CO2 prices can change 
the merit order, for example of gas and coal fired ther-
mal plants.

A survey of the plans for offshore wind power devel-
opment in northern Europe – including the North and 
Baltic Seas – has estimated that there could be 40 
GW by 2020 and 114 GW by 2030. Simulation of wind 
power time series with this spatial concentration of 
large-scale wind power show that the variability of wind 
power will increase significantly in the European pow-
er systems. Figure 4.7 shows an example of how a 
new High Wind Extended Power (HWEP) such as SIE-
MENS HWRT™ controller used in Demo 4 will reduce 
the wind power ramp rates during storms compared 
to the old HWSD controller which was used offshore 
until now.

TASk FORCE 2 - Reliable offshore network and wind development
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Based on eight years of meteorological data, the maxi-
mum 15 minute ramp rates have been calculated with 
both storm controllers in each synchronous area as a 
measure for needed frequency containment reserves. 
The results show a significant increase in the maxi-
mum ramp rates from 2020 to 2030. The effect of 
the storm controller is visible, but not very significant 
when looking at the large synchronous areas.

A survey of the potential for increasing hydro power 
generation and pumped storage capacity in Nordic 
countries has concluded that the existing 29.6 GW 
hydro power generation capacity in Norway can poten-
tially be increased by 16.5 GW, and that there is a po-
tential for 10-25 GW of pumped hydro. The most likely 
scenario is 10 GW increased hydro generation capac-
ity in Norway by 2030.

This work also assesses the value of increased Nor-
dic hydropower production flexibility and the necessary 
transmission capacity investments in order to reduce 
the challenges related to wind power production vari-
ability in northern Europe.

The scenario with 10 GW increased hydro capac-
ity in Norway combined with interconnections to the 
UK, Germany and the Netherlands will decrease the 

total power generation costs by approximately €518 
million/year and avoid 10 million tonnes of CO

2 
emissions. 

A study of how Alpine hydro power can be beneficial for 
the integration of wind in the central western Europe-
an (CWE) power system was performed by the TSOs: 
TenneT TSO BV (Netherlands), TenneT GmbH (Germa-
ny), Amprion GmbH, TransnetBW, APG and Swissgrid. 
Through APG and Swissgrid the Austrian and Swiss 
hydro power producers were also involved. 

A large European market simulation model has been 
used to perform sensitivity analyses on the quantities 
concerning grid capacity, alpine hydro capacity and ad-
ditionally the volumes of wind generation. The influ-
ence of these quantities has been analysed on the 
“economic benefits”, CO2 emission and the reduction 
of the volume of curtailed wind power. The latter can 
be seen as a proxy for the integration of wind energy 
in the electricity system. After the market modeling 
a grid model had been set up for the studied area of 
Austria, Switzerland, Germany and The Netherlands. 
The grid model represents the electrical topology of 
the transmission grid in 2020 with feed-ins, loads and 
a simplified lower voltage grid.
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Work Package 17 - Reframing licensing and 
permitting for offshore interconnectors
Main findings
To overcome the barriers and challenges for planning 
and permitting:

At European level
• Early political commitment to an interconnector pro-

ject – encourage multilateral cooperation; 
• Maritime spatial planning – coordinate planning in 

the North Sea, for example; 
• Apply EU legislation governing harmonisation of 

planning processes between member states; 
• Prepare reference studies on the impact on protect-

ed benthos, flora and fauna;
• Clarify the ‘heating and cable burial depths’ limits - 

avoid repeating discussion and investigations; 
• Settle framework for analysing and evaluating ship-

ping risk studies.

At national and transnational level
• Coordinate between national and trans-boundary 

planning authorities to facilitate overall evaluation 
of cable route design;

• Compensation schemes to balance benefits be-
tween stakeholders; 

• Aim for a one-stop-shop on a (trans-)national level;
• Integral offshore master planning for strategic future 

projects development; 
• Promote use of reference cases (standards, impact 

assessments); 
• Standardise key documents to be used by authori-

ties and stakeholders during the planning and per-
mitting process. 

At TSO level
• Public affairs campaign to explain benefits and ne-

cessity of interconnectors (security of supply, EU 
market integration, spread and store strategy, off-
shore supergrid); 

• Improve project management: focus on planning and 
permitting for the early development of the project; 

• Early dialogue with the appropriate regulatory and 
advisory authorities;

• Focus on onshore part of projects;
• Improve stakeholder management and handling of 

public opposition.

Introduction and background
The overall aim of WP 17 is to help implement the EU 
renewable energy policy by proposing ways in which 
permitting procedures for national and trans-boundary 
offshore interconnector projects can be made more ef-
ficient, more robust and harmonised. WP 17 address-
es the issues of smart licensing of offshore intercon-
nectors and focuses on offshore interconnectors with 
and without a wind farm link-up in the North Sea and 
Baltic Sea areas. In order to do this, the following ob-
jectives were defined:
• Analysing European practices for offshore intercon-

nector permitting, using real life knowledge from re-
cent interconnector projects;

• Identifying barriers to the planning and permitting 
of interconnectors linking the national transmission 
system via offshore power cables;

• Drawing up approaches and tools for mitigating 
these barriers and setting up efficient planning and 
permitting practices for offshore interconnectors;

• Making recommendations and suggesting best prac-
tices for the planning and permitting of offshore 
interconnectors.

Work Package description
First the challenges and barriers for planning and per-
mitting were identified by investigating 10 recent inter-
connector projects.

The focus of the second part of the study was to work 
in detail on the main challenges and possible barri-
ers to offshore interconnector projects identified. So-
lutions are sought for:
• Permitting and licensing;
• Stakeholder management and public acceptance.

