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Preface 

A  Research  and  Development  (R&D)  Task  titled  “Design  and  Operation  of  Power  
Systems with Large Amounts of Wind Power” was formed in 2006 within the “IEA 
Implementing Agreement on the Co-operation in the Research, Development and 
Deployment of Wind Turbine Systems” (http://www.ieawind.org) as Task 25. The aim 
of  the  R&D task  is  to  collect  and  share  information  on  the  experience  gained  and  the  
studies made on power system impacts of wind power, and review methodologies, tools, 
and data used.  

The following countries and institutes have been involved in the collaboration: 

 Canada: Transmission System Operator (TSO) Hydro Quebec (IREQ) 
 Denmark: DTU Wind Energy (Risø-DTU); TSO Energinet.dk 
 European Wind Energy Association (EWEA) 
 Finland: Technical Research Centre of Finland (Operating Agent) (VTT) 
 Germany: Fraunhofer IWES; TSO Amprion  
 Ireland: SEI; UCD; ECAR; TSO Eirgrid 
 Italy: TSO Terna 
 Norway: SINTEF/NTNU; TSO Statnett 
 Netherlands: ECN; TUDelft 
 Portugal: LNEG; TSO REN; INESC-Porto, IST 
 Spain: University Castilla La Mancha; TSO Red Eléctrica de España (REE) 
 Sweden: KTH 
 UK: Centre for Distributed Generation & Sustainable Electrical Energy 
 USA: National Renewable Energy Laboratory (NREL); UVIG; U.S. Department 

of Energy (DOE). 

IEA Wind Task 25 started with producing a state-of-the-art report on the knowledge and 
results that have been gathered so far, which were published in the VTT Working 
Papers series in 2007 and further expanded to final report in 2009 (VTT Research Notes 
2493). In these reports, a summary of selected, recently finished studies was presented. 
The Task 25 is also working on developing guidelines on the recommended 
methodologies when estimating the system impacts and the costs of wind power 
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integration. The results of the second 3-year period are summarised in this report. The 
work will continue with a third 3-year period (2012–2014). 
 

Credits and Acknowledgements: 
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Energy Association (Alberto Ceña and Kilian Rosique) 
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Executive Summary 

 
This report summarises recent findings on wind integration from studies made and real 
experience in integration from the 15 countries participating in the International Energy 
Agency (IEA) Wind collaboration. Most of the results and methodologies discussed are 
also valid for other variable renewables besides wind power. Many wind integration studies 
already incorporate solar energy.  

The national case studies address impacts that are grouped under balancing the power 
system on different short-term time scales: grid congestion, reinforcement, and stability 
as well as power adequacy (i.e., capacity value of wind). Appendix 1 provides a summary 
of on-going research in the national projects contributing to Task 25. 

Wind power production introduces additional variability and uncertainty into the 
operation of the power system. Without wind power, the system has to balance the 
varying load with its forecast uncertainty. To meet the challenge of balancing more 
variability and uncertainty, there is need for more flexibility in the power system. The 
need for additional flexibility required depends on how much wind power is embedded 
in the system and the level of existing flexibility in the power system. 

The characteristics of variability and uncertainty in wind power are presented from 
experience of measured data from large-scale wind power production and forecasting. 
This data is important as input to integration studies. There is a significant geographic 
smoothing effect in both variability and uncertainty of wind power when looking at 
power system wide areas. Failure to capture this smoothing effect will affect the 
estimates for wind impacts on power systems. The smoothing effect of variability can 
be seen in the measured extreme variations for different size areas. Variability is also 
lower  for  shorter  time scales.  The  smoothing  effect  can  also  be  seen  from the  general  
shape of duration curves for wind power production levels and step changes—there is 
more time during the year with an average level of production and close to zero 
variability when looking at larger areas. The mean absolute error for large-scale wind 
power production forecast errors is currently in the range of 4–8% of installed wind 
capacity when forecasting day-ahead (12–36 hours ahead.). The uncertainty of wind 
power production will be reduced as more accurate forecasting methods are developed. 
Large shares of offshore wind power, on the other hand, will increase the forecast 
errors.  
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The operating reserve requirement addresses short-term flexibility for power plants that 
can respond to load and generation unbalances. These are caused mainly by unpredicted 
variations. Also, any variability inside the time step for the dispatch interval, often in 
the range of 5–60 minutes, is managed with operating reserves. The reserves are 
operated according to total system net imbalances, for generation and demand, not for 
each individual source of imbalance. The computation of reserve requirements 
necessitates data for uncertainty and variability for demand, wind generation, and other 
generation as inputs. For wind power, the forecast horizon time scale is a crucial 
assumption because the uncertainty will reduce more significantly than demand at 
shorter time scales. 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:  

 If only hourly variability of wind is taken into account when estimating the 
increase in short-term reserve requirement, the results are 3% of installed wind 
capacity or less, with penetrations below 20% of gross demand.  

 When 4-hour forecast errors of wind power are taken into account, an increase in 
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.  

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. The 
experience so far is that wind power has not caused investments for new reserve capacity. 
However, some new pumped hydro schemes are planned in the Iberian peninsula to 
manage more than 20% wind penetration levels in the future. 

Because wind power output varies, it is now widely recognized that wind-induced 
reserves should be calculated dynamically: 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.  Avoiding  allocation  of  unnecessary  
reserve is cost effective and can be needed in higher penetration levels of wind power. 
The time steps chosen for dispatch and market operation can also 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. 

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 
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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, 
including fuel costs. Any alternative to wind would also influence fuel costs. At wind 
penetrations of up to 20% of gross demand (energy), system operating cost increases, 
arising from wind variability and uncertainty amounting to approximately 1–4.5 
€/MWh. This is  10% or less of the wholesale value of the 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. 

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 modern wind power plants or 
any other power plants. The grid reinforcement needed for wind power is therefore very 
dependent on where the wind power plants are located relative to load and grid 
infrastructure, and one must expect results to 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. There is a trend towards regional planning efforts around the world. The large 
offshore plans in Europe have launched new research on offshore grids. 

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 the system 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. 
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Wind power’s contribution to the system’s power adequacy is its 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. The capacity value of 
wind will decrease as wind penetration increases. The results summarised in this report 
show a range from 40% of installed wind power capacity (in situations with low wind 
penetration and a high-capacity factor at times of peak load) to 5% in higher wind 
penetrations, or if regional wind power output profiles correlate negatively with the 
system load profile (i.e., low capacity factor at times of peak load). Aggregation 
benefits apply to capacity credit calculations—for larger geographical areas, the 
capacity credit will be higher. 

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. 

Estimating  the  integration  costs  of  wind  power  is  challenging  because  capturing  and  
allocating  costs  are  not  straightforward.  The  system  services  of  transmission  grid  and  
real-time balancing are there for all users. 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 in the grid and managing their individual characteristic operational 
capabilities to provide a stable and reliable electricity supply to meet varying load. 
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1. Introduction 

The existing targets for wind power anticipate a high penetration of wind power in 
many countries. It is technically possible to integrate very large amounts of wind 
capacity in power systems, with the limits arising from how much can be integrated at 
socially and economically acceptable costs. There is already first practical experience 
from wind integration from Denmark, Portugal, Spain, and Ireland with more than 15% 
penetration levels on an annual basis (in electrical energy). Also, in several regions—
including Northern Germany, the Midwest United States, Central-Southern Italy, Sicily, 
and Sardinia—penetration levels of more than 20% give insights of how to cope with 
higher penetration levels. 

Wind power production introduces additional variability and uncertainty into the 
operation of the power system, over and above that which is contributed by load and 
other generation technologies. To meet this challenge, there is a need for more 
flexibility in the power system. The increased need for flexibility required depends on 
how much wind power is embedded in the system as well as how much flexibility 
already exists in the power system. 

Because system impact studies are often the first steps taken towards defining feasible 
wind penetration targets within each country or power system control area, it is 
important that commonly accepted standard methodologies related to these issues are 
applied. The circumstances in each country, state, or power system are unique with 
regard to wind integration. 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 sufficient data. Some efforts on compiling the results 
have been made in DeMeo et al., 2005; Smith et al., 2007; UKERC, 2006; Ackermann 
& Kuwahata, 2011; and by IPCC in O’Malley et al., 2011. However, the conclusion has 
been  that  due  to  a  lack  of  detailed  information  on  the  methodologies  used,  a  direct  
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comparison can only be made with few results. An effort for more in-depth review of 
the studies was made under this international collaboration in the state-of-the-art report 
(Holttinen et al., 2007) and final report 2006–2008 (Holttinen et al., 2009).  

 

Figure 1. This map highlights penetration levels as a share of wind generation from total 
electricity consumption in 2011 in European countries that have reached a 2% penetration level. 
In the European Union (EU), the penetration level exceeded 5% in 2011; in the United States, 
the penetration level is approaching 3%; in Australia, it is 2.5%; and in China, it is 2% (Source 
for the penetration levels: IEAWIND Annual Report 2011 www.ieawind.org)  

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 
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wind, generation mix, fuel costs, and the size of balancing area; and assumptions on the 
available interconnection capacity. 

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. When estimating the costs, allocation of system costs like new grid or reserve 
capacity to wind power can differ. It is challenging to allocate system costs for a single 
technology because the system services are there for all grid users, and integration cost 
is not observable. This inability to observe integration cost has resulted in multiple 
indirect methods for estimating it. In the case of an increased balancing requirement, it 
is important to note whether a market cost has been estimated or whether the results 
refer to technical cost for the power system. There is also benefit to adding wind power 
to power systems: it reduces the total operating costs and emissions as wind displaces 
fossil fuel use. 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 managing them on the grid.  

