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Abstract— IEA WIND R&D Task 25 on “Design and
Operation of Power Systems with Large Amounts of Wind
Power” collects and shares information on wind generation
impacts  on  power  systems,  with  analyses  and  guidelines  on
methodologies. This paper summarizes the main results from
the report published on January 2013 describing experience of
wind integration as well as the most relevant wind power grid
integration studies in the 15 participating countries. The
studies build on the already significant experience in
integrating wind power in power systems addressing concerns
about the impact of wind power’s variability and uncertainty
on power system security of supply and costs as well as grid
reinforcement needs. The mitigation of wind power impacts
includes more flexible operational methods, incentivising
flexibility in other generating plants, increasing
interconnection to neighbouring regions, and application of
demand-side flexibility. Electricity storage is still not as cost
effective in larger power systems as other means of flexibility,
but is already seeing initial applications in places with limited
transmission.
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I. INTRODUCTION

In recent years, numerous reports have been published in
many countries investigating the power system impacts of
wind generation. The results on the technical constraints and
costs of wind integration differ, and comparisons are
difficult to make due to different methodologies, data and

tools used, as well as terminology and metrics in
representing the results. Estimating the cost of impacts can
also be conservative due to lack of representative data. Some
recent efforts on compiling the results have been made in [1]
and [2]. Due to a lack of detailed information on the
methodologies used, a direct comparison can only be made
with few results.

IEA WIND R&D Task 25 on “Design and Operation of
Power Systems with Large Amounts of Wind Power”
collects and shares information on wind generation impacts
on  power  systems,  (http://www.ieawind.org/task_25.html).
An effort for more in-depth review of the studies was made
under this international collaboration in the state-of-the-art
report [3] and final report 2006–2008 [4]. Many wind
integration studies already incorporate solar energy, and
most of the results and methodologies discussed are also
valid for other variable renewables besides wind power.
Task 25 has also been working on Recommended Practices
for Wind Integration studies [5]. This paper presents the
main results of the latest summary report [6] where the most
relevant wind power grid integration studies and experience
in participating countries have been collected.

The national case study results are grouped according to
impacts: balancing the power system on different short-term
time scales; grid related impacts and power (resource)
adequacy (i.e., capacity value of wind). The report also
presents characteristics of variability and uncertainty in
wind power from experience of measured data from large-
scale wind power production and forecasting.
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II. RESERVE REQUIREMENTS DUE TO WIND POWER

The operating reserve requirement addresses short-term
flexibility for power plants that can respond to load and
generation unbalances. These are caused mainly by a
combination of prediction errors and variability inside the
dispatch interval (in the range of 5–60 minutes). The
reserves are operated according to total system net
imbalances, for generation and demand, not for each
individual source of imbalance.

A. Experience
The experience so far is that wind power has not caused

investments for new reserve capacity. High levels of wind
power output generally cause conventional generation to
back down, making them available to provide up-reserve
[8]. However, some new pumped hydro schemes are
planned in the Iberian Peninsula to manage more than 20%
wind penetration levels in the future. The following
experience has been reported:

• Ireland: Due to the nature of the Irish system (a
small island system with little interconnection), reserve
levels are determined with system flexibility in mind. No
additional reserve was required during periods of high wind
variability. However, frequency and voltage stability
concerns have necessitated rules for the number of
conventional units that remain online (three units in
Northern Ireland and five in the Republic of Ireland).

• Spain: The impact of wind power on automatic fast
reserve has been very small, but the impact on manual
reserves has already been significant. Using probabilistic
methods to determine the reserve requirement has shown
good results but still needs testing to gain confidence in the
method [7]. One incident of low load and high wind has
resulted in down regulation reserve being exhausted (Nov 9,
2010, from 2 to 5 a.m. when 54% of the consumption was
provided by wind resources). This was resolved by the TSO
ordering some thermal power plants to shut down, followed
by some wind curtailment [9].

• Portugal: The reserve requirement/allocation has
been increased by 10% of predicted wind power. That is
managed by existing hydro and thermal power plants, and
occasionally by reducing import from Spain [10].

B. Estimates from the studies
There are several methods that can be used to calculate

the impact of wind generation on operating reserves. The
computation of reserve requirements requires estimates of
the uncertainty and variability of demand, wind generation,
and other generation as inputs. For wind power, the forecast
horizon time scale is a crucial assumption because the
uncertainty will decrease more significantly than for demand
at shorter time scales. A common approach is to compare
the uncertainty and variability before and after the addition
of wind generation. Adding wind generation means
allocating additional reserves to maintain a desired
reliability level [11]. These can usually be supplied by
unloaded generation at least at lower penetration levels.

The results presented in Figure 1 for increase in reserve
requirements have been updated by studies from
Canada/Hydro Quebec  [12]; Germany [13] and [14];
Ireland [15] Workstream 2B); NL [11]; US/New England

ISO [16]. Previous work from 2005-07 are presented for
Sweden [17]; UK [18] and US/Minnesota 2006 [19].

There is a large range of results for estimates of
increases in reserve requirements. This is mainly due to
different time scales of uncertainty taken into account in
different studies. It is noteworthy that the results for hourly
variability of wind are very close to each other from the
different studies: in the range of 3% of installed wind
capacity or less, with penetrations below 20% of gross
demand. When taking into account longer term uncertainty
the results start scattering. When 4-hour forecast errors of
wind power are taken into account, an increase in the short-
term reserve requirement of up to 9–10% of installed wind
capacity has been reported for penetration levels of 7–20%
of gross demand. The highest results in Figure 1 are from a
study in which 4-hour variability of wind (not forecast
error), combined with load forecast error, results in a 15%
reserve requirement at 10% penetration and an 18% reserve
requirement at 20% penetration of gross demand [18].

Figure 1. Results for the increase in reserve requirement due to
wind power, as relative to wind penetration level.

Some results of special note are German calculations
that show how longer forecast time impacts the uncertainty
of wind and through that the reserve requirements – if only
hour ahead errors are covered by reserves, the required
reserves are much smaller than if day-ahead forecast errors
are balanced with the short-term reserves. In an earlier
German study [20], the reserve requirement was taken as the
average impact of day-ahead forecast errors of wind power,
showing values of nearly 10%. Using the maximum values
would result in an increase that is 15–20% of installed wind
capacity [20]. It can be assumed that the wind power
forecast will also improve in the future. The German dena
grid study II [14] estimates the positive and negative
automatic (secondary) and manually activated (minute)
reserve for the year 2020 and assumes that the forecast error
will decrease by 45% compared to 2008 and this will
actually result in lower reserve requirements for 27%
penetration level of wind than the 6 % penetration in 2010.

For Ireland, the results for reserve requirements show
that the requirement for primary operating reserve (time
scale seconds) does not increase significantly with increased
wind capacity. There is, however, a significant increase in
the tertiary reserve requirements, (Fig. 1, assuming a 1-hour
forecast horizon (scheduling in Ireland is based, at best, on a
4-hour forecast).