TASk FORCE 2 - Reliable offshore network and wind development
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Solutions/recommendations were found through fur-
ther study and consultation for:
• Technology;
• Business case/project economy;
• System operations. 

The development of a sound and positive business 
case can help speed up the permit procedure.

The barriers were analysed by running a virtual case 
(called TRIFFID after the three leg plant species from 
the book “Day of the triffids”, wrote by John Wyndham 
in 1951). Lastly, there was a desktop study: “Review 
of European consenting studies”.

A project that requires permits in more than one coun-
try faces additional challenges, higher risks of delay 
and increased costs. The TRIFFID case is an example 
of a project potentially containing such challenges and 

risks and is therefore interesting as a case study for 
the WP 17 project.

The TRIFFID virtual test case represents an intercon-
nector system with multiple landing points (the Neth-
erlands, Germany and Denmark), with a link-up to an 
offshore wind farm via a multi-station at sea. The case 
is an example of the complexity of upcoming intercon-
nectors with multiple landing points and with link-ups 
to offshore wind farms. The case study considers is-
sues concerning ownership, congestion management 
and capacity allocation, market rules and further tech-
nical issues. In order to keep the analysis as specific 
as possible, the wind farm is assumed to be located in 
Germany’s Exclusive Economic Zone and the trilateral 
interconnection is assumed to link the bidding zones 
of the Netherlands (TenneT TSO B.V.), Denmark-West 
(Energinet.dk) and Germany (TenneT TSO GmbH).

FIGURE 4.8 TRIFFID VIRTUAL CASE

 Source: TenneT
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The WP 17 synthesis report (“Reframing planning and 
permitting for offshore interconnectors”) presents the 
work and results of the TWENTIES work package 17 
and brings together seven background reports, which 
serve as research papers for the whole WP 17 study:

I.  Report: Optimising licensing and permitting of 
offshore interconnectors

II.  Report: Public affairs and stakeholder manage- 
ment

III. Report: Technical design of TRIFFID configuration
IV. Report: Economy and business case TRIFFID 
V.  Report: System operations and market design
VI. Report: Review of European studies 
VII. Report: Offshore Interconnectors: Challenges and  

barriers for consenting (D17.1, May 2011)

Results and conclusions
The following recommendations are designed to over-
come the planning and permitting barriers for offshore 
interconnectors:

A stakeholder management guide and a toolbox 
have been developed, while the analysis has result-
ed in a number of recommendations for stakeholder 
management: 
• Lobby for national and EU interests in the develop-

ment of interconnectors;
• Establish a database of research on the most com-

mon issues regarding interconnectors;
• Initiate a public affairs campaign to explain the de-

mand for and necessity of offshore interconnectors 
in combination with offshore grid development (pos-
sible themes: national objectives, integration of the 
North-West European grid, security of supply, maxim-
ising the usage of the energy potential, pricing, sus-
tainability, impacts of cable construction);

• Assemble an EU project team to work on projects 
emphasising EU interests. Specific projects can ob-
tain support from this unit.

TABLE 4.4 CONCLUSIONS AND RECOMMENDATIONS

Conclusions Recommendations

Environmental Impact Assessment (EIA) procedure is  
applied by all planning authorities.
Lack of transnational standardisation.

A common roadmap for EIA scoping, studies, documentation 
and practices.

Lot of repetitive work assessing and documenting  
environmental impacts of cable installation.

Make common compilation and conclusions regarding the 
impacts of cable installation.
A transnational body can serve as the focal point.

Heating and cable burial depths to be reviewed. Commission an extended scientific study on a European 
level.

Inefficient cable route evaluation. Develop instruments to facilitate overall and holistic  
evaluation of the cable route design.

Balancing the benefits of interconnectors against competing 
interests.

A dedicated guideline on crossing Natura 2000 areas.

The onshore part is the most critical for planning and  
permitting of offshore interconnectors. 

Increased awareness of the complexity and difficulties of 
the shore planning and permitting at a very early stage. 

No standardisation of frameworks and methods for  
analysing shipping risks.

Develop common framework and methods.

TASk FORCE 2 - Reliable offshore network and wind development
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Results from the technical, economic and operational 
analysis are:
• Offshore interconnections are very expensive. Using 

them as a wind park connection affects the flow ca-
pacities between countries. From the TRIFFID busi-
ness case study it is clear that the result is high-
ly dependent on the allocation of the benefits and 
costs when connecting offshore wind to an intercon-
nector. Many benefits, such as less congestion, will 
be reaped in countries other than the two main con-
necting countries; 

• Much of the work required in order to make a 
TRIFFID-like structure operational is challenging. 
However, since it is part of TSOs’ core business and 
expertise it should be feasible, given sufficient time 

and resources. For example, the trilateral intercon-
nection requires adapting the existing capacity allo-
cation procedures, IT platforms, as well as associ-
ated systems such as scheduling, in order to trade 
capacity between the Netherlands and Denmark-W. 

The review of European consenting studies showed 
a large degree of consensus on identifying barriers 
to offshore interconnectors and on how to overcome 
them. Consensus on how to improve the authorisa-
tion and legal framework of offshore interconnector 
projects underlines the need for new regulatory meas-
ures. They should be possible to implement without 
much opposition in the near future. 
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FIGURE 5.1 ThE VIRTUOUS CICRLE IN A MORE FLEXIBLE NETWORK

 Source: Elia

Demonstration project 5 - Network-enhanced 
flexibility (NETFLEX)
Main findings
TSOs can plan the network more boldly by monitoring 
it more accurately and by controlling it more tightly 
while delivering the same level of reliability:
• The Dynamic Line Rating (DLR) forecaster enables 

to plan in average 10-15% higher transmission ca-
pacities (also called ampacities) thanks to an accu-
rate monitoring of overhead line sag and local wind 
forecast;

• The Smart Controller enables to coordinate multi-
ple Phase-Shifting Transformers and HVDC links to 
impact on the flows on some critical branches and 
to route electricity when it is needed and where ca-
pacity is left;

• In order to achieve the same level of reliability, the 
DLR forecaster can use a more ambitious policy 
as the Smart Controller enables compensating for 
over-estimations;

• The Smart Controller also enables to enhance wind 
penetration thanks to more coordinated actions on 
multiple Power Flow Controlling devices (PFCs);

• Damping can be reliably forecasted based on flows 
and injections.