The case study results are summarised in four sections: first, Chapter 2 provides updated 
information on the variability and uncertainty of large-scale wind power, from reported 
experience. Chapters 3–6 summarise results: Chapter 3 for reserve requirements, 
Chapter 4 for balancing costs and impacts to conventional generation, Chapter 5 for 
effects on the transmission grid, and Chapter 6 for power adequacy. The emphasis has 
been on studies that have tried to quantify the power system impacts of wind power, as 
well as on the more recent studies. Chapter 7 lists system operation practices and 
technologies that mitigate unfavourable impacts and support enhanced penetration. 
Chapter 8 contains conclusions and discussion. Appendix 1 provides a summary of on-
going research in the national projects contributing to Task 25. 
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2. Wind power variability and uncertainty 

This chapter introduces the characteristics of variability and uncertainty in wind power 
from experience of measured data from large-scale wind power production and 
forecasting. This data is important as an input to integration studies. There is a 
significant smoothing effect in both variability and uncertainty of wind power when 
looking at power system wide areas. The variability and forecast errors per unit are 
reduced with larger geographic dispersion. The uncertainty of future wind power 
production will further be reduced as more accurate forecasting methods are developed. 
Inability to capture this smoothing effect will impact the estimates for wind impacts on 
power systems. 

Variability in wind power generation causes changes to the operation of conventional 
generation fleet, reducing operational hours as the wind power penetration increases, 
and increasing ramping and starts/stops. It may also alter demand patterns as so far as 
demand is or will be more flexible. Uncertainty leads to changes in shorter time scales 
(i.e., ramping) and can necessitate changes in operational conventions, such as reserve 
and market structures to enable shorter response time from the conventional generation 
fleet.  

2.1 Variability of large-scale wind power production 

Variability in wind power generation is mainly caused by pressure gradients in the 
atmosphere and by turbulence in the wind fields. Turbulence is visible in the output of 
individual wind turbines, but tends to disappear from the output of large-scale wind 
power generation, because turbulence is not correlated over longer distances. Pressure 
gradients are correlated over a long distance since they are dependent either on high- 
and low-pressure areas or on temperature differences prevalent in specific conditions 
(e.g., land-sea breeze). Hence, wind power generation is not random; it is correlated 
with itself over time and space (i.e., autocorrelation and cross-correlation).  
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Cross-correlation makes the presentation and comparison of variability difficult. 
Variability includes at least the frequency of different generation levels, the frequency 
and the size of output changes (ramps), and the duration of events, which may be ramps 
or periods of relatively stable generation. In general, geographically concentrated 
generation will be more variable than well-dispersed generation. 

Examples of smoothing effect are presented as duration curves for wind power 
production from different size areas. These plots show how often different levels of 
production occur, by plotting the hourly production during 8760 hours of one year in 
descending order. Figure 2 displays the impact of larger geographic area on the 
frequency of different output levels. In the figure, the combined generation from several 
countries is rarely more than 50% and is usually more than 5% of installed wind 
capacity. Generation from smaller geographical footprints displays higher extremes and 
more output variability. 

Figure 3 displays 1-hour ramps in the same areas. Hourly ramps clearly decrease as the 
area size increases. The extremes in the 2-year data set are within 5% of the installed 
capacity. Figure 4 demonstrates that ramps in shorter time scales are limited, but that in 
the 12-hour time scale, the ramps are getting close to the actual range of output even for 
well-dispersed wind generation (the output for all of Germany varied between 0.3% and 
83.3% of nominal capacity). In the data set with 15-minute average generation, the 
fastest ramps were 0.31% per minute and -0.28% per minute. 

 

Figure 2. Aggregating wind generation over larger geographic areas decreases the number of 
hours of zero output and reduces the maximum power as relative to installed capacity. 
Cumulative frequency (i.e., duration curve) of wind power generation in areas with different size: 
Eastern Denmark; Denmark; and a combined area of Germany, Denmark, Sweden, and Finland 
(assuming an equal amount of wind power in Denmark, Sweden, and Finland while Germany 
has as much as the other countries put together). The inset displays the tail of the distribution 
more closely.  
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Figure 3. Smoothing effect of wind power reduces high wind ramps when area size increases as 
seen from cumulative frequency of 1-hour ramps in wind power generation. The insets display 
upward and downward tails of the distribution more closely. (DK Denmark, DE Germany, SE 
Sweden FI Finland). 

 

Figure 4. Smoothing effect reduces variability more at shorter time scales, as seen from 
cumulative frequency of ramps of different time scales in Germany for 2010–2011. 

The Task 25 analyses (Holttinen et al., 2011), using 10- and 15-minute data for six 
European countries (Denmark, Finland, Germany, Ireland, Portugal, Spain) and two 
U.S. states, show that the ramp rates of wind power at exceedence levels of 99.95% and 
below are significantly smaller in 10- or 15-minute data than in hourly data. 
Comparisons show that using less wind power plant data (10–30 sites in a large area 
covering several hundred kilometres east-west and north-south) will overestimate the 
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variability.  Also,  simulated  data,  even  with  plenty  of  sites  with  wind  speed  
measurements, show more variability than measurements of actual generation. Analyses 
of  the  timing  of  largest  ramps  show  that  at  20%,  wind  penetration  largest  ramps  are  
clearly increased and a further increase of wind power penetration will see large ramps 
occurring at times not experienced today. 

Storm events  can  result  in  extreme variation  from wind  power  when wind  speeds  are  
high enough to require wind turbines to shut down from full power (to protect the wind 
turbine). These events are quite rare and usually occur 1–2 times in 1–3 years, 
depending on location. Because large storm fronts take 4–6 hours to pass over several 
hundred kilometres, aggregation of wind capacity turns the sudden interruption of 
power  into  a  multi-hour  downward  ramp.  Short-term  forecasts  of  wind  power  are  
critical in managing these situations. Large wind power plants can be required to 
operate at partial loads during storm events to prevent large ramps. The impact can also 
be reduced by changing the controls of wind turbines: preventing all turbines from 
shutting down during the same minute, and reducing the output more slowly as winds 
increase over cut-out wind speeds. Extreme ramp rates recorded during storms are as 
follows: 

 Denmark: On January 8, 2005, Denmark experienced 2000 MW (83% of 
capacity) decrease in 6 hours, or 12 MW (0.5% of capacity) in a minute  
(Eriksen et al., 2005). Regarding offshore wind power, the ramps can be higher: 
209 MW (5.5% of total wind capacity or 24.4% of offshore wind capacity) 
decrease in 55 minutes on November 11, 2010, and in 40 minutes on February 7, 
2011 (Cutululis et al., 2011). 

 Germany: There were six larger ramping incidents in 2011, lasting for several 
hours. The most extreme was August 19, when a total of 8419 MW (31%) was 
lost in 5.5 hours, resulting in ramp rates of 25.5 MW/minute and 1531 MW/h 
(5.6% of installed capacity in an hour). The highest upward ramp lasted for 
almost 10 hours with a total increase of 10831 MW (18.5 MW/minute, 1111 
MW/hour) (Source: TSO Amprion). 

 Portugal: A storm on November 15, 2009, caused a 2.42-GW steady increase of 
wind power production during 5.5 hours (72% of installed wind capacity). Due 
to the storm, two grid fault incidents occurred in which larger than 1.3 GW, 
respectively 51% and 52% of the wind generation, was lost and each was 
recovered in less than 15 minutes (the average ramp rate was -484.8 MW/h). 
During the Klaus storm of January 2009, total wind power capacity was 
decreased from 1200 MW to 400 MW in 6 hours, at a maximum ramp of 
200 MW/h (approximately 7% per hour). 
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 Spain: Examples of large ramp rates recorded for approximately 21 GW of wind 
power in 2011 include an 8860 MW (86%) increase in 8 hours (with a ramp rate 
of 1108 MW/h, approximately 47% of capacity), and a 4230 MW (42%) 
decrease in 4 hours (with a ramp rate of -1057 MW/h, 20% of capacity). 
Generated wind power between 25 MW and 16636 MW has occurred (0.2–79% 
of capacity). The most severe storm incident was the extra-tropical, mid-latitude 
cyclone Klaus on January 23–25, 2009, resulting in the disconnection of many 
wind  power  plants  in  northern  areas  of  Spain,  leading  to  a  reduction  of  
approximately 7000 MW of wind power in approximately 7 hours (less than 
50% of installed capacity) (Source: REE). 

 Quebec: A large ramp rate was recorded in December 2011 with 600 MW in 
5 hours (65% of capacity) or 14% per hour.  

 Italy: (Sicily island where the installed wind capacity has increased from 
1391 MW for 35 wind power plants in 2010 to 1562 MW for 42 wind power 
plants in 2011): In the period 2010–2011, Italy recorded a maximum decrease of 
1024 MW (approximately 75% of installed wind capacity) in 12 hours on 
December 20, 2010, and a maximum increase of 907 MW (approximately 71% 
of installed wind capacity) in 12 hours on October 18, 2010 (source Terna). 

Table 1. Extreme variations of large-scale regional wind power, as a percent of installed 
capacity. Denmark, Portugal. Germany and Sweden data 2010–2011 from TSOs web pages 
(http://www.energinet.dk). Ireland 2011 data from EirGrid. Italy (Sicily island) data 2010–2011 
from Terna, Finland data 2005–2011 from VTT. U.S. data 2007–2011 from NREL. The BPA 
data are mostly from sites inside an area of 60 x 60 km2.  