For Hydro Quebec, the hourly reserve (Automatic
Generation Control AGC and load-following reserve) is
evaluated based on a method that allocates these reserves
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differently than most other studies. When adding wind to the
system, usually the incremental increase in reserve needs
that are caused by wind energy is calculated. The method
employed by Hydro Quebec allocates reserves to load and
wind based on a variability allocation. This different
approach results in the load share of reserves declining after
wind is added to the system, which allocates more reserve to
wind than an incremental method would. However, because
of the capabilities of the hydropower system in Quebec,
additional reserve for wind is not needed [12].

For Independent System Operator New England (ISO-
NE) in the United States reserves were estimated
dynamically in [16]. Additional 10 minute spinning and
non-spinning reserve to help manage wind ranged between
193 MW and 261 MW depending on the scenario, at a 20%
average penetration, for a wind capacity of approximately
8.1 GW (the installed capacity varies by the sites selected to
meet the energy target). The lower penetration level with
approximately 6.5 GW gives similar results. ISO-NE results
in Figure 1 are based on the average regulating reserve
across multiple scenarios at the given penetration rate.

Because wind power output and its uncertainty varies, it
is now recognized that reserves should be calculated
dynamically for power systems with large amounts of wind
power: if allocation is estimated once per day for the next
day instead of using the same reserve requirement for all
days, the low-wind days will make less requirements on the
system, which is cost effective for the system. As the use of
dynamic reserve calculations increases, a more standard
approach to reporting the results is clearly needed. For
example, the California Independent System Operator (ISO)
[22] produced estimates for regulation (primary/secondary
reserve) that are approximately 100–500 MW or 1–5% of
installed wind capacity; however, these are maximum values
taken from a dynamic calculation where reserve is a
function of the current wind output level. Other results for
wind power impacts on this fast response automatic reserve
type are very low (e.g., 10 times lower see [23]). Statistical
characterizations that include multiple parameters, such as
the mean, maximum, minimum, and standard deviation, or
the use of annual duration curves can help accurately
communicate the reserve characteristics from the analyses
[24].

The time steps chosen for dispatch and market operation
can strongly influence the quantity and type of reserve
required for balancing. For example, markets that operate at
5 minute time steps, can automatically extract balancing
capability from the generators that will ramp to fulfil their
schedule for the next 5-minute period [25].

The increasing reserve requirement is usually calculated
for the worst case. However, this does not necessarily mean
new investments for reserve capacity – rather, generators
that were formerly used to provide energy could now be
used to provide reserves.

III. IMPACTS ON BALANCING

The variability and uncertainty of wind power will
impact how the balance of the conventional power plant in a
system is run. Changing the output level from the plants will
incur costs due to additional ramping and starts/stops. To
study the impact of wind on operation of power systems,
simulation model runs that optimise the dispatch of all

power plants to meet varying load are made. Most results on
balancing costs are based on comparing costs of system
operation without wind and adding different amounts of
wind.

It is challenging to extract system balancing costs from
the total operational costs. Comparing to any alternative to
wind is difficult as an alternative would also influence fuel
costs. The increase in balancing cost depends heavily on fuel
cost assumptions for conventional plant.

The results presented in Figure 2 for an increase in
balancing costs due to wind power have been updated for
Ireland [26] and US Eastern Wind Integration Study [27],
which has three scenarios for the 20% penetration level; in
Figure 2, the lowest result was used. The previous results
from 2002-2009 for Nordic countries and Germany [28];
UK [29] and [18]; US Minnesota [30] and [19]; US
California [31] and US Colorado [32] are shown.

Figure 2. Results from estimates for the increase in balancing and
operating costs due to wind power. The currency conversion used here is

1 € = 0.7 £ and 1 € = 1.3 US$.

System operating cost increase due to wind variability
and uncertainty amounts to approximately 1–4.5 €/MWh for
wind penetrations of up to 20% of gross demand (energy).
This  is  10%  or  less  of  the  wholesale  value  of  the  wind
energy. In [20] more results from US are compared, where
the wind penetration level is presented as capacity % of peak
load, showing a clear correlation of larger balancing areas
and lower integration costs. Most of these cost estimates
consider only the cost of variability and uncertainty, and not
the full cost-benefit impact of wind energy.

In addition to estimates, there is some experience with
actual balancing costs for the existing wind power from
electricity markets: 1.3–1.5 €/MWh for 16% wind
penetration (Spain), and 1.4–2.6 €/MWh for 24% wind
penetration (West Denmark).

When estimating balancing costs, a general conclusion is
that if interconnection capacity is allowed to be used for
balancing purposes, then the balancing costs are lower
compared to the case where they are not allowed to be used.
Other important factors that were identified as reducing
integration costs were: aggregating wind plant output over
large geographical regions, and scheduling the power
system operation closer to the delivery hour.

Not all case studies presented results quantified as
monetary values for increase in balancing costs. Below are
some short summaries of results related to electricity
markets, hydropower and wind, and general system studies.
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A.  Balancing costs from electricity markets
Balancing market integration for the Nordic region,

Germany, and the Netherlands in cases of future high
penetration of wind power was estimated to reduce activated
reserve by 24% due to imbalance netting. The annual
expected operational cost saving would be approximately
512 million €, which is 30% of the system balancing cost. In
order to draw the imbalances in the system, the wind
forecast errors for 3 hours ahead are selected. Dynamic
allocation of balancing exchange (on a daily basis) for the
high-voltage direct current (HVDC) link between Norway
and Denmark would reduce annual procurement cost by
5.93 million € compared to fixed allocation on an annual
basis [33].

In Sweden and Finland, the balancing costs as payments
for wind power producers have been estimated to be 0.3–3
€/MWh from the balancing market (Nordic Regulating
Power market) prices, depending on how distributed the
wind power is and on the market price level for balancing
([34]-[36]). These balancing costs only include the costs
related to unpredictability because wind power variability is
handled in the Nordic day-ahead market.

The use of an intra-day market to help reduce the
imbalance costs of wind power has been examined in
Germany [37], and for the Nordic market in Finland [38]
and Sweden [35]. For lower penetration levels and the
current price assumptions, there is not a straightforward
benefit for producers to use an intra-day market to correct all
imbalances foreseen. This is because the imbalance
payments only apply to the imbalances that affect the total
power system net imbalances – and wind power is not
causing imbalances 100% of the time (at low penetrations,
only 50% of the time as wind imbalances do not correlate
with other imbalances in the system). It is clear that at
higher penetration levels, correcting at least a larger forecast
error closer to delivery would reduce impacts for the system
and also be worthwhile from the producer’s point of view
[39].

In simulated cases in the Netherlands, it is shown that
the international trade of electricity and postponing market
gate closure are important solutions for integrating more
wind power in an efficient way. Wind power worsens the
business case for thermal generation, in particular for
combined cycle gas turbine CCGT during peak demand and
for base-load coal during low demand [40].