Introduction and background
Power transmission used to be far simpler for system 
operators to plan and develop. Their geographical fo-
cus was narrower and they could rely on their own in-
frastructure and on adequate lead-times, both when 
operating their transmission networks and implement-
ing necessary grid extensions. This is no longer the 
case.

The integration of intrinsically variable wind power has 
brought unpredictability in the form of sizeable fluc-
tuations in power flows through today’s internationally 
connected transmission networks. It has also further 
increased the need for grid reinforcement to guaran-
tee security of supply. 

However, connecting up and integrating more wind 
power to accommodate increasingly massive and vol-
atile flows is no easy task. Firstly, it requires tremen-
dous system flexibility. Secondly, upgrading, uprating 
and installing new overhead lines and underground ca-
bles takes time, as does the gaining of permits.

TASk FORCE 3 - Improvements in the flexibility of the transmission grid
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Clearly, more flexible control is needed to cope with 
variability in a timely and cost-effective manner. The 
NETFLEX (network flexibility) project set out as part 
of TWENTIES to devise such a solution and show that 
enhanced network flexibility can safely deliver greater 
capacity where and when it is needed and thereby fa-
cilitate the integration of wind power. 

Solving the wind power variability problem will be cru-
cial for the development of future power transmission 
networks. We sought to rise to this challenge by com-
bining several emerging technologies to boost network 
flexibility without compromising operational securi-
ty. The hypothesis we chose to test was that the en-
hanced flexibility resulting from this multi-measure ap-
proach would enable networks to accommodate larger 
volumes of wind power and transport it to wherever 
it was needed, making better use of existing assets. 

Our approach was based on the following observa-
tions and arguments:
1.  Wind cools overhead lines, increasing their trans-

mission capacity, but reliable monitoring by net-
work operators is a precondition for exploiting this 
extra capacity. Accurate weather forecasts are 
also invaluable; 

2.  Some dynamic line rating devices, like Ampaci-
mons, are quick and easy to install and can pre-
cisely monitor a network’s transmission capacity 
in real time. The resulting measurements, more 
accurate than those available in the past, open up 
the possibility of responsibly exploiting additional 
capacity without jeopardising safety margins;

3.  Potentially, power-flow-controlling devices like 
phase-shifting transformers (PSTs) and high-volt-
age direct-current links (HVDCs) can be used to 
control power flows, alleviate congestion and free 
up available capacity;

4. Since electricity cannot be stored in large quanti-
ties, generated power that is not consumed locally 

has to be transmitted for use elsewhere. We rea-
soned that combining more accurate forecasts 
with smarter controlling would provide a sound 
basis for bolder planning of flows through exist-
ing networks without jeopardising system security. 
Since diverted power flows can sometimes cause 
bottlenecks elsewhere, even far away from the 
original congestion, operational security require-
ments necessitate an optimal data exchange be-
tween TSOs;

5.  System stability must also be ensured. This can 
be done by collecting accurate real-time data from 
wide-area monitoring systems and phasor meas-
urement units. These data serve as a basis for 
predicting the stability required to plan flows more 
boldly;

6.  If congestion could be alleviated safely and addi-
tional capacity on existing networks freed up, the 
approach set out above could provide a stop-gap 
solution until further capacity becomes available 
and/or until more power generated by variable 
sources can be integrated into existing networks.

If PFCs could serve to route flows through addition-
al capacities provided by DLRs, we predicted that the 
benefits of the measures implemented on the basis 
of these observations would be not merely additive, 
but cumulative. 

In practice, network flexibility could be enhanced by 
combining two measures designed to increase trans-
mission capacity wherever and whenever necessary:
1. Produce more accurate forecasts of overhead line 

ratings and system stability;
2. Control power flows more dynamically, further op-

timising the use of PFCs.

Naturally, any gain in flexibility must not entail any re-
duction in network stability.
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Description of project

Forecasting overhead line ratings more accu-
rately
We applied reliable Ampacimon technology, which 
uses vibrations to assess the critical sag of overhead 
lines, to monitor lines’ transmission capacity in real 
time with the utmost accuracy. However, even real-
time monitoring is not enough to reap the full benefits 
of DLRs. To achieve that we had to devise a way of 
forecasting actual line ratings up to two days ahead. 
This had never been done before and involved includ-
ing a number of extraneous factors as well as local 
weather conditions.

The transmission capacity, or ampacity, of an over-
head line is closely related to local weather condi-
tions, especially low wind speeds of 0 to 5 m/s. How-
ever, predictions of ampacity based purely on weather 
forecasts are not accurate enough (see Figure 5.2). 
So we set out to develop optimally reliable and accu-
rate ampacity forecasts at low wind speeds.

Safety concerns dictate that ampacity must not be 
overestimated, and since accurate estimates are also 
important for ensuring security of supply, any fore-
casts need to be extremely dependable. 

Approach
We used statistical models, physics and learning al-
gorithms to develop forecasts based on physical line 
measurements, predictions of configurable confidence 
intervals and acceptable, calculated risks and predic-
tion errors.