   10–15 minutes 1 hour 4 hours 12 hours 

Region Region size Number 
of sites 

max 
decrease 

max increase max 
decrease 

max 
increase 

max 
decrease 

max 
increase 

max 
decrease 

max increase 

Denmark 300x300 km2 >100  -16% +17% -38% +46% -72% +78% 

-East Denmark 200x200 km2 >100  -29% +44% -58% +54% -81% +85% 

Ireland 280x480 km2 >50 -17% +15% -29% +25% -56% +53% -87% +76% 

Italy (Sicily 
island) 

 25.711 km2 >35 -49% +46% -50% +49% -58% +47% -75% +71% 

Portugal 300x800 km2 >100  -15% +20% -41% +59% -63% +68% 

Germany 400x400 km2 >100 -4% +5% -13% +11% -30% +34% -47% +65% 

Finland 400x900 km2 30  -22% +24% -52% +44% -70% +78% 

Sweden 400x900 km2 >100  -10% +12% -28% +36% -50% +57% 

US Texas 490x490 km2 25-55  -37% +35% -59% +58% -75% +69% 

US BPA 300x200 km2 8-37  -38% +49% -65% +86% -89 +93% 
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The sub hourly changes have been collected from several countries as standard 
deviation  value  of  the  variations  (Söder  et  al.,  2012),  in  Table  2  and  Figure  5.  These  
show how the variability decreases as the area size increases, and also that the 
variability of shorter time scales (here, 10 minutes) smoothes out smaller areas than the 
longer time scale changes. 

Table 2. Wind power changes of total wind power production for four different time periods, 
measured as standard deviation of the variations time series, presented as a percent of installed 
capacity. *15-minute data for Spain are obtained from linear interpolation using 10-minute and 
30-minute data. (Söder et al., 2012) 

Country / Area Wind Standard Deviation –  [percent] 
MW 5 min 10 

min 
15 

min 
30 

min 
Sweden - Gotland 110 1.4  2.9 4.5 
Denmark – 1 region 251 1.4  2.3 3.7 
West Denmark 2,839 0.6  1.1 1.8 
Denmark 3,801 0.5  1 1.7 
Spain – 1 power plant 31  4.0 4.6 * 6.4 
Spain – 9 power plants 282  1.7 1.9 * 2.4 
Spain 19,635  0.4 0.6 * 0.9 
Ireland – Donegal 274   2.4 3.7 
Ireland – SouthWest 747   1.4 2.4 
Ireland – ROI 1,539   1.0 1.7 
Portugal 3,357   0.9 1.6 
Portugal – Zone A 65.6   3.7 4.2 
Portugal – Zone E 382   3.8 4.9 
Portugal – Zone G 504   2.0 2.6 
Portugal – Zone I 105   5.6 7.1 
Portugal – Zone J 113   4.8 5.5 
Germany 9,677   1.1 1.8 
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Figure 5. Standard deviation as a percent of installed capacity for 10-minute (circles), 30-minute 
(boxes), 10-minute fitted (dashed), and 30-minute fitted (straight line) change of total wind 
power as a function of mean distance between all wind power stations (Söder et al., 2012). 
Mean distance is calculated from a representative rectangle covering the area of the wind power 
plants. 

2.2 Uncertainty of large-scale wind power 

Wind energy forecasting can be used to predict wind energy variability in advance 
through a variety of methods based on numerical weather-prediction models and 
statistical approaches. Wind forecasting has been developed since the 1990s and is still 
developing (Giebel et al., 2011). The overall shape of wind generation can be predicted 
most of the time, but significant errors can occur in both the level and timing of wind 
generation. Wind forecast accuracy improves for shorter time horizons. There is a 
strong aggregation benefit for wind forecasting, as shown in Figure 6, aggregation over 
a 500-km region reduces forecasting error by approximately 50%. A Mean Absolute 
Error (MAE) of 4% shown for 60 wind power plants is equal to the quality of the 
forecast for all of Germany. Typical wind forecast errors for a single wind power plant 
day-ahead are 8–12%. The analysis has shown that approximately 10–12 wind power 
plants spatially distributed over Germany are enough to achieve a representative 
forecast quality similar for all of Germany (Sensfuß et al., 2011). 
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Figure 6. Forecast error reduction with area size; example from Germany where data from 60 
wind power plants have been grouped, choosing one as a starting point and increasing the 
radius around it to take in more wind power plant forecast data. The upper graph shows the 
forecast error as MAE. The lower graph shows the number of wind power plants that have been 
aggregated per radius extension. The solid line corresponds to the mean value of the different 
runs with different “start” wind power plants. The error bars correspond to the variance of the 
different runs (Source: Sensfuß et al., 2011).  

An example of forecast errors increasing as the time horizon grows is shown from 
Quebec (Figure 7).  

 

Figure 7. Forecast error increases over time horizon. Example from 4 wind power plants for a 
total of 450 MW and the maximum distance between them 250 km in Quebec (Source: Hydro 
Quebec). 

The forecast errors are not normally distributed—there are more low errors and also 
large errors than in Gaussian distribution (Figure 8). The large, rare error events are 
challenging to catch when estimating the reserve requirement, for example.  
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Figure 8. Wind forecast errors are not normally distributed. Example from California, United 
States, showing histogram of the day-ahead forecast errors for an approximately 970-MW 
distributed wind power plant, normalizsed based on total wind power capacity. The black line 
represents a normal distribution with the same mean and standard deviation. (Source: B-M 
Hodge et al., 2012) 

For the relatively new area of offshore wind, the forecasting needs improvements. The 
ability of forecasting systems today to predict a wind power plant stopping due to very 
high wind speeds is not very good. This could lead to very large wind power forecast 
errors, depending on the share of offshore wind in the system (Figure 9).  
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Figure 9. Measured wind power production and the intra-day forecasted wind power, based on 
the online measurement data and forecasts running every 15 minutes, during an extreme wind 
speed event in Denmark on November 11, 2010 (Cutululis et al., 2011). The measurements are 
for one wind power plant (Horns Rev 2). 
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3. Wind power impacts on reserve requirements 

The operating reserve requirement addresses the short-term flexibility for power plants 
that can respond to load and generation unbalances. These are caused mainly by 
unpredicted variations. Also, any variability inside time step for dispatch (like inside 
1 hour or 15 minutes) is managed with operating reserves. It is important to note that the 
reserves are operated according to total system net imbalances. This reduces the use for 
reserves considerably compared to balancing individual loads or generators.  

All power systems have different terminology and classes of reserves responding at 
different time scales. Reserves are allocated (dimensioned and scheduled) for a diverse 
range of conditions. Reserve allocation also considers reserves responding across 
multiple timescales. A very general and robust classification divides reserves as:  

1. operating automatically (fast reserves; for example, primary and secondary in 
Europe, and regulating reserve in the United States)  

2. being activated manually when needed (from minutes to a few hours; for example, 
tertiary reserves in Europe and load-following reserves in the United States) 
(Holttinen et al., 2012) 

The  experience  so  far  is  that  wind  power  has  not  caused  investments  to  new  reserve  
capacity. The experience in frequency control during challenging high-wind penetration 
incidents are reported in Söder et al., 2012: 

 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 units that remain online (three units in Northern Ireland and five 
in the Republic of Ireland).  

 Spain: The impact of wind power to automatic fast reserve has been very small, but 
the overall impact to manual reserves has already been significant. Using 
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probabilistic methods to determine the reserve requirement has shown good results 
but still needs testing to gain confidence in the method (Gil et al., 2010). One 
incident of low load and high wind has resulted in down regulation reserve to be 
exhausted (November 9, 2010, from 2:10 a.m. to 5:00 a.m. with 54% of the 
consumption fed by wind). This was resolved by TSO ordering some thermal 
power plants to shut down, and after that wind to be curtailed (Söder et al., 
2012).  

 Portugal: The 6 hours ahead forecast error for wind power can be 20% of the 
produced energy, however, this error is lower for larger productions (around 10 %). 
Because  of  that  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 (Ribeiro, 2012). 

It is also important to note that the time steps chosen for dispatch and market operation 
can significantly influence the quantity and type of reserve required. For example, 
markets that operate at 5-minute time steps can automatically extract significant 
balancing capability from the generators’ that must ramp to achieve proper position for 
the schedule for the next market period (Kirby & Milligan, 2008). 

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 reduce 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. (Holttinen et al., 2012) 

The results presented in Figure 10 for increase in reserve requirements due to wind 
power are from following studies: 

 Canada/Hydro Quebec (de Montigny et al., 2010) 
 Germany (Dena, 2005; Dena, 2010, Dobschinski et al., 2010) 
 Ireland (All Island Grid Study, Workstream 2B, 2008) 
 NL (Holttinen et al., 2012) 
 Sweden (Axelsson et al., 2005) 
 UK (Strbac et al., 2007) 
 US/Minnesota 2006 (EnerNex/WindLogics, 2006) 
 US/New England ISO (GE, 2010) 
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The large range of results is mainly due to different time scale of uncertainty taken into 
account in the estimates. If only hourly variability of wind is taken into account when 
estimating the increase in short-term reserve requirement, the results are 3% of installed 
wind capacity or less, with penetrations below 20% of gross demand. When 4-hour 
forecast errors of wind power are taken into account, an increase in short-term reserve 
requirement of up to 9–10% of installed wind capacity has been reported, with 
penetration levels of 7–20% of gross demand. The highest results in Figure 10 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 (Strbac et al., 2007). 