EU project TradeWind evaluated the effect of improved
power market rules and quantified these in terms of
reduction of the operational costs of power generation, for
the scenarios reaching 33 % wind penetration in 2030-40.
The establishment of intra-day markets for cross-border
trade is found to be of key importance for market efficiency
in Europe because it  will  lead to savings in system costs on
the order of 1–2 billion € per year as compared to a situation
in which cross-border exchange must be scheduled day-
ahead [41].

B. Wind impacts on balancing in hydropower dominated
systems
Hydropower with large reservoirs has the potential to

provide balancing for larger amounts of wind power. The
Norwegian reservoir size of approximately 85 TWh is
nearly half of the total installed reservoir size in Europe. The

hydropower system benefits from higher HVDC capacities
because Norway can import more wind energy, especially in
periods of low prices in the continent and UK power market.
As  a  result,  water  can  be  stored  in  the  reservoirs,  so
hydropower can be exported in periods of high prices in the
continent and the UK [42].

In Sweden, the capability of hydropower to balance
various amounts of wind power in Northern Sweden was
studied [43]. The existing hydropower in Northern Sweden
has sufficient installed capacity and is fast enough to
balance at least up to 30 TWh of wind power (i.e. 20% of
gross demand). An important aspect is that Sweden has
comparatively strong interconnections with its neighbouring
countries.

Several countries indicate the increase of the energy
storage capacity using pumped hydro stations (PHS)
(Portugal, Spain, Norway) and other forms, such as heat
storage (Finland and Sweden) as a means to integrate more
wind generation when penetration is already high, typically
above 15% [44]. However, an optimized articulation of the
operation of PHS and wind generation would require the
design of new market operation principles.

C. Other balancing results from system studies
In Denmark, the TSO has estimated the impacts of

increasing the wind penetration level from 20% to 50% (of
gross demand) and concluded that further large-scale
integration of wind power calls for exploiting both domestic
flexibility and international power markets with measures on
the market side, production side, transmission side, and
demand side [45] and [46].

The Irish All Island Grid Study shows that going from 2
to 6 GW of wind, the operational costs of the electricity
system fall by 13 €/MWh when compared to the base case.
Due to the cost benefit approach in the study, the cost
component was not published as such [15].

A joint study by SEAI and EirGrid simulated the 2011
All Island System with and without wind [26]. Comparison
showed that 2.2 GW of wind power increased constraint
costs by 24 million € or 4.2 €/MWh. This increase in
constraint costs, along with subsidy costs, was offset almost
equally by decreased wholesale market prices resulting in a
neutral net cost difference overall.

The Eastern Wind Integration and Transmission Study
[27] calculated the impact of 20% and 30% wind energy in
the Eastern Interconnection of the United States, with three
20% cases with alternative wind locations. Based on hourly
production simulations modelling the study found that the
bulk power system could be operated at these wind levels,
assuming a high degree of coordination in operations across
the eastern power markets.

The Western Wind and Solar Integration Study (WWSIS
[47]) for the Western Interconnection of the United States
found that:

• up to 27% wind and solar energy penetration was
feasible if operational changes including Balancing Area
(BA) cooperation and intra-hour scheduling between BAs
were made. Additional flexibility reserves were not needed
for the wind variability, but they were needed for the wind
uncertainty to cover extreme forecast errors. As holding
high levels of flexibility reserves 8760 hours of the year for
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only 89 hours of events per year is costly, an additional 1300
MW of demand response that could respond to
contingencies would provide a more cost-effective approach
to system balancing.

• as wind and solar are initially added to the grid (0–
15% energy), there were fewer cold starts of fossil plants.
As wind and solar penetrations increase (above 15%), the
number of fossil plant start-ups increases significantly,
especially cold starts. Phase 2 of WWSIS determined wear-
and-tear costs and impacts for cycling and ramping of fossil
plants [48]. A new cost data set was utilized with a
production simulation model to determine the maximum
level for these wear-and-tear costs. The electricity
production simulation model ran a day-ahead unit
commitment and 5-minute economic dispatch. At 33% wind
and solar energy penetration (16.5 % each, respectively), the
ceiling wear-and-tear cost was $35-157 million, or $0.14–
0.38/MWh of wind and solar energy produced. This is 0.7–
1.7% of the value of wind and solar energy Error!
Reference source not found., as measured by the reduction
in fuel costs.

In [9] it was shown that the intra-hour variations of total
wind power from larger areas varies from 3% (percent of
installed capacity, standard deviation) when mean distance
between wind power plants are 10 km for 30-min changes
down to less than 0.5% for mean distance of 350 km and
time horizon 10 min.

IV. GRID IMPACTS

Grid reinforcement may be needed for handling larger
power flows and maintaining stable voltage, and is
commonly needed if new generation is installed in weak
grids far from load centres. The issue is generally the same,
be it wind power plants or any other power plants. The grid
reinforcement needed for wind power is very dependent on
where the wind power plants are located relative to load and
grid infrastructure, and hence results vary from country to
country.

Grid studies involve a more detailed simulation of power
flows in the transmission grid, to confirm the steady-state
adequacy and utilization of the transmission system and to
assess if the grid is sufficiently strong to cope with added
wind power plants also during significant failures. Dynamic
system stability analyses are usually not performed at lower
penetration levels unless particular stability issues are
foreseen in the system. Wind turbine capabilities are still
evolving and may mitigate some potential impacts of wind
power.

The allocation of grid investments to wind power is
challenging, in a similar manner to balancing costs. System
operators rarely make allocation of grid infrastructure
because new infrastructure usually benefits all users. The
investments are made for improving electricity market
operation, to increase the security of supply and to bring
about strategic transitions in the long-term sustainability of
electricity supply. Even in cases where wind power would
be the main reason for investing, after the grid is built, it is
not possible to allocate the benefits to any single user.

There is a trend towards regional planning efforts around
the world, with regions ranging over several countries.

A. Transmission planning for larger areas
 In the United States the following approaches to

transmission expansion for remote wind projects have been
undertaken [49]:

• The Electric Reliability Council of Texas (ERCOT)
has designated specific remote areas with excellent wind
resources as Competitive Renewable Energy Zones (CREZ),
and undertaken a transmission expansion plan to link these
regions with load centers. Once a transmission line has
received the necessary approvals, its cost is rolled into the
rate base and all customers pay a pro-rata share of its cost.
The approved plan consisted of an integrated 345 kV system
expansion with over 2000 miles of new lines to
accommodate over 18,400 MW of wind capacity.
California, Colorado, and Minnesota have similar processes
underway.

• The Eastern Interconnection of the United States
was studied in [27]. Without transmission enhancements,
substantial curtailment of wind generation would be
required for all of the 20% scenarios. Although costs for
aggressive expansions of the existing grid are significant,
they make up a relatively small piece of the total annualized
costs. In comparing the alternative transmission build-out
scenarios, a common “core” of transmission corridors can be
identified, that represent a robust selection of lines that will
be useful regardless of the specific wind scenario that will
evolve.