Integrating field measurements into our forecasting al-
gorithm substantially improved its dependability. Our 
methodology predicted 2-day-ahead ampacity to 98% 
confidence (meaning that capacity was overestimated 
in just 2% of cases) and yielded an average 10-15% 
gain over static, seasonal ratings.

TASk FORCE 3 - Improvements in the flexibility of the transmission grid
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FIGURE 5.2 COMPARISON OF DAy-AhEAD, REAL-TIME AND WEAThER-BASED AMPACITy FORECASTS OVER ONE WEEK

 Source: Elia
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FIGURE 5.3 COORDINATED CONTROL OF PFCS ENABLES ThE INjECTION OF MORE WIND POWER

 Source: Elia

Optimising the use of PFCs
Occasionally, flows diverted by power-flow-controlling 
devices like PSTs and HVDC links, while enhancing 
network flexibility and alleviating congestion locally, 
can inadvertently cause bottlenecks elsewhere. Con-
sequently, to avoid unforeseen problems or overspill, 
whoever controls such diverted flows must remain 
mindful of the ‘bigger picture’. This entails specifying 
which equipment needs to be monitored when and ne-
cessitates closer coordination of the efforts made by 
the entities or TSOs controlling PFCs over a wide area, 
such as central western Europe (CWE).

In our view, the best way of achieving this was to devel-
op a smart controller that planned flows international-
ly, wherever and whenever capacity became available, 
whilst constantly monitoring stability in the intercon-
nected system. 

Some multilateral agreements on PFC coordination al-
ready exist, but we deemed them unable to cope with 
the ever faster pace at which flows will fluctuate in the 
future. Clearly, such coordination had to be raised to 
another level. 

Approach
We therefore developed an algorithm capable of con-
trolling the tap positions of existing PSTs in the CWE 
region to resolve congestion problems and possibly 
maximise N-1 margins on specified lines if required. 

Separate functions of the algorithm enable it to adapt 
to a wide range of objectives. For example, it can 
smooth PFCs’ operation by minimising the number of 
changes throughout a day, which decreases the risk of 
failure and extends PFCs’ useful life.

The algorithm’s calculations are based on the day-
ahead planning dataset, which contains all the neces-
sary network information. To validate the approach, we 
tested it on extreme actual situations, when a network 
came close to overload. The algorithm has been fine-
tuned by performing parallel runs to monitor results 
over several weeks.

Enhanced coordination enables TSOs to focus solely 
on relieving congestion while smoothing operations to 
avoid frantic adjustments of PFCs. If need be, it can also 
redistribute flows more evenly throughout the entire net-
work. However, optimising margins on an hourly basis 
can necessitate occasional major changes in tap posi-
tions, creating an operational issue for TSOs to resolve.

Finally, as Figure 5.3 shows, better coordination ena-
bles TSOs to manage far greater fluctuations in wind 
power generation, and hence to find a new way of man-
aging risks when operating the system. 

The algorithm’s various functions have been intensive-
ly tested, tuned and validated by system operators at 
Coreso.
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FIGURE 5.4 0.25hz MODE DAMPING FORECAST - DACF-BASED FORECAST IS AS ACCURATE AS ThE SNAPShOT-BASED FORECAST

 Source: Elia

Forecasting system stability 
When there is an increase in bulk flows across a whole 
synchronous system, its stability can be undermined 
by poorly damped oscillations. A Wide Area Monitoring 
System (WAMS) gathering measurements from widely 
spread phasor measurement units (PMUs) can ascer-
tain real-time system stability by continuously estimat-
ing the modal characteristics of such oscillations. 

Damping forecasts must be based on actual measure-
ments rather than on prior knowledge because the po-
tential impact of a system’s status at any point in time 
will vary substantially. It is generally accepted that a 
damping ratio above 3-5% is required to avoid induc-
ing torsional stress in conventional generators or trig-
gering distance protections designed to isolate faulty 
equipment.

Such knowledge about how controllable assets can 
affect system stability is essential for producing ac-
curate forecasts. 

Approach
We developed an automatic learning algorithm to mod-
el the relationship between actual power flows across 
critical lines in the CWE region and the damping ratio 
for the system’s main modes of oscillation. We noted 
that using PFCs to increase capacity does not come at 
the expense of decreased damping. 

This approach linked the damping to steady-state net-
work variables estimated on a quarter-hourly basis.

Next, we set out to confirm that forecast flow patterns 
can indeed reliably predict system stability. The algo-
rithm builds a set of models used to forecast damping 
ratios, whereby forecast flows (in D-1 and D-2) trans-
late into predicted damping levels per mode. 

A key objective was to demonstrate that the risk of 
error associated with this forecast is sufficiently low 
to enable planning decisions that will safely diminish 
system stability margins.

The dependability of our damping forecaster is dem-
onstrated in Figure 5.4. The forecaster was built us-
ing a database containing seven months of data (from 
October to April inclusive). For security purposes, the 
forecast (snapshot-based in red and DACF-based in 
green) is conservative compared to the measured 
damping (in blue). The key observation concerns the 
striking correlation between forecast and actual damp-
ing. 

This link between flows and damping means that pre-
dicted flows from planned processes can be used to 
forecast damping levels. The success of this method 
will hinge on how sensitive it is to errors in forecast-
ing load flows.

TABLE 5.1 CORRELATION COEFFICIENTS  
BETWEEN FORECAST AND MEASURED DAMPING

Mode frequency Correlation coefficient

0.15Hz 0.71

0.25Hz 0.67

0.32Hz N/A

0.50Hz 0.53
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FIGURE 5.5 MANAGING WIND DEVIATIONS USING DLRS, BETTER COORDINATED PFCS, AND ThE TWO COMBINED

 Source: Elia

Combining the effects
Having confirmed our main three hypotheses, i.e. that:
• Dependable forecasts of overhead line ratings can 

be made;
• PFCs can be used to greater effect;
• System stability can be accurately forecast.