 

 

Figure 10. Results for the increase in reserve requirement due to wind power, as relative to wind 
penetration level. German 2010 estimates show the difference between different time scales of 
uncertainty: taking into account the day-ahead, 4-hour-ahead or 1-hour-ahead forecast errors. 
In the Minnesota, dena Germany, Ireland Replacement Reserve, and Hydro Quebec estimates, 
the day-ahead uncertainty has been included. UK results combine the variability of wind 4 hours 
ahead (with no forecasting) to forecast errors of load. For the others, the effect of variations 
during the operating hour is considered.  

The German calculations show that if day-ahead forecast errors are balanced with the 
short-term reserves, the increase in short-term reserve requirement can be very high. In 
an earlier German study (Dena study 2005), the reserve requirement was taken as the 
average impact of day-ahead forecast errors of wind power, showing values of nearly 
10% in Figure 10. Using the maximum values would result in an increase that is 15–
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20% of installed wind capacity (Dena, 2005). It can be assumed that the wind power 
forecast will also improve in the future. The German dena grid study II (dena, 2010) 
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. It is assumed that only 1-hour-ahead forecast errors are 
balanced  by  these  reserves.  The  study  concludes  that  for  a  wind  power  penetration  of  
27%, the “balancing energy which must be provided in 2020 […] is roughly equal to the 
current demand,” where the wind penetration in 2010 was 6%. 

For Ireland, the impact of increased wind power capacity on reserve requirements has 
been calculated in All Island Grid Study (AIGS) Workstream 2B using the methodology 
described in Doherty and O’Malley, 2005. This approach quantifies the amount of 
reserve for each category that is required to ensure that the expected number of load-
shedding incidents in a year is less than a certain threshold, considering the combined 
probabilities of generator loss, wind forecast error, and load forecast error. The results 
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, as shown in Figure 10, assuming a 1-hour 
forecast horizon (scheduling in Ireland is based, at best, on a 4-hour-old 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 
differently than most other studies. When adding wind to the system, most analysts 
calculate the incremental increase in reserve needs that are caused by wind energy. 
Conversely, the method employed by Hydro Quebec allocates reserves to load and wind 
based on a variability allocation. This 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 (Robitaille et al., 2012). 

Independent  System Operator  New England  (ISO-NE)  in  the  United  States  uses  three  
main types of operating reserves: 10-minute spinning and non-spinning reserve, and 
30-minute operating reserve. In the recent wind integration study, these categories of 
reserves were estimated dynamically, based on the behaviour of the wind plants. Similar 
to other U.S. studies, this dynamic reserve was based on wind variability and 
uncertainty, and the alternative levels of variability at each level of output (see EWITS, 
2010; Ercot study GE 2008; and SPP integration study CRA, 2010). Although results 
vary  somewhat  from  study  to  study,  the  ISO-NE  results  are  fairly  typical  of  U.S.  
studies. For example, the Southwest Power Pool study (CRA, 2010) finds an increase in 
summer regulation requirements from wind power to be approximately 100–150 MW at 
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a 20% penetration (approximately 14 GW of wind capacity), depending on the load 
level. CRA partitions the year and finds that regulation impacts are similar, but not the 
same, at different times. NEWIS, 2010 finds that ISO-NE can use some additional 
10-minute spinning and non-spinning reserve to help manage wind. Depending on 
scenario, the range of spinning reserve at a 20% penetration averages between 193 MW 
and 261 MW, for a wind capacity of approximately 8,100 MW (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 10 are based on 
the average regulating reserve across multiple scenarios at the given penetration rate. 

Because wind power output varies, it is now widely recognized that wind-induced 
reserves can be calculated dynamically (i.e., the reserve depends on how strong the 
wind  is).  For  example,  if  wind  power  is  at  (or  near)  0  MW,  there  is  no  need  for  up-
reserve because the wind output cannot fall. Conversely, if the wind is at (or near) 
maximum output, it cannot increase, and therefore there is no need for down-reserve. If 
the reserve requirement is estimated once per day for the next day instead of using the 
same reserve requirement for each day of the year, the low wind days will induce less 
requirements for the system and, thus, the reserve allocation can be increased only for 
days when wind variability and uncertainty are at their highest (Holttinen et al., 2012). 
An example from results from dynamic allocation of reserves is shown in Figure 11 
from the U.S. study King et al., 2011, which is based on a method developed for the 
Eastern Wind Integration and Transmission Study (EWITS), EnerNex, 2011. 
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Figure 11. One-year duration curve of dynamic reserve calculation, showing all three types of 
reserves calculated (adapted from King et al., 2011). 

Avoiding allocation of unnecessary reserve is cost effective and can be needed in higher 
penetration  levels  of  wind  power.  In  Spain  and  Portugal,  new  ways  of  allocating  
reserves have been tested by TSOs and compared with the actual use of reserve (Figure 
12)  (Holttinen  et  al.,  2012;  Bessa  et  al.,  2012).  Probabilistic  reserve  allocation  was  
estimated for Denmark in EU-project SUPWIND (Apfelbeck et al., 2009). 

 

 

Figure 12. Reserve calculated and actually deployed during hourly peak load period over 120 
days of operation (Source: Red Electrica). 

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) (Loutan et al., 2007) 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 that are 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 than results in the CEC study performed by GE Porter et al., 2007). This is 
because the reporting of results is not comparable. 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. An example of multiple ways that reserves can 
be reported appears in King et al., 2011. 

 
Increasing reserve requirement is usually calculated for the worst case. Even if the worst 
case shows increase, this does not necessarily mean new investments for reserve 
capacity, but rather generators that were formerly used to provide energy could now be 
used to provide reserves (see Kirby and Milligan, 2009). 
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Task  25  analyses  on  variability  data  from six  European  countries  and  two U.S.  states  
show  that  the  impact  of  wind  variability  on  the  system,  when  compared  with  load  
variability, is relatively small at smaller penetration levels and only after penetration 
levels of 5–10% extreme ramping starts to increase more when adding wind. There is a 
slight tendency that the impact of wind starts at higher penetration levels for 15-minute 
ramping than for hourly ramping data. This indicates that the wind variability will 
smooth out more when the time scale is reduced, compared with load variability 
(Holttinen et al., 2011). 

 

Figure 13. Extreme ramps in net load are growing with increasing wind penetration level. 
Example from Germany, showing positive and negative ramps presenting 0.1% and 1% of 
exceedence level, and comparing 15-minute and 60-minute data. 
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4. Balancing costs and impact on conventional 
generation 

The variability and uncertainty of wind power will impact the operation of a 
conventional  power  plant.  Changing  the  output  level  of  the  plant,  additional  ramping,  
and increasing amount of starts/stops will incur costs. To assess the impact of wind on 
the operation of power systems, simulation model runs are made that optimise the 
dispatch of all power plants to meet varying load. 

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 total operational costs, including fuel costs. Any alternative to 
wind would also influence fuel costs (and adding large amounts of wind may also 
impact prices for fossil fuels). The costs of variability are also addressed by comparing 
simulations  with  flat  (constant)  wind  energy  to  varying  wind  energy  (for  example,  in  
Minnesota in the United States and Greennet Germany and Nordic countries). However, 
this method has not proved to be accurate because the market value during different 
times of the day are also influenced by the assumption of the alternative to wind in the 
simulations, so the difference in costs is not only due to variability (Milligan et al., 
2011). 

The results presented in Figure 14 for increase in balancing costs due to wind power are 
from the following studies: 

 UK (Ilex/Strbac, 2002; Strbac et al., 2007) 
 Ireland (SEAI, 2011) 
 Colorado (Zavadil et al., 2006) 
 Minnesota (EnerNex/WindLogics, 2004 and 2006) 
 California (Shiu et al., 2006) 
 PacifiCorp (PacifiCorp, 2005) 
 Nordic countries and Germany, Greennet (Meibom et al., 2009). 
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 US Eastern Wind Integration Study EWITS (EnerNex 2011), which has three 
scenarios for the 20% penetration level; in Figure 14, the lowest result was used 
(results for 20% penetration level: $5.77/MWh, $7.21/MWh, and $8.00/MWh; 
results for 30% penetration level: $7.07/MWh). 

 

Figure 14. 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$. For the UK, 2007 
study, the average cost is presented here.  

The highest estimates for reserve requirements from Germany and the UK are not 
reflected in balancing costs—for both studies, it was concluded that the increased 
amount of reserve can be handled with the current conventional power plants. For the 
UK, only the increased cost of operating existing reserves has been estimated.  

For wind penetrations up to 20% of gross demand (energy), system operating cost 
increases arising from wind variability and uncertainty amounted to approximately 1–
4.5 €/MWh. This is 10% or less of the wholesale value of wind energy. It can be seen 
that there is considerable scatter in results for different countries and regions. The 
following differences have been noted: 

 Different time scales used for estimations: For the UK 2002 study, the increased 
variability to 4 hours ahead has been taken into account. For the U.S. studies, the 
unit commitment impact for day-ahead scheduling is also incorporated. For the 
Nordic countries and Ireland, only the increased variability during the operating 
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hour  has  been  estimated.  For  the  Greennet  study,  the  unit  commitment  and  
reserve allocation are made according to wind forecasts, but the system makes 
use of updated forecasts 3 hours before delivery for adjusting the production 
levels. 

 Larger balancing areas: The Greennet, Minnesota 2006 and EWITS studies 
incorporate the possibilities for reducing operation costs through power 
exchange to neighbouring countries/markets, whereas Colorado, California, 
PacifiCorp, UK, and Ireland studies analyse the country/market in question 
without taking transmission possibilities (giving balancing potential from 
neighbouring regions) into account. The two studies for Minnesota show the 
benefit of larger markets in providing balancing. The same can be seen from the 
Greennet study results. Larger power systems make it possible for smoothing of 
the wind variability. 