In Europe, cross-border transmission is also an issue at
the European level:

• In the TradeWind project power flows in the
European transmission network were simulated with the
expected wind power capacity deployment scenarios
reaching 300–400 GW in 2030, a 33% share of the
electricity demand covered by wind power in 2030–2040.
Increasing wind power capacity in Europe was found to lead
to increased cross-border energy exchanges and more severe
cross-border transmission bottlenecks in the future,
especially with the amounts of wind power capacity in 2020
and 2030. If the 42 identified onshore and offshore cross-
border transmission upgrades were implemented,
operational costs of power generation would be reduced by
1.5 billion € per year after 2030 [41].

• A key recommendation from the European Wind
Integration Study EWIS is that pan-European modelling,
coordinated and adjusted by more precise regional or
national models, should be further developed and used to
assess future development of the European transmission
network, with increasing wind penetration levels [50]. These
recommendations have afterwards been implemented by the
European Network of Transmission System Operators
(ENTSO-E) in their work on the Ten-Year-Network
Development Plans (TYNDP). EWIS also examined the
benefits of enhancing cross-border interconnection capacity
and identified those links that are likely to have congestion-
reducing benefits that exceed the likely capital costs. These
include some 30 links with a total capital cost of
approximately 12 billion € where fuel savings and CO2
emission benefits would probably exceed the reinforcement
capital costs. Most of the links identified in the EWIS study
are also confirmed by the TYNDP editions of 2010 and
2012 [51].
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• The EU-project SUPWIND assessed transmission
infrastructure extension as a mitigation measure for the
effects of increased wind generation in power systems.
Results show that reinforcements of 500 MW each in eight
existing interconnectors and five new 1 GW lines, costing
8.1 billion € of investment, would bring benefits of 15.5
billion € in 2020. Also, with additional grid capacity,
electricity prices converge to a higher extent compared to a
case without investment [52][53].

• The European Network of Transmission System
Operators for Electricity (ENTSO-E) is composed of 41
European TSOs who are organized in 6 regions. ENTSO-E
started publishing Ten-Year-Network-Development-Plans
(TYNDP) every second year, composed of 6 regional
investment plans and one Pan-European plan extracting the
projects of Pan-European interest. While the 2012 edition
showed two scenarios, one reflecting the European 2020
energy targets, and the other one with slight variations, the
2014 edition will come up with 4 scenarios on the year 2030
along two axes: The European framework being either loose
or strong on one axis and the energy roadmap 2050 being
either on track or not on the other axis. Common planning
starts with elaborating and consulting these scenarios on
Pan-European and regional level, which are then analyzed
using market simulation tools. The market flow results and
beneficial projects are delivered to the grid experts. The
international grid expert groups use this input for detailed
network studies to analyze the proposed or additional
projects, which then are described by seven indicators in the
bi-annual TYNDP report. Among these indicators are e.g.
RES integration, social welfare, CO2 emission variation,
flexibility and environmental sensibility. The indicators are
described in a Cost-Benefit-Analysis guideline developed by
ENTSO-E together with the regulators' organization ACER
and the European Commission [54]. The results of TYNDP
2012 show that for 125 GW of new connected renewable
energy sources (mostly wind and photovoltaic), delivering
38% of the electricity demand in 2020, and facilitating CO2
emissions from the power sector to decrease by 28–57%,
grid investments of more than 100 billion € are necessary.
These will save 5% of the generating costs by connecting
electricity markets. Approximately 51500 km of grid
corridors will be built or refurbished through 2020, of which
12300 km are direct current DC connections. This is an
increase of 1.3% in grid length development. The costs
correspond to 1.5–2 €/MWh over the 10-year period, which
is approximately 2% of the bulk power prices or less than
1% of the total end-users’ electricity bill [51].

In Europe, another new and international issue is
offshore wind power and transmission planning with
offshore grids. European 2020 targets concerning offshore
wind power sum up to an amount of 42 GW. Assumptions
concerning installed offshore wind capacity for 2030 range
from 55 MW to 150 MW for the North seas alone. Another
European target is to better integrate European power
markets by increasing interconnections.

• European project OffshoreGrid research study
aimed to find the most beneficial connection concept for
offshore wind plants, comparing different variants [55][56]
The overall infrastructure costs for connecting 126 GW of
offshore wind power plants by 2030 in the North Sea would
amount to 84–86 billion €, representing about a fifth of the
value of the electricity that is generated offshore by 2030.

114 out of 321 offshore wind power plant projects were
recommended to be clustered in hubs, saving up to 14
billion € by 2030 (total investment costs 69 billion € rather
than 83 billion €). Two designs enabling increased
interconnection between countries (so called split design and
direct design) were investigated and both are shown as
highly beneficial from a socio-economic perspective
because the offshore interconnection capacity in northern
Europe is boosted from 8 GW in 2009 to more than 30 GW
by 2030. This will also enhance balancing in central Europe
by connecting large hydro power capacities in northern
Europe. The project found that a meshed offshore grid
would make the offshore wind power plant connection more
reliable and significantly increases security of supply within
Europe. The additional cost for creating a meshed offshore
grid, even including wind power plant connections and
planned interconnectors, would according to OffshoreGrid
amount to only 0.1 €c/kWh consumed in the 27 European
Union countries (EU27) over the project life time.

• At the end of 2010 the North Seas Countries
Offshore Grid Initiative (NSCOGI) had been formed by the
energy related ministries of the ten countries around the
North Seas with the objective of coordinating investigations
on technical and grid planning questions, as well as
identifying market and regulatory barriers. The initiative
comprises ministries, national regulators, the TSOs and the
European Commission. For a comprehensive grid design
study, the governmental assumptions of 55 GW installed
offshore  wind capacity  in  the  North  Seas  were  analyzed as
well as a sensitivity of 117 GW [57][57][59]. Two main
structures, radial vs. meshed, have been compared in order
to find out if Europe should continue with national solutions,
or if international coordination should be increased due to
regional socio-economic benefits. While the 55 GW
scenario showed only marginal regional differences in on-
and offshore infrastructure investment costs of ~30 bn€ as
well as in annual production cost savings  (including all fuel
types around ) of ~1,45 M€/a, the sensitivity showed
increased advantages for the meshed solution already when
comparing necessary offshore investment cost.

To provide technical input assumptions for the NSCOGI
grid study, ENTSO-E has published an HVDC technology
report, reporting on which technology is assumed to be
available in 2030 [60].