The only real challenge remaining was to demonstrate 
that the resulting improvements achieved are indeed 
greater than the sum of their parts. 

Our prime objective was to enhance network flexibil-
ity as a way of bridging the period between becoming 
aware of a congestion problem and building new infra-
structure to resolve that bottleneck. To attain this ob-
jective we combined the technologies used to validate 
our hypotheses, intent on increasing transmission ca-
pacity wherever and whenever it might be needed.

Approach
To demonstrate how enhanced network flexibility could 
be achieved, we set out to show that the effects of DLRs 
and PFCs complement each other in several ways. 

Firstly, when the wind is strong enough they are cumu-
lative, enabling greater flows to pass through what had 
previously been considered as a congested line. 

Secondly, when the wind is not blowing strongly enough 
to cool the line, they complement each other in the 
event of congestion because PFCs can route some 
flows through uncongested lines. In other words, PFCs 
can be used to compensate for overestimations of ca-
pacity, enabling the bolder use of this capacity; and 

flexibility is enhanced because additional cross-border 
transmission capacities are provided where and when 
they are needed. 

Crucially, this flexibility cannot jeopardise system sta-
bility. Therefore, to impose a safety limit on the sys-
tem’s use, we sought to integrate system stability fore-
casting into our solution.

The complementarity of the effects listed above was 
not easy to demonstrate because DLRs are not ubiqui-
tously deployed. Accordingly, to illustrate the potential 
efficiency gains we had to extrapolate from a number of 
case studies performed by Coreso operators. The core 
tools needed, i.e. algorithm optimisation software and 
efficient forecasting algorithms, were developed and 
tested by Coreso over a number of consecutive weeks. 

The results suggest that provided the relevant data 
are available and all the channels of communication 
involved are efficient and fully functional, our approach 
is both implementable and manageable. 

All that is now needed to optimise day-to-day network 
flexibility is the large-scale deployment of DLR technol-
ogies over a broad area like CWE and for all participat-
ing TSOs to gain more experience with smart control, 
before proceeding with full-scale implementation.

Figure 5.5 below illustrates how DLRs and PFCs can 
combine to increase transmission capacity wherever 
and whenever it is needed, thereby lowering the risk of 
congestion in fluctuating winds.
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Results and conclusions
Overhead line ratings can be reliably forecast one to 
two days ahead, significantly increasing the usable 
transmission capacity of the overhead lines. All that 
is required is the deployment of DLRs coupled with ac-
curate local weather forecasts.

Coordinating the planning of PFCs enables a more effi-
cient use of the network by shifting flows wherever and 
whenever capacities are available. 

Experiments have shown that even after heeding the 
security margin required to allow for outages and wind 
variability, some available capacity can still be used to 
maximise social welfare, in the short term by increas-
ing cross-border exchange capacities and in the medi-
um term by stepping up and speeding up the integra-
tion of renewable energy. 

Operating points and, indirectly, wind power generation 
can either positively or negatively affect the damping 
of dominant inter-area modes. There is also a rela-
tionship between operating points and damping lev-
els. A dependable method for reliably forecasting sys-
tem stability based on flows and injections has been 
developed.

Together with a number of central western Europe-
an TSOs, we demonstrated that the ‘smart PFC’ ap-
proach constitutes a sound basis for better coordina-
tion of operational planning and that the combination 
of DLR implementation and PFC control enhances net-
work flexibility and hence increases a system’s ability 
to cope with wind variability. For now, damping is not 
a major issue. Even though the role PFCs can play in 
damping has not yet been fully determined, the pre-
dictability of damping has been demonstrated.

TASk FORCE 3 - Improvements in the flexibility of the transmission grid



55TwenTies project - Final report

Demonstration project 6 - Improving the  
flexibility of the grid (FLEXGRID)
Main findings
• Real-time monitoring of power conductor´s tempera-

ture allows up to and over 125% more wind-generat-
ed power to be brought onto the transmission grid;

• Excess of energy infeed in specific lines can be re-
directed to lines with spare capacity in order to use 
the transmission capacity more efficiently, increas-
ing the controllability and security of the grid and re-
ducing the need for curtailments.

Introduction and background
The integration of renewable energy has had a signifi-
cant impact on the flow of energy through the power 
grid, making it necessary to increase network devel-
opment while maximising the utilisation of the exist-
ing facilities. Even when the grid has been adapted 
to the changes, not all wind power can always be in-
tegrated, leading to curtailments. These curtailments 
sometimes happen when the nominal static ratings 
(the maximum power that can be transmitted) of the 
lines are exceeded, making it unsafe to operate the 
line. However FLEXGRID demonstrated alternatives to 
help optimise the infrastructure and maximise the in-
tegration of renewable generation.

Description of project
Firstly, the power line conditions were monitored in 
order to assess their maximum capacity in real time 
based on the real conditions – known as the ‘dynamic 
line rating’ – rather than using static seasonal ratings, 
which are determined by the hypothetical maximum  

 
temperature of the conductor. The use of dynamic line 
rating is closely related to wind power integration be-
cause when more wind blows, wind power production 
increases and the load factor of the evacuation lines 
is higher. When more wind blows, more transmission 
capacity is needed, and this is created by the higher 
cooling effect of the wind over the lines, allowing more 
power to flow through them.