 Amount of wind power in neighbouring countries: Greennet results for Denmark 
and Germany show that different costs result depending on how much your 
neighbours have wind power. The higher costs refer to a situation in which Finland, 
Sweden, and Norway have 20% penetration. The Norway results show that its 
flexibility is so high that there is no increase in operating costs when increasing 
wind penetration; the line is flat. 

In addition to estimates, there is already some experience from the actual balancing 
costs for the existing wind power in Denmark and Spain. For West Denmark, the 
balancing cost from the Nordic day-ahead market has been 1.4–2.6 €/MWh for a 24% 
wind  penetration  (of  gross  demand).  In  Spain,  the  balancing  cost  for  wind  power  has  
decreased in recent years, from 1.53 €/MWh in 2010, 1.40 €/MWh in 2011, and 
1.30 €/MWh during the first 9 months of 2012 (Spanish Wind Energy Association, 
2012). The penetration level has been approximately 16%. In a recent report from the 
Netherlands, balancing costs for wind in the Netherlands using balancing market data is 
estimated to be 0.6 €/MWh at a wind energy penetration level of 4% (Ministry of 
Economic Affairs report, 2012). These numbers are in the middle of the estimated 
balancing costs in Figure 14. 

The interconnection capacity to neighbouring systems is often significant. Thus, it is 
essential to note in the study setup whether or not the interconnection capacity can be 
used for balancing purposes. A general conclusion is that if interconnection capacity is 
used for balancing purposes, then the balancing costs are lower compared to the case in 
which they are not used. Other important factors identified as reducing integration costs 
were: aggregating wind plant output over large geographical regions, and operating the 
power system closer to the delivery hour. 
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Figure 15 provides a summary comparison of wind integration costs from a number of 
wind integration studies in the Pacific Northwest region of the United States with results 
from a number of ISO regions. The primary differences between the studies is that the 
northwest entities represent a number of smaller balancing areas, operating with hourly 
schedules in bilateral markets, while the ISO markets represent large geographical regions 
with sub-hourly markets. It is evident that utilities in the Northwest estimate higher than 
average costs compared to the ISO market regions.  

 

Figure 15. Integration cost estimates from U.S. wind penetration as installed wind capacity 
relative to peak load. The smaller balancing areas marked with yellow have larger costs. 
(Source: Portland General Electric and Enernex, 2011)  

Not all case studies presented results quantified as MW of increase in reserve 
requirements or 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. 

Balancing costs from electricity markets: 

 Balancing market integration for Nordic, 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 instead of 24 hours. Dynamic allocation of 
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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). This 
illustrates the socio-economic losses in reserve procurement imposed by fixed 
reservation of the corridors for reserve exchange (Farahmand, 2012). 

 In Sweden and Finland, the balancing costs as payments for wind power 
producers have been estimated from the balancing market (Nordic Regulating 
market) prices to be 0.3–3 €/MWh, depending on how distributed the wind 
power is and on the market price level for balancing (Holttinen & Stenberg, 
2011; Neimane & Carlsson, 2008; Carlsson, 2011). These balancing costs only 
include the costs related to unpredictability because wind power variability is 
handled in the Nordic day-ahead market. In Sweden, the use of 15-minute 
operating reserves has been estimated to increase by 18–56% of current amounts 
due to wind power forecast errors 1 or 4 hours ahead for 4000 MW of wind 
power (8% of gross demand) (Brandberg & Broman, 2007). The increased cost 
of system imbalances of Finland due to future wind power prediction errors was 
estimated to be 0.2–1 €/MWh for penetration levels of 1–10% of gross demand, 
assuming the Nordic balancing market was available (with no bottlenecks) 
(Helander et al., 2009).  

 The use of an intra-day market to help reduce the imbalance costs of wind power 
has been examined in Germany (FGE/FGH/ISET, 2007), and for the Nordic 
market in Finland (Holttinen & Koreneff, 2007) and Sweden (Neimane & 
Carlsson, 2008). The conclusion is that at least for lower penetration levels and 
the  current  price  assumptions,  there  is  not  a  straightforward  benefit  to  use  an  
intra-day market. This is because trading at an intra-day market would mean 
correcting all imbalances, whereas the imbalance payments only apply to the 
imbalances that affect the power system net imbalances—thus, not 100% of time 
(at low penetrations, only 50% of time). It is clear that at higher penetration 
levels, correcting at least a larger forecast error closer to delivery would be 
worthwhile from the producer’s point of view, and reduce impacts for the 
system (Holttinen, 2004). 

 In simulated cases in the Netherlands, it is shown that the international trade of 
electricity—in particular, postponing market gate closure—is an important 
solution for integrating more wind power in an efficient way. Importantly, 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 (Ummels, 2009). 

Wind impacts on balancing in hydropower dominated systems: 
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 Hydropower with large reservoirs has the potential to provide balancing for 
larger amounts of wind power. Changes in the utilisation of the Norwegian 
hydro reservoirs due to balancing future North Sea offshore wind are 
manageable. 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 (Völler, 2011).  

 In Sweden, the capability of hydropower to balance various amounts of wind 
power in Northern Sweden was studied (Amelin et al, 2009). 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, 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% 
(Estanqueiro et al., 2012). However, an optimized articulation of the operation of 
PHS and wind generation would require the design of new market operation 
principles. 

 
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 (Energinet.dk, 2007). The 
new targets set in 2012 by the Danish Government aim for wind power to 
deliver 50% of electricity consumption by the year 2020. 

 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 (All Island Grid Study, 2008). A joint study by SEAI 
and EirGrid simulated the 2011 All Island System with and without wind, and the 
constraints costs in both cases were compared (SEAI 2011). This comparison 
showed that 2.2 GW of wind power increased constraints costs by 24 million € or 
4.2 €/MWh. The study showed that this increase in constraints costs, along with 
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subsidy costs, was offset, almost equally, by decreased wholesale market prices 
resulting in a neutral net cost difference overall. 

 The Western Wind and Solar Integration Study (WWSIS) found that the 
Western Interconnection of the United States could accommodate up to 27% 
wind and solar energy penetration if operational changes could be made, 
including Balancing Area (BA) cooperation and intra-hour scheduling between 
BAs. While additional flexibility reserves were not needed for the wind 
variability, they were needed for the wind uncertainty to cover extreme forecast 
errors. Because it is hard to predict when an extreme forecast error will occur, 
and because holding high levels of flexibility reserves 8760 hours of the year for 
only 89 hours of events per year is cost-prohibitive, it was determined that an 
additional 1300 MW of demand response that could respond to contingencies 
would provide a more cost-effective approach to system balancing (GE, 2010). 

 The Western Wind and Solar Integration Study WWSIS found that 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 
(Jordan, 2012). However, WWSIS, as is the case for most other studies, did not 
explicitly include wear-and-tear costs for cycling and ramping of fossil plants 
because this information was not publicly available. Therefore, the amount of 
cycling and ramping may be overestimated in these studies. Phase 2 of WWSIS 
determines wear-and-tear costs and impacts for cycling and ramping of fossil 
plants (Kumar, 2012). These costs are being included in the unit commitment 
and economic dispatch optimization for several scenarios. This new cost data 
was applied to the original WWSIS dispatch results to determine a ceiling for 
these wear-and-tear costs. At 27% wind and solar energy penetration, the ceiling 
wear-and-tear cost was $140–470 million, or $0.55–1.90/MWh of wind and 
solar energy produced. This is 0.7–2.4% of the value of wind and solar energy 
(Jordan, 2012). 

 The Eastern Wind Integration and Transmission Study (EWITS) calculated the 
impact of 20% and 30% wind energy in the Eastern Interconnection of the 
United States. The three 20% cases were constructed based on alternative mixes 
of high-capacity-factor wind locations, geographically distributed wind 
locations, and offshore wind locations. The 30% case included nearly all of the 
sites from the various 20% cases. 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, based on hourly production 
simulations modelling.  
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 For the New York study with 10% wind capacity penetration, incremental 
regulation due to wind was found to be 36 MW. No additional spinning reserve 
was needed. Incremental intra-hour load following burden increased 1–2 MW / 5 
minutes. Hourly ramp increased from 858 MW to 910 MW. All increased needs 
can be met by existing New York resources and market processes. A system cost 
savings of $335–455 million for assumed 2008 natural gas prices of $6.50–
6.80/MMBTU were found. Day-ahead unit-commitment forecast error standard 
deviation ( ) increased from 700–800 MW to 859–950 MW. Total system 
variable cost savings increased from $335 million to $430 million when state-of-
the-art forecasting was considered in unit commitment ($10.70/MWh of wind). 
Perfect forecasting increased savings an additional $25 million (GE Energy, 
2005). 

 For Texas, the regulation time scale impacts (second-to-second variability) were 
studied, and a 54 MW and 48 MW increase in up-regulation and down-
regulation, respectively, was found. The cost of regulation per MWh of wind 
using a state-of-the-art wind forecast increased as wind capacity reached 10000 
MW up to $0.27/MWh, but then decreased to an actual savings of regulation 
costs at the 15000MW penetration level of $0.18/MWh. The reason for this is 
that even with the higher regulation requirements, the regulation clearing prices 
for the ancillary service market decreases as the unit commitment problem is 
solving to commit cheaper units because of the added wind capacity. The 
avoided cost of wind power was estimated to be approximately $55/MWh of 
wind energy (GE Energy, 2007). 
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5. Wind power impacts on transmission network 

This section lists results from studies looking at impacts on grid reinforcements and 
stability of the grid. Grid reinforcement may be needed to accommodate for larger 
power flows and maintain 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 
modern wind power plant or any other power plant. The grid reinforcement needed for 
wind  power  is  therefore  very  dependent  on  where  the  wind  power  plants  are  located  
relative to load and grid infrastructure, and one must expect results to vary from country 
to country. 