B. Transmission planning from national studies
The reported results in the national case studies for grid

reinforcements are as follows:

• In Ireland a network investment strategy out to the
year 2025 to accommodate up to 40% energy from
renewable generation (approximately 6.6 GW of wind
generation capacity) and future conventional generation and
demand growth estimates total investment of 4 billion €
[61]. The All Island Grid Study [15] indicates that for 2.25
GW of renewables, of which 2 GW is wind, modest
amounts of additional high-voltage transmission are
required. For 6.6 GW of renewables, including 6 GW of
wind, total capital investment in transmission in excess of
1,000 million € will be required. This represents a total
investment of 154 €/kW of renewable generation installed.
When annualised, these costs were modest, adding on the
order of 1–2% to the cost of electricity, even in the highest
wind portfolios. Significant reactive power issues were



In Proceedings of WIW2013 workshop London, 22-24 Oct, 2013

identified that were addressed more fully in EirGrid
Facilitation of Renewables studies [62], with on-going work
[63] including measures to address them.

• In Italy, investments in reinforcement of the
transmission grid in the short term have been estimated to
about 2.5 billion € for integration of an additional 4 GW of
wind power and 5 GW of solar, considering respectively the
existing 8.1 GW and 16.6 GW already installed in 2012
[64].

• The Spanish TSO Red Eléctrica de España (REE)
plans an investment of 8,000 million € during 2007–2016 to
accommodate high renewables targets [65]. To integrate the
planned wind power capacity into the Spanish power system
also compliance with the actual and proposed technical grid
code requirements are required and challenges remain in the
areas of dynamic voltage control and management of
reserves.

• In Portugal, an effort to allocate the grid
reinforcement costs to wind power has been made. The
Portuguese TSO has consistently invested in added
transmission capacity to integrate the wind production: 145
million € in the period 2004–2009, for increasing wind
penetration from 3% to 13%), 159 million € for the 2006–
2010 period (16% driven by wind and other smaller
independent producers), and 120 million € for the period
2009–2014 (9% of the network investment dedicated to the
connection of wind and other comparatively small
independent producers) [49]. The grid reinforcement cost for
5,100 MW of wind power was estimated to be 53 €/kW
wind installed, when only accounting for the proportion
related to wind power of total cost of each grid development
or reinforcement [66].

• In Germany, dena II study [14] calculated the
annual cost of grid investments for renewables, including
annualised capital as well as operational cost, rather than the
investment alone. The result is an annual cost of
approximately 20 €/kW/year for 51 GW of wind, together
with 18 GW of photovoltaics and 6 GW of biomass
generation capacity in 2020 when 39% of the gross
electricity consumption is assumed to be contributed by
renewable energy sources. After the dena studies, the four
TSOs in Germany and the national Regulator BNetzA have
launched German Network Development Plan (NDP). At
the end of a 2-year's process with public consultations at
different steps of the process, the common proposal is given
to the government who turns it into national law. The
development plan is built around four general scenarios with
variants in the national fuel mix. Fulfillment of the national
2020 target of 35% electricity consumption being provided
by RES is a prerequisite for all scenarios. The market flows
and corresponding physical flows are identified, triggering
the need for grid expansion. In the three 2023 Scenarios
variable renewable resources amount to 46-86 GW for
onshore wind, 10.3-18 GW offshore wind and 55-61 GW
for solar energy. For the 2033 scenario onshore wind is 66
GW, offshore wind is 25 GW and solar capacity 65 GW. In
the TSO's NDP 2013 edition the identified grid expansion
amounts to 1,700 km new AC lines plus 3,400 km AC-
refurbishment, together estimated at a cost of 21 bn€.
Additionally, 2,100 km of HVDC lines divided to four
corridors should be built. The grid expansion is not only
caused by renewable energies, but by multiple reasons, e.g.

the German nuclear phase out, thus the costs are not
explicitly allocated to a certain source, because the
infrastructure serves and benefits multiple purposes [67].
Currently the NDP2012 is in the process to be turned into
national law, while the NDP2013 is at the stage to be
checked by the national regulator. While TSOs and the
regulator go through the planning steps every year, the
government only treats the issue every third year.

The German dena grid study II [14] investigated the cost
of a number of different technologies for a major grid
extension, since public acceptance of new overhead lines is
a major problem. Dynamic line ratings, taking into account
the cooling effect of wind together with temperature in
determining the transmission constraints, can increase
transmission capacity from the North to the middle of
Germany by 40% to 90% at times when the German wind
power generation is above 75% of the installed capacity. For
99% of the time, the increase is above 15% for all lines,
except  some  very  unfavourable  cases  in  which  only  an
increase of 5% is calculated [68]. However, it does not
significantly reduce the amount of grid reinforcement
needed if all wind-generated power is to be transported at
any time [14]. Comparing conventional overhead lines to
high-temperature conductors was not cost effective (three
conventional 600-km lines at a cost of 0.9 billion €/year
compared to  only one 700-km new line along with five 700-
km line upgrades at a cost of 1.6 billion €/year). The use of
an HVDC meshed grid with underground cables would also
exceed the conventional line costs (three 400-km new cables
with a cost of 2 billion €/year). Gas insulated lines were also
investigated, but found to be much more expensive than all
other options.

V. CAPACITY VALUE

Wind power has a capacity value in addition to its
energy value. The recommended methodology for assessing
the capacity value of wind power is Effective Load Carrying
Capability (ELCC) based on loss of load expectancy
calculations [69]. If using of alternative, simplified methods
they should be compared to the more robust approaches
based on reliability analysis. Approaches used to calculate
capacity credit based on simplified approaches in the United
States are summarised in [70].

The results updated in Figure 3 for capacity value of
wind power are from the following studies: Ireland [15];
Quebec [71] and US Eastern Interconnect [27]. The previous
study results are from Germany [21]; Norway [73]; UK
[29]; US Minnesota [19][30]; US New York [72] and US
US California [31].
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Figure 3. Capacity credit of wind power, results from ten studies,
showing reduction of capacity value as penetration level increases.

The results show a range from 5-40% of installed wind
power capacity. With correlated wind power and load, the
capacity value of wind can be significant, as can be seen in
the case of US New York, where onshore wind is generally
not high during peak load situations giving capacity value of
10 %, whereas offshore winds tend to blow also at peak load
situations giving capacity credit of 40 %. One reason for
different resulting levels arises from the wind regime at the
wind power plant sites and the dimensioning of wind
turbines. This is one explanation for the low German
capacity credit results shown in Figure 3. For near zero
penetration level, most capacity credit values are in the
range of the capacity factor of the evaluated wind power
plant installations. The capacity value of wind will decrease
as wind penetration increases.

Aggregation benefits apply to capacity credit
calculations – for larger geographical areas, the capacity
credit will be higher. The US Eastern Wind Integration
Study [27] showed the impact of adding more transmission
to enlarge the area: Without transmission overlay the results
were between 16–23% (for scenarios of 20% and 30%
penetration) and with new transmission 24%–33% of wind
rated capacity.

VI. DISCUSSION AND CONCLUSIONS

The national case studies address different impacts:
balancing the power system on different short-term time
scales; grid congestion, reinforcement, and stability; and
power adequacy. Reasons underlying the wide range for
wind integration impacts include definitions for wind
penetration, reserves types, and costs; different power
system and load characteristics and operational rules;
assumptions on the variability of wind, generation mix, fuel
costs, and the size of balancing area; and assumptions on the
available interconnection capacity.