“Dynamic line rating” implementation and 
study
With the technology used in this demonstration pro-
ject, the temperature along the line is recorded in real 
time, allowing operators to obtain the transmission ca-
pacity rating. 

A special kind of conductor called an ‘Optical Phase 
Conductor’ (OPPC) is used. OPPC is a conventional 
conductor in which one of the wires has been replaced 
by a stainless steel tube into which a beam of fibre 
optics is integrated, in order to measure the thermal 
behaviour of the conductors over the complete line us-
ing a Distributed Temperature Sensor (DTS). Compres-
sion mid-span joints cannot be used with these kinds 
of conductors due to optical fibre splicing. So, in this 
project the joints were installed in the conductor jump-
er of several tension towers distributed along the line. 
The phase selected was the closest to the soil accord-
ing to facilitate the assembly work.

FIGURE 5.7 MAIN COMPONENTS OF OPPC – DTS TEChNOLOGy

 Source: REE

FIGURE 5.6 DEMO 6 CONCEPT-IDEA

Source: REE
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Through a DTS (Distributed Temperature Sensor) sys-
tem located in the substation, a laser pulse is sent 
through the fibre optics. By processing this signal it 
is possible to monitor the temperature with a 2oC ac-
curacy generating a temperature profile along the en-
tire line (in FLEXGRID demo this profile amounts to 
15,000 points, one point every 2 metres over an over-
head line 30 km long). The monitoring system (DTS) is 
hosted in a PC in charge of storing temperature data 
gathered every 10 minutes and sending it automati-
cally to the other systems involved in the demonstra-
tion project. 

Weather stations have been installed to record the 
fast changing weather conditions. In order to increase 
the accuracy of this weather data, six weather stations 
were installed in several towers along the route of the 
line.

All this information is received and stored by the Cen-
tral System (CSTW system) in Madrid, which requires 
environmental data in order to carry out ampacity cal-
culations and to develop forecast calculation models. 

TASk FORCE 3 - Improvements in the flexibility of the transmission grid

Detail of OPPC and Straight joint

Detail of termination unit, DTS cabinet and weather station (2)
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FIGURE 5.9 REAL EXAMPLE OF DLR AND FORECAST RATIOS

 Source: REE
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FIGURE 5.8 COMMUNICATION ARChITECTURE

 Source: REE

In this development all the necessary information is 
taken into account: the line current, the temperature 
information and the weather information of the zone. 
All this information is managed by the CSTW that is 
responsible for:
• Storing the information about the line temperature 

and the weather stations (as backup).
• To carry out the calculations generated by the algo-

rithms to obtain the following values:
- Computed Section Ampacity: for each section, 

the algorithm computes the ampacity based on 
measured weather conditions, conductor´s tem-
perature and current;

- CTAR Computed Line Ampacity: the algorithm 
can compute the line ampacity which is the min-
imum section ampacity based on each section 
ampacity;

- CTAO Computed Operational Ampacity: the algo-
rithm is able to compute an operational ampacity 
which is lower than CTAR but in turn, it will remain 
valid for 30 minutes ahead;

- PCTAO Computed forecast: the algorithm com-
putes a forecasted value of CTAO for the next 30 
minutes, one hour, two hours and four hours.
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FIGURE 5.10 REAL CAPACITy AVAILABLE 00:00 - 23:55 06/04/2013 (GREATER VARIABILITy)

 Source: REE

With all this information, several studies are being de-
veloped and questions about the behaviour of the line 
are being answered, such as the following:
• Maximum additional capacity obtained and its vari-

ability: on a day with high wind energy generation we 
could see that we have available up to +150% of ad-
ditional capacity, 790 MVA Vs 2000 MVA. But, in the 
same day, we might also observe a capacity below 
the seasonal ratio with 760 MVA.

As it can be seen, during most of the time (around 
95% of the time) the additional available capacity is 
more than 50% during this day. During this day about 
24,000 MVAh of additional energy was integrated, this 
represents an increase of 125% taking into account 
the static ratio. Over two weeks, the same information 
also shows that during 95% of the time, the additional 
capacity is above 25%. 
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FIGURE 5.11 DTS TEMPERATURE PROFILE PER OVERhEADLINE SECTION (IN BLUE) VERSUS OVERhEADLINE DIRECTION

 Source: REE

FIGURE 5.12 ShARE OF ThE TIME ThAT EACh SECTION hAS BEEN ThE MOST CRITICAL ONE FROM 12/03/2013 AT 21:00 TO  
     13/03/2013 AT 20:55
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• Thermal behaviour of the line: the figure on the next 
page shows the temperature of the line at one spe-
cific moment and the orientation of the different 
sections of the line. The real influence of the combi-
nation of the wind direction and section orientation 
(relative direction of the wind with respect to the 
section orientation) can be seen on the transmis-
sion capacity. That means that the line´s route has 
a high impact on its future capacity , which implies 
that the predominant wind direction might become 

a driver to be taken into account in the engineering 
phase in the future.

• Location of critical sections: the weakest sections 
can be readily identified, but, as can be seen, dur-
ing a single day the weakest part of the line and the 
part which is a bottleneck can vary widely. Because 
of this, it is highly valuable to be able to measure 
the temperature of all of the sections, assuming 
that a safe operation of the line requires a level of 
confidence close to 100%. 

Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 Section 7 Section 8

5% 19% 30% 5% 2% 7% 10% 4%

Section 9 Section 10 Section 11 Section 12 Section 13 Section 14 Section 15 Section 16

6% 2% 2% 0% 0% 0% 0% 1%

Section 17 Section 18 Section 19 Section 20 Section 21 Section 22 Section 23 Section 24

0% 1% 1% 0% 0% 1% 1% 0%

Section 25 Section 26 Section 27 Section 28 Section 29

1% 0% 0% 0% 2%
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• Correlation analysis between the power produced by 
the wind farms and the line Real-Time Thermal Rat-
ing. This correlation depends on three factors: the 
distance between the line and wind farms, the wind 
speed and its direction. 