The grid should be sufficiently strong to cope with electricity infeed from added wind 
power plants, also during failures that may occur in the network. More detailed 
simulations of power flows in the transmission grid are needed to confirm this. Steady-
state load flow and contingency analyses are performed to confirm the steady-state 
adequacy  and  utilisation  of  the  transmission  system and  to  assess  if  the  grid  is  strong  
enough to cope with added wind power plants also during significant failures. Dynamic 
system stability analyses are usually performed at higher penetration levels and if there 
are stability issues foreseen in the system. The chosen deployment of wind generation 
(including different wind turbine technologies and wind distributions) can also be 
evaluated against existing grid code requirements, and different mitigation or 
participation options can be considered. Wind turbine capabilities are still evolving, and 
may mitigate some wind power impacts. 

5.1 Wind turbine capabilities and possibilities to support the 
grid 

With current technology, wind power plants can be designed to meet industry 
expectations, such as riding through voltage dips, supplying reactive power to the 
system, controlling terminal voltage, participating in system operation with output and 
ramp rate control, and providing data acquisition (SCADA) information.  
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System stability studies have shown that modern wind plants equipped with power 
electronic controls and dynamic voltage support capability can improve system 
performance by damping power swings and supporting post-fault voltage recovery. In a 
U.S. study, it was found that wind power plants with some dynamic reactive capability 
may reduce or eliminate the need for dynamic reactive devices on the transmission 
system (Loutan et al., 2007). 
 
Operation of power systems under the effect  of voltage dips in wind power has led to 
TSOs requiring Fault-Ride-Through (FRT) capability in wind power plants. By the end 
of 2010, 704 Spanish wind power plants were certified against FRT capability (19.2 
GW and approximately 95% of installed capacity). A total of 1 GW wind turbines are 
excluded due to old manufacturers not operating anymore, small-size turbines, or 
prototype turbines. Figure 16 shows the number of power losses greater than 100 MW 
from 2005 to 2010 and the percentage of wind power without FRT. As a result of this 
technical adaptation, the problem of significant wind generation tripping has been 
solved, and therefore preventive production curtailments for this reason have not been 
required since 2008. 

 

 

Figure 16. Evolution of wind power with FRT and number of power losses  100 MW by voltage 
sags in Spain (Martín-Martínez et al., 2012). 
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In the case of offshore grids established for the purpose of interconnecting current and 
future offshore wind power plants, it is necessary to ensure associated components are 
also  beneficial  and  compliant  with  onshore  grid  codes.  It  is  likely  that  offshore  grids  
will  use  HVDC  lines  and  converter  stations  because  HVDC  technology  is  more  cost-
effective than high-voltage alternating current HVAC for long distances. In the 
Netherlands, while developing control schemes for multi-terminal grids, it has been 
shown  that  an  approach  with  multiple  “slack  buses”  allows  the  most  flexible  flow  of  
power between countries’ loads and offshore power plants. This approach also better 
accommodates changes to minimize losses and improve security. The performance of 
such a controlled network has been evaluated for grid codes specified by the German 
TSO,  E.ON  Netz,  and  the  Spanish  TSO  Red  Eléctrica.  Due  to  their  flexibility  and  
control capabilities, Voltage source controlled high voltage direct current (VSC-HVDC) 
terminals can comply with the most common TSO requirements, even when sitting 
inside multi-terminal networks. However, while it is true that VSCs can control their 
active and reactive power independently, they can only do so within their rated 
capability.  If  the  reactive  power  requirements  are  too  strict,  they  will  only  be  met  in  
detriment of the converter active power and vice-versa. One conclusion is that the 
impact of the grid code requirements, especially the supply of reactive current during 
voltage dips, on the operation of a MTDC network during high-wind scenarios can be 
substantial (Rodrigues, 2012). 

5.2 Wind turbine impacts on grid stability 

In 2010, EirGrid published the results of the TSO Facilitation of Renewables Studies 
(EirGrid, 2010). This was a comprehensive set of studies that examined the impacts of 
large, instantaneous penetrations of asynchronous generation (HVDV imports and wind 
power) on frequency and dynamic stability. During periods with large, instantaneous 
penetrations of wind power, the studies show the following: 

 
 Network disturbances have the potential to result in a reduction of wind power 

of greater magnitude than the largest conventional generation infeed, resulting in 
a significant frequency stability risk. 

 Standard islanding protection can result in significant loss of wind power during 
events when frequency is dropping. Islanding protection on some wind power 
plants triggers on rate of change of frequency values in excess of +/- 0.5 
Hz/second. The reductions in wind power output during these events can result 
in significant load shedding. 

 Critical clearance times are below acceptable levels, resulting in a dynamic 
stability risk that can be mitigated to a large extent by wind power plant reactive 
current injection under fault conditions. 
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 Grid  code  compliant  performance  of  conventional  and  wind  generation  was  
assumed in the studies. If actual performance is less than this, then actual system 
risks are greater. Thus, ensuring actual levels of performance are compliant with 
grid code mandated performance is critical to system security. 

 

 

Figure 17. Results from the TSO Facilitation of Renewables Studies, EirGrid 2010. More than 
60 combinations of wind power production, load, and HVDC import/export scenarios were 
studied for dynamic, transient, and frequency stability. The scenarios highlighted in red are the 
combinations of load, wind power, and HVDC imports/exports that result in instability for which 
there is no known resolution. The area in orange can be operated in once certain mitigation 
measures are adopted. The area in green showed no issues. 

As  a  result  of  these  studies,  a  limit  on  the  instantaneous  penetration  of  asynchronous  
generation of 50% has been adopted. A program of work is underway within EirGrid to 
implement certain remedial actions identified in the studies and this 50% limit may be 
increased in the future as these are completed (EirGrid, 2011). It is not anticipated that 
instantaneous penetrations above 75% will be possible. Some of the mitigation 
measures underway include the following: 

 Implementation of alternative forms of islanding protection not reliant on rate of 
change of frequency measurements 

 Review of reactive power requirements of wind power plants, particularly 
requirements for reactive support during disturbances 
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 Continued development of an online wind stability assessment tool that 
evaluates dynamic stability for a range of wind power scenarios and identifies a 
safe upper limit for instantaneous wind power 

 On-going review and enforcement of grid code requirements on wind and 
conventional generation 

 

5.3 Grid adequacy 

Transmission planning for wind is becoming an iterative process consisting of 
generation expansion planning, economic-based transmission planning, system 
reliability analysis, and wind integration studies.  

The following innovative approaches to transmission expansion for remote wind 
projects have been undertaken recently in the United States (Smith et al., 2012):  

 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 centres. In ERCOT, 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 plan that was approved consisted of an integrated 
345-kV system expansion with 2376 miles of new right-of-way to accommodate 
a total of 18,456 MW of wind capacity at a cost of $4.93 billion. A production 
cost savings of 2.4 billion dollars per year was estimated for this scenario. 
(AWEA, 2010). California, Colorado, and Minnesota have similar processes 
underway. 

 The Eastern Interconnection of the United States was studied with an annual 
wind penetration of 20% and 30% in the study year 2024 (EnerNex, 2011). New 
transmission will be required for all the future wind scenarios in the Eastern 
Interconnection, including the reference case. Without transmission 
enhancements, substantial curtailment of wind generation would be required for 
all  of  the  20%  scenarios.  Transmission  helps  reduce  the  impacts  of  the  
variability of the wind, which reduces wind integration costs, increases 
reliability  of  the  electrical  grid,  and  helps  make  more  efficient  use  of  the  
available generation resources. Although costs for aggressive expansions of the 
existing grid are significant, they make up a relatively small piece of the total 
annualized costs in any of the scenarios studied. In comparing the alternative 
transmission build-out scenarios, a common “core” of transmission corridors can 
be identified, indicating that these corridors represent a robust selection of lines 
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that will be useful regardless of the specific wind scenario that will evolve, 
based on those cases analysed. This study also showed that transmission has an 
effect on resource adequacy, generally increasing the capacity value of wind 
plants.  

 In the Western United States, WWSIS did not create a detailed transmission plan, 
but did consider three high renewables scenarios with varying levels of 
transmission build out: the In-Area scenario met renewables targets within each 
state and had no interstate transmission; the Mega-Project scenario utilized the 
best resources, minimizing cost of delivered energy, with significant interstate 
transmission; and the Local-Priority scenario had an intermediate transmission 
build out. Notably, WWSIS found very little difference in production cost in these 
three scenarios, as long as there was significant BA cooperation and intra-hour 
scheduling (GE, 2010).  

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

 In TradeWind project power flows in the European transmission network were 
simulated with the expected wind power capacity deployment scenarios in 2010, 
2015, 2020, 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 are implemented, operational costs of power 
generation would be reduced by 1.5 billion € per year after 2030. TradeWind also 
evaluated the effect of improved power market rules and quantified these in terms 
of reduction of the operational costs of power generation. 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. Consequently, the TradeWind analysis 
concluded that the European electricity market needs intra-day rescheduling of 
generators and trade, a consolidation of market areas, and increased 
interconnection capacity in order to enable efficient wind power integration 
(vanHulle, 2009). 