There is already significant experience in integrating
wind power in power systems. The mitigation of wind
power impacts include more flexible operational methods,
incentivising flexibility in other generating plants,
increasing interconnection to neighbouring regions, and
application of demand-side flexibility. Electricity storage is
still not as cost effective in larger power systems as other
means of flexibility, but is already seeing initial applications
in places with limited transmission. Electricity markets, with
cross-border trade of intra-day; balancing resources; and

emerging ancillary services markets are seen as a positive
development for future large penetration levels of wind
power.

In many studies, estimates for integration costs are
presented. Integration cost can be divided into different
components arising from the increase in the operational
balancing cost and grid expansion cost. The value of the
capacity credit of wind power can also be stated. In most
case studies, a comparison with other alternatives to wind
has not been studied. Estimating the integration costs of
wind power is challenging because capturing and allocating
costs are not straightforward. It is difficult to allocate
infrastructure or system costs to a single technology because
the infrastructure and system services benefit all grid users,
both consumers and producers, and integration cost is not
deterministically observable. This inability to assess
integration cost has resulted in multiple indirect methods for
estimating it. While it is very difficult to calculate the costs
of integrating wind, estimates indicate that these costs are
manageable. When considering the question of integration
costs, it is also important to keep in mind that all generation
sources, including nuclear and fossil plants, have costs
associated with integrating them into the grid and managing
their individual characteristic operational capabilities to
provide a stable and reliable electricity supply to meet
varying load.

The Task 25 has proved to be valuable forum for
exchange of information on wind integration internationally
and work will continue to assess different methods for
capturing integration impacts as well as highlight emerging
experience and solutions in integration.

REFERENCES

[1] Ackermann, T., Kuwahata, R. 2011. Lessons learned from
international wind integration studies. Commissioned by Australian
Energy Market Operator AEMO. November, 2011. Energynautics
GmbH, Germany. http://www.
energynautics.com/publications/projects

[2] M. O’Malley, D. Flynn, H. Holttinen, H. Outhre, F. van Hulle, M.
Bazilian, E. Denny, D. Infield, A. Keane, M. Power, P. Smith, L.
Söder. Integration of RE into electric power systems. Ch 8.2.1 of
IPCC Special Report on Renewables (SRREN), 2011

[3] Holttinen, H., et al. 2007. Design and operation of power systems
with large amounts of wind power.State-of-the-art report. VTT
Technical Research Centre of Finland, Espoo. VTT Working Papers
82. http://www.vtt.fi/inf/pdf/workingpapers/2007/W82.pdf

[4] H. Holttinen, et al. Design and operation of power systems with large
amounts of wind power, VTT Research Notes 2493, Espoo, Finland,
2009. Available at http://www.vtt.fi/inf/pdf
/tiedotteet/2009/T2493.pdf

[5] H.Holttinen et al, 2013. Recommended Practices for Wind
Integration studies. RP16 issued by IEA Wind, available at
www.ieawind.org

[6] Holttinen, H. et al. Design and operation of power systems with large
amounts of wind power. Final summary report, IEA Wind Task 25,
Phase two 2009–2011. Espoo, VTT. 81 p. + app. 13 p. VTT
Technology; 75
http://www.vtt.fi/inf/pdf /technology/2012/T75.pdf

[7] Gil, A., de la Torre, M., Rivas, R. 2010. Influence of wind energy
forecast in deterministic and probabilistic sizing of reserves. 9th
International Workshop on Large-Scale Integration of Wind Power
into Power Systems as well as on Transmission Networks for
Offshore Wind Power Plants, October, 2010, Quebec, Canada.

[8] GE Energy, 2010. Western Wind and Solar Integration Study.
National Renewable Energy Laboratory, 2010. Available at
http://www.nrel.gov/docs/fy10osti/47434.pdf.



In Proceedings of WIW2013 workshop London, 22-24 Oct, 2013

[9] L. Soder, et al, “Experience and Challenges With Short-Term
Balancing in European Systems with Large Share of Wind Power,”
IEEE Transactions on Sustainable Energy, vol. 3, No. 4, 2012.

[10] Ribeiro, F. 2012. Impact of wind power in the Portuguese system
operation. Proceedings of the 11th International Workshop on Large-
Scale Integration of Wind Power into Power Systems as well as on
Transmission Networks for Offshore Wind Power Plants. Lisbon,
13–15 November, 2012. Pp. 205–208.

[11] Holttinen, H., Milligan, M., Ela, E., Menemenlis, N., Dobschinski, J.,
Rawn, B., Bessa, R.J., Flynn, D., Gomez Lazaro, E., Detlefsen, N.
2012. Methodologies to determine operating reserves due to
increased wind power. IEEE Transactions on Sustainable Energy,
Vol. 3, No. 4, pp. 713–723.

[12] Robitaille, A., Kamwa, I., Heniche Oussedik, A., de Montigny, M.,
Menemenlis, N., Huneault, M., Forcione, A., Mailhot, R., Bourret, J.,
Bernier, L. 2012. Preliminary impacts of wind power integration in
the hydro-quebec system. Wind Engineering, Vol. 36, No. 1, pp. 35–
52.

[13] Dobschinski, J., De Pascalis, E., Wessel, A., von Bremen, L., Lange,
B., Rohrig, K., Saint-Drenan, Y.-M. 2010. The potential of advanced
shortest-term forecasts and dynamic prediction intervals for reducing
the wind power induced reserve requirements. Proceedings of
European Wind Energy Conference EWEC2010, 20–23 April, 2010,
Warsaw, Poland.

[14] Dena, 2010. German Energy Agency (dena): dena Grid Study II –
Integration of Renewable Energy Sources in the German Power
Supply System from 2015–2020 with an Outlook to 2025 –
Summary of the main results by the project steering group. Berlin.

[15] AIGS, 2008. All island grid study.
http://www.dcenr.gov.ie/Energy/North-South+
Co-
operation+in+the+Energy+Sector/All+Island+Electricity+Grid+Study.ht
m.

[16] NEWIS, 2010. New England Wind Integration Study, Dec 2010.
http://www.uwig.
org/newis_report.pdf.

[17] Axelsson, U., Murray, R., Neimane, V. 2005. 4000 MW wind power
in Sweden – Impact on regulation and reserve requirements. Elforsk
Report 05:19, Stockholm. http://www.elforsk.se/Rapporter

[18] Strbac, G., Shakoor, A., Black, M., Pudjianto, D., Bopp, T. 2007.
Impact of wind generation on the operation and development of the UK
electricity systems. Electrical Power Systems Research, Vol. 77, Issue
9, pp. 1143–1238.

[19] EnerNex/WindLogics, 2006. Minnesota Wind Integration Study
Final Report. Vol I, prepared for Minnesota Public Utilities
Commission, Nov. 2006.
http://www.puc.state.mn.us/portal/groups/public/documents/pdf_files
/000664.pdf.