Secondly, grid operators should be able to dynamically 
control the power that flows through the line to avoid 
surpassing the limit by implementing power flow con-
trol devices. These devices allow the excess energy to 
be re-directed from one line to another with spare ca-
pacity in order to use the transmission capacity more 
efficiently, thus increasing the controllability and secu-
rity of the grid. The use of power flow control devices 
is closely related to wind power integration because it 
is an energy source with higher variability requiring an 
instantaneous power flow control. 

“Overload line controller” implementation and 
study
The so called ‘Overload Line Controller’ is character-
isd by the integration of traditional power solutions 

(reactors and switches) and an advanced control sys-
tem typically implemented in Flexible AC Transmission 
System (FACTS) solutions based on power electronics. 

This solution offers an attractive trade-off in terms of 
functionality and cost compared to other solutions. It 
is made up of three reactors of different impedances 
mechanically arranged in series, driven via individual 
switches which are parallel to each of the reactors. 
Through the optimised and controlled action of these 
reactors, it is possible to achieve staggered limitation 
of the desired power flow, allowing for the overload of 
the affected line to be controlled in a steady and a 
contingency state.

The OLC device has been installed at Magallón 220 
kV substation located in series with an existing over-
head line, Magallón-Entrerrios rated at 360 MVA. The 
main nominal features of the device are: 18 ohms (im-
pedance), 1250 A (current) and 85 MVA (three-phase 
power). 

TASk FORCE 3 - Improvements in the flexibility of the transmission grid

FIGURE 5.13 OLC SINGLE LINE DIAGRAM AND COMPENSATION FEATURES

 Source: REE
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Taking into account the final design, this device com-
plied with the following objectives:
• Modularity: use of standardised air core reactor 

technology - use of standardised circuit breakers as 
bypass switches - use of standardised control sys-
tem (MACH2);

• Portability: containerised control system - bypass 
switches and reactors possible to relocate;

• Low cost device in comparison with other devices 
with the same technical capabilities: Information 
about the device and its installation cost is restrict-
ed but further information could be requested to 
REE and ABB. 

One of the most innovative goals obtained is the ad-
vanced control that has been adapted to this device, 
based on automatic calculation of compensation level 
and of local measurements, permits remote and local 
control modes as the following ones:
• Power regulation mode (P): the equipment will try to 

keep the power through the line as close as possi-
ble to a defined set point by introducing the required 
impedance to achieve this target (within its techni-
cal limits);

• Power limitation mode (P): the equipment will limit 
the maximum power flow through the line to a maxi-
mum value working only when this limit is exceeded;

• Impedance setting mode (Z): the device will inject a 
level of impedance according to the selected setting;  

• Maximum compensation mode (Z): if a very fast re-
sponse is needed, this mode acts as the impedance 
setting mode (Z) but with the maximum compensa-
tion automatically. If the operator needs maximum 
help from the device, this mode could be used by 
the operator instantaneously, without a setting;

• Emergency control: in case of overload on the trans-
mission line the device will introduce the required 
impedance to solve it automatically regardless the 
mode that was activated at that time. This mode is 
running in parallel with the active one, and can be 
enabled / disabled locally and remotely.

The device uses an advanced algorithm to avoid a 
large number of switching actions, thus increasing 
the Overhead Line Controller (OLC) lifespan. Also, 
the device takes into account possible oscillations 
in the grid. The power oscillations in the line occur 
after short-circuit. These oscillations depend on mul-
tiple parameters but could achieve a 310% in the 
line during these short-circuits cleared in 100 milli-
seconds (ms), or 460% in 250 ms. In general terms 
the oscillations could be solved between 5 and 10 
seconds, and the device has to identify them and act 
accordingly. 

FIGURE 5.14 OLC REAL IMPLEMENTATION AND LAyOUT

 Source: REE
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FIGURE 5.15 OLC hUMAN-MAChINE INTERFACE 

 Source: REE

During the commissioning, the device passed the 
functionality tests satisfactory showing that the con-
trol system runs effectively. In addition to these tests, 
the device is performing different real tests with out-
standing results.

Results and conclusions
The results of the demonstration are sound.

Dynamic Line rating
• The maximum transmission capacity is attained in 

real time . Most days the dynamic ratio throughout 
the day is more than 10% higher than the seasonal 
rating. In days with more wind, it could be more than 
100% higher over the day. We could assume that 
using this device the conductor will not be the bot-
tleneck in terms of capacity and the limitation of 
the electrical substation will have to be taken into 
account;

• Monitoring along the entire line without having to 
make estimations or extrapolations. The demo re-
cords temperature every 2 metres and every 10 
minutes. This provides the operator with complete 
certainty;

• ‘Hot Spots’ areas which need maintenance can eas-
ily be detected with this technology;

• There is a correlation between wind production and 
the increase of transmission capacity in lines affect-
ed by local weather conditions. 

Overload line controller
• Control of power flows in steady state and contin-

gency state. Control strategies based on real-time 
measurements and set points from dispatching 
centre; 

• Lower acquisition and maintenance cost compared 
to other power electronics solutions;

• Easily portable to another location if necessary. Eas-
ily scalable solution in terms of size and the number 
of steps. 

Both developments have been validated by simulations, 
lab testing and finally onsite demonstrations. A sensi-
ble application of these new technologies would pro-
vide extra capacity for the integration of renewable en-
ergy, as well as an increase in operational safety. With 
the same level of safety, these developments will allow 
the electrical grid to be managed more efficiently by:
• Increasing the availability of infrastructure;
• Optimising the management of the networks;
• Balancing the loads on the lines;
• Setting out immediate corrective actions.