 European  Wind Integration  Study  EWIS:  A key  recommendation  from EWIS is  
that pan-European modelling, coordinated and adjusted by more precise regional 
or national models, should be further developed and used, as appropriate, to assess 
future development of the European transmission network, especially as the 
proportion of wind generation increases. Looking beyond the immediate measures 
to strengthen and make best use of existing networks, 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 
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capital costs. These include some 30 links with a total capital cost of 
approximately 12 billion €. It is likely that strengthening these priority cross-
border interconnections will give fuel savings and CO2 emission benefits 
exceeding the reinforcement capital costs. 

 The EU-project SUPWIND assessed transmission infrastructure extension as a 
mitigation measure for the effects of increased wind generation in power systems. 
It evaluated the benefits of further line extensions (reinforcements) between 
Central European (UCTE) and Nordic (NORDEL) countries, and the efficiency 
gains and the distribution of these gains up to 2030. 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 (Apfelbeck et al., 2009; 
Kristoffersen et al., 2009). 

 The European Network of Transmission System Operators for Electricity 
(ENTSO-E) (a common body of the European Transmission system operators 
representing 42 TSOs from 34 countries inside 5 synchronous zones) has started 
publishing a plan on the next 10 years’ grid development every second year, 
called the Ten-Year-Network-Development-Plan (TYNDP). There are three main 
reasons for transmission needs: security of supply, connection of renewables, and 
implementation  of  the  market.  Renewables,  as  one  main  driver,  include  a  lot  of  
wind power in northern Europe, some hydropower in northern and central Europe, 
and a lot of solar power expected in southern Europe; 125 GW of new connected 
renewable energy sources are expected to deliver 38% of the electricity demand 
(mostly  wind  and  photovoltaic)  while  CO2  emissions  from  the  power  sector  
decrease 28–57%. This leads to investments of more than 100 billion € into the 
grid, which 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 direct current DC connections. The kilometres are 
similar to an increase of 1.3% grid length development despite a major shift in the 
European generation mix. The costs of more than 100 billion € 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 (ENTSO-E TYNDP, 
2012). 

In Europe, another new and international issue is offshore wind power and 
transmission planning with offshore grids: 

 Europe is set to build large amounts of offshore wind power, increasing from 
2.5 GW today up to 40–85 GW in the year 2030; some of it will be located far 
from shore with the need for long subsea power cables to the onshore power 
system. At the same time, there is a need to better integrate the power markets in 
Europe by increasing the transnational power exchange capacity. Both 
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developments call for consideration of combining offshore wind power grid 
connection and interconnections between countries. North Seas Countries 
Offshore Grid Initiative (NSCOGI) has been formed with the objective of 
coordinating investigations on technical and grid planning questions, as well as 
identifying market and regulatory barriers. ENTSO-E has published the 
assumptions on HVDC technology, which is expected to be available in 2030 
(Orths, Hiorns, van Houtert, 2012).  

 As a result of on-going European research, a new optimization tool for 
transmission expansion planning has been developed to account for the stochastic 
properties of wind power distributed over large areas and consider the benefit of 
transmission capacity between differently priced areas and the value of connecting 
offshore wind power to the grid versus the investment cost of power cables. The 
outcome is  an  optimal  grid  that  answers  the  question  of  where  to  build  the  new 
transmission lines/cables and with how much capacity. This tool has been applied 
to a case study of the North Sea region where there exists extensive plans for both 
offshore wind development and new subsea interconnectors between countries. In 
the study, 33 prospective interconnectors were considered and an optimal meshed 
grid was calculated as a result (Trötscher, 2010). In the case study, wind power 
was modelled using Reanalysis wind velocity data and regional power curves, 
adapted from the EU project TradeWind.  

 The Danish TSO, together with a German university, has developed a benchmark 
grid investigating operational issues (Rudion et al., 2010). They developed an 
observer-based management system that allows for dynamic slack node allocation 
in the offshore grid depending on market schedules. The developed algorithm 
aims at minimum losses while keeping technical limits, such as voltage level, in 
all nodes. 

 The EU project OffshoreGrid calculated the overall infrastructure costs for 
connecting 126 GW of offshore wind power plants by 2030 in the North Sea by 
building an offshore grid (deDecker et al., 2011). Total costs would amount to 84–
86 billion €, representing about a fifth of the value of the electricity that is 
generated offshore by 2030. OffshoreGrid assessed 321 current and future 
offshore wind power plant projects and recommends 114 of them to be clustered 
in hubs. Doing so would achieve savings up to 14 billion € by 2030, compared to 
connecting them individually to shore. That is, total investment costs for 
connecting offshore wind power plants would be 69 billion € rather than 83 billion 
€. From this hub base case scenario, two possible grid designs were analysed: (1) 
a direct design, which involves building interconnectors for unconstrained trade 
between countries first and then tee-in, hub-to-hub, and meshed grid are added 
with a total cost of 86 billion €, and (2) a split design, which involves building an 
offshore grid around the planned wind power plants in which the starting point is 
not only building interconnectors but splitting connection of large wind power 
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plants between countries. These split wind power plant connections establish a 
path for constrained trade. These offshore wind power plant nodes are then further 
interconnected to establish an overall meshed design where beneficial. The total 
cost of this design is approximately 84 billion €. When comparing these two 
designs in relative terms by looking at the benefit-to-CAPEX (capital-expenditure 
ratio, the split design is slightly more cost effective than the direct design and 
yields higher benefit return on investment. Both designs 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. A meshed offshore 
grid makes 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 amount to only 0.1 €c/kWh consumed in the 27 
European Union countries (EU27) over the project life time. 

The  reported  results  in  the  national  case  studies  for  grid  reinforcements  are  as  
follows:  

 In Ireland in 2010, EirGrid launched its network development strategy “GRID 
25” (EirGrid, 2010). This is a network investment strategy out to the year 2025 
and involves upgrading the transmission system at 110 kV, 220 kV, and 400 kV 
to accommodate up to 40% energy from renewable generation (approximately 
6.6 GW of wind generation capacity) and future conventional generation and 
demand growth. The total required investment is estimated at 4 billion €. This is 
the estimated investment that is required to cover the full infrastructure needs of 
the system and is not due exclusively to wind power. The All Island Grid Study 
(AIGS, 2009) 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. The incremental 
transmission investment required to integrate the 4.3 GW beyond 2.25 GW 
amounts to 212 €/kW of renewables. 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 identified that were addressed 
more  fully  in  EirGrid  Facilitation  of  Renewables  studies  (EirGrid  &  SONI,  
2011), with on-going work (DS3 project EirGrid & SONI, 2012) including 
measures to address them. 

 In Italy, investments in reinforcement of the transmission grid, in the coming 
5 years, have been estimated as more than 2.5 billion € for integration of an 
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additional 6.5 GW of wind power and 11 GW of solar, considering respectively 
the existing 6.5 GW and 13 GW already installed (2011). (Terna, 2012) 

 The Spanish TSO Red Eléctrica de España (REE), is planning an investment of 
8000 million € during 2007–2016 to accommodate high renewables targets. Power 
system design and operation has been conducted through different scenarios in 
2016.  The  study  was  conducted  in  a  summer  demand  situation  with  a  seasonal  
non–extreme peak level of 92%. Spain is divided in four zones to study the 
influence of wind power in the transmission system. Wind power generation is set 
up to 80% of the installed capacity in the studied area, while the wind power 
generation in the other three areas is fixed, according to studies of statistical 
production data. Load flow, short circuit, and stability studies were conducted to 
study network contingency situations and system recovery after a disturbance 
(Rodríguez-Bobada et al., 2006). The planned power generation must be capable 
of providing mainly dynamic voltage control, given the massive penetration of 
these new technologies. These studies were conducted in peak demand scenarios. 
Other additional services are more appropriate to be analysed in low demand 
situations, such as voltage regulation control and frequency control (REE, 1995; 
Rodríguez-Bobada et al., 2008). The study concludes that the planned wind 
power capacity can be integrated into the Spanish power system, highlighting 
some prerequisites, such as the development of the planned transport network and 
compliance with the actual and proposed technical grid code requirements. Some 
significant 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) (Smith et al., 2010a). 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. Adding total costs of all grid development 
items would mean a grid investment of approximately 100 €/kW of wind 
(Estanqueiro et al., 2008). 

 In Germany, dena study results were approximately 100 €/kW for 36000 MW of 
wind (Dena, 2005). The recent dena study II (dena, 2010) calculated the annual 
cost, 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 
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generation capacity in 2020 when 39% of the gross electricity consumption is 
assumed to be contributed by renewable energy sources. Within this scenario, 
onshore and offshore wind energy installations amount to approximately 49%, or 
37 GW, and 18%, or 14 GW, of the total installed renewable energy generation 
capacities. Apart from the common estimation of the grid extension requirements, 
different transmission technologies have been evaluated. Investigations of flexible 
line management (FLM) using line ratings based on actual wind speeds, conductor 
temperature, and high-temperature conductors to increase the transmission 
capacity of overhead lines in the extra-high-voltage grid showed that FLM can 
have a high potential to increase the transmission capacity in some individual 
cases to overcome grid congestion.  