[20] Western Governers’ Association 2012. Meeting Renewable Energy
Targets in the West at Least Cost: The Integration Challenge.
http://www.westgov.org/reports/cat_view/95-reports/263-2012.

[21] Dena, 2005. Planning of the grid integration of wind energy in
Germany onshore and offshore up to the year 2020 (Dena Grid
study). Deutsche Energie-Agentur Dena, March 2005. English
summary and full German version available at:
http://www.dena.de/themen/thema-reg/projektarchiv.

[22] Loutan, C., Hawkins, D. (Eds.) 2007. Integration of Renewable
Resources November 2007.
http://www.uwig.org/CAISOIntRenewablesNov2007.pdf.

[23] Porter, K. 2007. Intermittency analysis Final report. Kevin Porter and
Intermittency Analysis Project Team. July, 2007.
http://www.uwig.org/CEC-500-2007-81.pdf.

[24] J. King, B. Kirby, M. Milligan, S. Beuning (2011). Flexibility
reserve reductions from an energy imbalance market with high levels
of wind energy in the Western Interconnection. NREL Report No.
TP-5500-52330

[25] Kirby, B., Milligan, M. 2008. Facilitating wind Development: The
importance of electric industry structure. NREL Report No. TP-500-
43251.

[26] SEAI & EirGrid, 2011. Impact of wind generation on wholesale
electricity costs in 2011.
http://www.seai.ie/Publications/Energy_Modelling_Group/Impact_of
_Wind_Generation_on_Wholesale_Elec_

Costs/Impact_of_Wind_Generation_on_Wholesale_Electricity_Cost
s_in_2011.pdf

[27] EWITS (Eastern Wind Integration and Transmission study), prepared
for the National Renewable Energy Laboratory, January 2010.
Available at http://www.nrel.gov/wind/systemsintegration/

[28] Meibom, P., Weber, C., Barth, R., Brand, H. 2009. Operational costs
induced by fluctuating wind power production in Germany and
Scandinavia. IET Renewable Energy Generation, Vol. 3, Issue 1, p.
75–83.

[29] Ilex Energy & Strbac, G. 2002. Quantifying the system costs of additional
renewables in 2020. DTI, 2002.
http://www.decc.gov.uk/assets/decc/publications/
white_paper_03/file21352.pdf.

[30] EnerNex/WindLogics, 2004. Xcel North study (Minnesota
Department of Commerce).
http://www.uwig.org/XcelMNDOCStudyReport.pdf  .

[31] Shiu, H., Milligan, M., Kirby, B., Jackson, K. 2006. California
renewables portfolio standard renewable generation integration cost
analysis. Multi-year analysis results and recommendations. California
Energy Commission, PIER Public Interest Energy Research
Programme. http://www.energy.ca.gov/2006publications/CEC-500-
2006-064/CEC-500-2006-064.PDF.

[32] Zavadil, R.M., King, J. 2008. Final Report: Wind Integration Study
for Public Service of Colorado. Addendum. Detailed Analysis of
20% Wind Penetration. Prepared for Xcel Energy by EnerNex.
December, 2008. Knoxville, TN, USA.
http://www.uwig.org/CRPWindIntegrationStudy.pdf

[33] Farahmand, H., Doorman, G., Aigner, T., Korpås, M., Huertas-
Hernando, D. 2012. Balancing market integration in the Northern
European continent: A 2030 case study.
IEEE Transactions on Sustainable Energy, October, 2012
Vol. 3, Issue 4, pp. 918–930.

[34] Carlsson, F., 2011. Wind power forecast errors Future volumes and
costs. Elforsk report 11:01, Fredrik, May 2011.

[35] Neimane, V., Carlsson, F. 2008. A massive introduction of wind
power. Changed market conditions? Elforsk report 08:41.
http://www.vindenergi.org/Vindforskrapporter/v_132.pdf.

[36] Holttinen, H.; Miettinen, J.; & Sillanpää, S. 2013. Wind power
forecasting accuracy and uncertainty in Finland. Espoo, VTT. 60 p. +
app. 8 p. VTT Technology report series T95 available at
http://www.vtt.fi/inf/pdf/technology/2013/T95.pdf

[37] FGE/FGH/ISET 2007. Bewertung der Optimierungspotenziale zur
Integration der Stromerzeugung aus Windenergie in das
Übertragungsnetz. http://www.erneuerbare-
energien.de/inhalt/42024/4591.

[38] Holttinen, H., Koreneff, G. 2012. Imbalance costs of wind power for
a hydro power producer in Finland. Wind Engineering, Vol. 36, Issue
1, pp. 53–68.

[39] Holttinen, H. 2005. Optimal electricity market for wind power.
Energy Policy, Vol. 33, Issue 16, pp. 2052–2063

[40] Ummels, B.C. 2009. Power system operation with large-scale wind
power in liberalised environments. Ph.D. thesis, Delft University of
Technology, the Netherlands. 192 p.

[41] van Hulle, F., Tande, J.O., Uhlen, K., Warland, L., Korpås, M.,
Meibom, P., Sørensen, P., Morthorst, P.E., Cutululis, N., Larsen, H.,
Woyte, A., Verheij, F., Kleinschmidt, C., Moldovan, N., Holttinen,
H., Lemström, B., Uski-Joutsenvuo, S., Gardner, P., Purchala, K.,
Tiedemann, A., Kreutzkamp, P. 2009. Final Report TradeWind.
http://www.trade-wind.eu

[42] Völler, S., Doorman, G. 2011. Changes in the utilisation of the
Norwegian hydro reservoir by balancing the North Sea offshore
wind. Presented at EWEA Offshore 2011.

[43] Amelin, M., Englund, C., Fagerberg, A. 2009. Balancing of wind
power in Northern Sweden. Elforsk report 09:88, September 2009

[44] Ana Estanqueiro, Atle Rygg Årdal, Ciara O’Dwyer, Damian Flynn,
Daniel Huertas-Hernando, Debra Lew, Emilio Gómez-Lázaro, Erik
Ela, Javier Revuelta, Juha Kiviluoma, Luis Rodrigues, Mikael
Amelin, and Hannele Holtinen, Energy Storage for Wind Integration
: Hydropower and other contributions. IEEE Power and Energy
Society General Meeting, San Diego, CA, July 2012.

[45] Eriksen, P.B., Orths, A. 2008. Challenges and solutions of increasing
from 20 to 50 percent of wind energy coverage in the Danish power
system until 2025. Invited keynote paper. Proceedings of the 7th



In Proceedings of WIW2013 workshop London, 22-24 Oct, 2013

International Workshop on Large Scale Integration; of Wind Power
and on Transmission Networks for Offshore Wind Farms, 26–28
May, 2008, Madrid, Spain.