TASk FORCE 3 - Improvements in the flexibility of the transmission grid
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Work Package 15 - Economic impacts  
of the demonstration projects, barriers  
to scaling up and solutions

Main findings
• Adequate coordination mechanisms between Dynamic 

Line Rating (DLR), Power Flow Controlling (PFC) de-
vices and Wide Area Monitoring Systems (WAMS) 
make the electricity system more flexible within af-
fordable capital and operational costs; 

• The analysis performed in the central western  
Europe (CWE) area shows that PFC and DLR reduce 
implementation costs and time compared with con-
ventional assets. A smart-controller of PFC in Belgium 
borders could reduce system costs by €50 million 
(€250 million if fully deployed in CWE). Broad DLR 
deployment in CWE would reduce system operation-
al costs by €125 million;

• Analysis of the Spanish system shows that FACTS 
(Flexible AC Transmission Systems) devices could 
avoid the redispatch of more than 550 GWh per 
year, which represents 4.5% of the total energy cur-
rently redispatched in Spain. For the tested DLR sys-
tem, the potential avoided redispatch would be ap-
proximately 650 GWh. 

Work Package contribution
The most significant economic benefit of FACTS and 
DLR technologies tested in Demos 5 and 6 is the re-
lief of transmission congestion, which enables more 
efficient operation of the system. While Demo 5 fo-
cused on the increase net transfer capacities provided 
by the tested devices, Demo 6 focused on local net-
work effects. The economic impact assessment per-
formed for each demo demonstrated that FACTS and 
DLR devices reduce the need for dispatching out-of-
merit generation in both cases, decreasing electricity 
supply costs. In areas with high wind potential these 
technologies avoid or reduce wind curtailment, contrib-
uting to a more efficient integration of wind generation. 

To assess network-enhanced flexibility demo in CORE-
SO, a bottom-up electricity market model that simu-
lates the hourly economic dispatch of generation units 
and considers cross-border transmission capacity con-
straints was used to compute system operation costs. 
In order to assess the economic benefits from the in-
stallation of DLR and PFC devices in the CWE region, 
four cases where DLR and PFC devices are deployed 
in the CWE region were compared to a business-as-
usual case without DLR or PFC implementation. The 
study showed that the deployment of smart-controller 
of PFC and DLR devices could reduce system opera-
tion costs from 50 M€ (if deployed in Belgium borders) 
up to 250 M€ (if fully deployed in the CWE region).

The main objective of Demo 6 FLEXGRID in Spain was 
to measure the benefits of FACTS and DLR devices in 
the Spanish transmission network in terms of avoid-
ed out-of-merit generation costs. A detailed technical 
analysis using PSS/E (Power System Simulator for En-
gineering - the tool used by the Spanish TSO for per-
forming power flow analysis) simulated the impact of 
these devices in four areas of the Spanish transmis-
sion grid during real congestion cases when the TSO 
had to re-dispatch out-of-merit generation. This analy-
sis shows that the installation of the FACTS device in 
the studied areas could avoid the redispatch of more 
than 550 GWh per year, which represents 4.5% of the 
total energy that is currently redispatched in Spain. 
For the tested DLR system, the potential avoided re-
dispatch would be approximately 650 GWh. The total 
estimated cost savings from avoiding the re-dispatch 
of conventional generation are almost €20 million with 
the installation of FACTS devices and €25 million if 
DLR systems are used. These values correspond to 
3.7% and 4.5% respectively of the total re-dispatch 
cost in Spain.
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TASk FORCE 3 - Improvements in the flexibility of the transmission grid

Work Package 16 - EU-wide assessment  
of the demonstration projects’ replication  
potential

Main findings
• Demo 5 showed the decrease of total generation 

cost by providing additional flexibility at system level 
thanks to DLRs and a smart controller of PFCs. Lo-
cal benefits in terms of reduced congestion man-
agement costs and improved operation have been 
assessed by Demo 6. Additional grid flexibility will 
deliver both; 

• The experience gained through Demo 5 and Demo 
6 identifies where to install real time thermal rat-
ing (RTTRs) or DLRs to capture the cooling benefits 
from wind and new PFCs for both alleviating local 
congestion and creating a greater effect at pan-Eu-
ropean level.

Work Package contribution
Modelling grid flexibility in long-term simulation tools 
is very complex as it requires multiple operational 
strategies to be integrated at once. What is more,  
a vast majority of today’s long-term planning tools use 
probabilistic approaches to identify bottlenecks and 
grid reinforcements needed to best serve the market. 
Modelling grid flexibility requires analyses of sequenc-
es of situations to integrate decisions over one day 
or more. Instead, guidelines have been drafted based 
on the experience gained through the two demonstra-
tions to plan which technology, among Real Time Ther-
mal Rating (RTTR), Dynamic Line Rating (DLR), Phase 
Shift Transformers (PST), HVDC links and Optimal 
Load Control (OLC), should be installed where.
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List of Abbreviations

List of Abbreviations

AC Alternating Current

DC Direct Current

DCCB Direct Current Circuit Breaker 

DCG Direct Current Grid 

FRT Fault Ride-Through

HR2  Horns Rev 2 (Danish offshore wind farm)

HVDC High Voltage Direct Current

HWRT  High Wind Ride Through

HWSD  High Wind Shot Down

LCC Line Commutated Converter (type of HVDC)

PFC Power Flow Control

SPS System Protection Scheme

TSO  Transmission System Operator

VSC Voltage Source Converter (type of HVDC)
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