[46] Orths, A., Eriksen, P.B. 2009. Europe going renewable – The TSOs’
power transmission challenges – Keynote address. Proceedings of
the 8th International Workshop on Large Scale Integration of Wind
Power into Power Systems as well as on Transmission Networks for
Offshore Wind Farms; 14.–15. October 2009, Bremen, Germany.

[47] GE Energy 2010. Western wind and solar integration study: NREL
report SR-5500-47434, May, 2010.

[48] Lew, D., Brinkman, G., Ibanez, E., Kumar, N., Lefton, Sl, Jordan,
G., Venkataraman, S., King, J. 2013. The Western Wind and Solar
Integration Study Phase 2. National Renewable Energy Laboratory.
Available at http://www.nrel.gov/docs/fy13osti/57922.pdf.

[49] Smith, J.C., Osborn, D., Zavadil, R., Lasher, W., Gómez-Lázaro, E.,
Estanqueiro, A., Trötscher, T., Tande, J.O., Korpås, M., van Hulle,
F., Holttinen, H., Orths, A., Burke, D., O’Malley, M., Dobschinski,
J., Rawn, B., Gibescu, M., Dale, L. 2013. Transmission planning for
wind energy in the United States and Europe: status and prospects.
WIREs Energy Environ 2013, 2, pp. 1–13

[50] EWIS European Wind Integration Study available at
http://www.wind-integration.eu/downloads/

[51] ENTSO-E TYNDP, 2012. Ten-Year-Network-Development-Plan –
Package 2012. https://www.entsoe.eu/system-
development/tyndp/tyndp-2012/.

[52] Apfelbeck, J., Barth, R., Brand, H., Vogel, P., Spiecker, S., Weber, C.,
Obersteiner, C., Bechrakis, D., Kabouris, J. 2009. Analysis of
strategic grid investment and management issues. Nov 2009.
SUPWIND Project (Decision Support for Large Scale Integration of
Wind Power). http://supwind.risoe.dk/
Deliverables/Deliverable%20D6.1.pdf.

[53] Kristoffersen, T., Larsen, H.V., Meibom, P., Gøttig, A., Apfelbeck,
J., Barth, R., Brand, H. 2009. WP7 Case analysis of operational
management of grids. Deliverable D7.1 Report documenting the
findings of WP7 October, 2009.
http://supwind.risoe.dk/Deliverables/Deliverable%20D7.1.pdf

[54] ENTSO-E Guideline for Cost Benefit Analysis of Grid Development
Projects, Draft June 2013 (for consultation), available at
https://www.entsoe.eu/search?q=guidelines+on+cost-
benefit+analysis

[55] OffshoreGrid (2009-2011): www.offshoregrid.eu
[56] de Decker, J., Kreutzkamp, P. 2011. Offshore electricity grid

infrastructure in Europe: A techno-economic assessment. October,
2011. http://www.ewea.
org/fileadmin/ewea_documents/documents/publications/reports/Offs
horeGrid__report.pdf.

[57] North Seas Countris' Offshore Grid initative (NSCOGI) – Final:
Reports, Dec 2012,  available at: www.benelux.int/nscogi

[58] A. Orths, A. Hiorns, R. van Houtert, L. Fisher, C. Fourment: The
European North Seas Countries' Offshore Grid Initiative - the Way
Forward;, Proceedings of the IEEE PES General Meeting 2012,
paper 2012GM0076; 22-26 July 2012, San Diego, CA, USA.

[59] A.  Orths;  D.  Green;  L.  Fisher;  E.  Pelgrum,  F.  Georges:  “The
European North Sea Countries’ Offshore Grid Initiative – Results”;

Proceedings of the IEEE PES General Meeting PESGM2013-
000928; July 2013, Vancouver, Canada.

[60] ENTSO-E – Offshore Transmission Technology, available at:
https://www.entsoe.eu/fileadmin/user_upload/_library/publications/e
ntsoe/SDC/European_offshore_grid_-_Offshore_Technology_-
_FINALversion.pdf , update October 2012

[61] EirGrid, 2010. Grid 25 – A Strategy for the development of Ireland’s
electricity grid for a sustainable and competitive future. EirGrid,
2010. http://www.
eirgrid.com/media/Grid%2025.pdf

[62] EirGrid and SONI. Facilitation of Renewables studies, 2010.
http://www.eirgrid.com/renewables/facilitationofrenewables/

[63] EirGrid and SONI. Delivering a Secure Sustainable Electricity
System, 2013. http://www.erigrid.com/operations/ds3/information/

[64] Terna 2012. National Transmission Plan Edition 2012. Summary
available at
http://www.terna.it/default/home_en/electric_system/grid_developm
ent_plan/grid_development_plan_summary.aspx

[65] Rodríguez-Bobada, F., Reis Rodriguez, A., Ceña, A., Giraut, E.
2006. Study of wind energy penetration in the Iberian peninsula. In:
European Wind Energy Conference. Athens, Greece, 27 February – 2
March, 2006.

[66] Estanqueiro, A., Castro, R., Flores, P., Ricardo, J., Pinto, M.,
Rodrigues, R., Lopes, J.P. 2008. How to prepare a power system for
15% wind energy penetration: the Portuguese case study. Wind
Energy, Vol. 11, Issue 1, pp. 75–84.

[67] German Network Development Plan (in German), available at:
http://www.netzentwicklungsplan.de/

[68] Lange, M. & Focken, U.  2008. Studie zur Abschätzung der
Netzkapazität in Mitteldeutschland in Wetterlagen mit hoher
Windeinspeisung. 2008. Available at: http://www.erneuerbare-
energien.de/inhalt/42006/20049/

[69] A. Keane, M. Milligan, C.J. Dent, B. Hasche, C. D'Annunzio, K.
Dragoon, H. Holttinen, N. Samaan, L. Söder, M. O'Malley. Capacity
value of wind power. IEEE Trans. Power Systems, vol. 26(2), pp.
564-572.

[70] Rogers, J., Porter, K. 2012. Summary of time period-based and other
approximation methods for determining the capacity value of wind
and solar in the United States: September 2010 – February, 2012.
NREL Report No. SR-5500-54338. 34 p.

[71] Bernier, L., Sennoun, A. 2010. Evaluating the Capacity Credit of
wind generation in Quebec. 9th International workshop on Large-
Scale Integration of Wind Power, Quebec, Canada.R. Billinton, R.
Allan. Reliability Evaluation of Power Systems, 2nd edition, Plenum
Press, New York. 1996

[72] GE Energy, 2005. The effects of integrating wind power on transmission
system planning, reliability, and operations. Report on phase 2. Prepared
for The New York State Energy Research and Development Authority,
City, State, March 2005. http://www.windaction.org/documents/157.

[73] Tande, J.O., Korpås, M. 2006. Impact of large scale wind power on
system adequacy in a regional hydro-based power system with weak
interconnections. Proceedings of Nordic Wind Power Conference
NWPC 2006, 22–23 May, 2006, Espoo, Finland.