 In the Netherlands, TU Delft and TenneT TSO propose a round-the-year 
approach by combining market simulations with static security analysis to deal 
with increased uncertainties (Ciupuliga et al., 2012), as a more accurate 
alternative to the classic worst-case approach planning. With this method, many 
combinations of load and generation, including renewable energy sources 
(RES), are created and analyzed, using unit dispatch based on cost optimization, 
in order to achieve a robust planning under a variety of possible scenarios. The 
chronological aspect and the correlation of load and wind-speed time series are 
considered. For each combination, the branch loadings can be determined for 
normal and contingency situations. Criteria for prioritizing bottlenecks were 
developed together with a method for ranking them according to a risk-based 
severity index. It was shown that the new method gives more accurate results, 
identifying bottlenecks that the snapshot method missed and also giving a 
reliable bottleneck ranking based on the risk of overload calculation. By 
analysing the risk of overload and the aggregated severity index, planners can 
decide whether bottlenecks are severe or if they can be solved (temporarily) via 
operational measures. The method can be used for comparing the effect of 
different wind penetration scenarios on the severity indices of different grid 
elements. The method is currently further developed and targeted to be used in 
future transmission expansion planning studies of TenneT TSO.  

The costs of grid reinforcement needs due to wind power are often not earmarked 
because it is not straightforward to allocate the cost for investments that benefit all users 
of the grid. The costs will vary from country to country depending greatly on location of 
the wind power plants relative to load centres. Grid reinforcement costs are by nature 
dependent of the existing grid. The grid reinforcement costs are not continuous; there 
can be single, very-high-cost reinforcements. The costs vary with time and are 
dependent on the time instant the generator is connected. After building some lines, 
often several generators can be connected before new reinforcement needs occur. After 
a certain time instant, new lines, substations, or something else is needed. The same 
wind power plant, connected at a different time instant, therefore may lead to different 
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grid reinforcement costs. For transmission planning, the most cost-effective solution in 
cases that demand considerable grid reinforcements would be to build a transmission 
network for the final amount of wind power in the network, instead of having to 
upgrade transmission lines in several phases.  

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 (Lange and Focken, 2008). However, it does 
not significantly reduce the amount of grid reinforcement needed if all wind-generated 
power is to be transported at any time (dena, 2010). The German dena grid study II 
(dena, 2010) 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. When 
using conventional overhead lines, three 600-km lines at a cost of 0.9 billion €/year 
would be needed. If instead an upgrade of existing lines with high-temperature 
conductors is made, where possible, only one 700-km new line is needed, along with 
five 700-km line upgrades. The cost would be 1.6 billion €/year. The use of an HVDC 
meshed grid with underground cables needs three 400-km new cables and costs 2 billion 
€/year. Using point-to-point connections instead of a meshed grid would further 
increase the cost. Gas insulated lines were also investigated, but found to be much more 
expensive than all other options. 

Grid reinforcements should be held up against the option of not using all available wind 
or altering operation of other generation, if grid adequacy is insufficient during only part 
of the time or for only some production and load situations. A Norwegian study shows 
that the power smoothing effect of geographically dispersed wind power plants gives a 
significant reduction of discarded wind energy in constrained networks, compared to a 
single, up-scaled wind power plant site (Korpås et al., 2006). In both Norway and 
Sweden, it has been shown that with comparatively high grid costs it can be 
economically preferable to curtail wind power in some situations rather than increase 
the transmission capability, and coordination of hydropower and wind power in a region 
with limited export capability can reduce the need for grid upgrade (Matevosyan, 2006; 
Tande & Uhlen, 2004). 
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6. Capacity value of wind power 

The question of whether there is sufficient capacity at some future date is known as the 
power or resource adequacy question. This is related to the long-term reserve or 
planning reserve that power systems carry. To answer questions such as: “Can wind 
substitute for other generation in the system and to what extent?” and “Is the system 
capable of meeting a higher (peak) demand if wind power is added to the system?” the 
capacity value of wind can be calculated. Capacity value is the portion of installed 
capacity that will provide additional load carrying capability to meet projected increases 
in system demand. This contribution is typically measured in either MW or as a 
percentage of installed wind capacity. The term “capacity credit” may also be used.  

Two international task force papers (partly including Task 25 collaboration) have 
recommended the use of loss of load expectation (LOLE) and related methods, such as 
calculating the Effective Load Carrying Capability (ELCC) to calculate the capacity 
value of wind (Keane et al., 2010; NERC, 2011). 

Wind generation will have a capacity value that is often close to the average power 
produced by wind power (capacity factor) at low penetrations and will decline as wind 
penetration increases. In the results summarised in Figure 18, the range is from 40% of 
installed wind power capacity (in situations with low wind penetration and a high 
capacity factor at times of peak load), to 5% in higher wind penetrations, or if regional 
wind power output profiles correlate negatively with the system load profile (a low 
capacity factor at times of peak load). The aggregation benefits apply to capacity credit 
calculations—for larger geographical areas, the capacity credit will be higher. 

The relative wind capacity credit, as percent of installed wind capacity, is reduced at 
higher wind penetration, but the extent of this decrease depends on the geographical 
dispersion of the additional wind plants and the smoothing that results from this 
dispersion. This is demonstrated by comparing the cases of Mid Norway with one and 
three wind power plants. In essence, it means that the wind capacity credit for all 
installed wind in Europe or the United States is likely to be higher than that of the 
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individual countries or regions, with the same penetration level. Indeed, this is true only 
when assuming that the grid is not limiting the use of the wind capacity (i.e., just as 
available grid capacity is a precondition for allocating capacity credit to other 
generation). 

The results presented in Figure 18 for capacity value of wind power are from the 
following studies: 

 Germany (Dena, 2005) 
 Ireland (AIGS) 
 Norway (Tande & Korpås, 2006) 
 Quebec (Bernier & Sennoun, 2010) 
 UK (Ilex & Strbac, 2002) 
 US Minnesota (EnerNex/WindLogics, 2004; EnerNex/WindLogics, 2006) 
 US New York (GE Energy, 2005) 
 US California (Shiu et al., 2006) 
 US EWITS study (EnerNex, 2011) 

The US Eastern Wind Integration Study EWITS did several calculations for capacity 
value of wind. The study used three scenarios of 20% wind penetration and one scenario 
of 30% penetration. Three load and wind profile years were used for each scenario. 
Using the 2004 profile year, the capacity value of wind (Effective Load Carrying 
Capability ELCC) was 14–18% of wind rated capacity. The 2005 profile results are 14–
20%, and the 2006 profile results are 16–23% (EnerNex, 2011). The 30% results are 
16–19% for profile years 2004–2006, respectively. When a new transmission overlay 
was added, the results changed significantly, ranging from 24% to 33% of wind rated 
capacity, depending on penetration. 
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Figure 18. Capacity credit of wind power, results from ten studies, showing reduction of capacity 
value as penetration level increases. New York on-offshore shows the range of capacity value 
for wind, when calculated only for onshore sites (10 %) or only offshore sites (40 %).  

Results for the capacity credit of wind power in Figure 18 show a considerable spread. 
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 18. For near zero penetration level, all 
capacity credit values are in the range of the capacity factor of the evaluated wind 
power plant installations. 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 %. 

Hydro Quebec study results show 30% of capacity value for 4% penetration (7.5% of 
peak load). The study compares two methodologies, the MARS model and the Hydro-
Quebec model, that capture the correlation between variation in load and wind 
generation on an hourly basis. The sensitivity of the results shows that the length of the 
reference history and the consideration of the effects of very cold temperature on the 
wind power turbine operation have a direct effect on the precision of such evaluation 
(Bernier & Sennoun, 2010). 
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Although  the  use  of  alternative,  simplified  methods  appears  to  be  somewhat  popular,  
many of these have not been compared to the more robust approaches based on 
reliability analysis. This comparison is strongly encouraged so that the trade-offs of 
using simplified approaches is transparent. Approaches used to calculate capacity credit 
based on simplified approaches in the United States are summarised in Rogers and 
Porter, 2012.  

There  are  also  new,  more  elaborate  methodologies  emerging  to  study  capacity  credit.  
For example, the risk assessment methodology in Portugal and Spain calculates not only 
the general adequacy of the generating system but also the risk associated with the 
operating reserve (Bessa et al., 2012). 
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7. Operational practices and technologies that 
enhance penetration of wind power 

Several system operation practices and technologies that mitigate unfavourable impacts 
and support enhanced penetration can be highlighted based on current wind integration 
experience and integration study results. The inability to integrate all wind power in the 
system can be seen as occasional curtailments of wind power that may be needed due to 
either transmission congestions or insufficient balancing or stability issues in the 
system. Increasing power system flexibility through increasing transmission to 
neighbouring areas, generation flexibility, demand-side management, and optimal use of 
storage (e.g., pumping hydro or thermal), in combination with market aggregation and 
operation closer to real time, will impact the amount of wind that can be integrated cost 
effectively.  

The aggregation benefit of large balancing areas helps in reducing the per-unit 
variability and forecast errors of wind power and helps by pooling more cost-effective 
balancing resources. An alternative to large balancing areas is to allow and promote 
intra-day and intra-hour trading between different balancing areas in order to obtain 
low-cost balancing services. System scheduling and operating electricity markets at less 
than day-ahead time scales help to reduce the forecast errors of wind power that affect 
operating reserves. Transmission is the key to aggregation benefits, electricity markets, 
and larger balancing areas. Interconnection will alleviate most instances of curtailment 
needs in the system, but in the wider interconnected system with higher penetration 
levels of wind power curtailment, needs will ultimately be decided by conventional 
plant dispatch limits. 

7.1 Operational practices 

Experience on coping with high instant wind power shares in the system has been 
reported in (Söder et al., 2012). Denmark is managing the >100% shares occurring 
approximately 75 hours per year by exporting to neighbouring countries Norway and 
Sweden. Shares of more than 50% of wind power have been experienced and managed 
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in systems with comparatively small exchange capabilities with their neighbours, i.e., 
Ireland and the Iberian countries (Portugal and Spain)1. 

In Denmark, the system operator Energinet.dk requires two or three central power 
stations in both parts of the country to be online, depending on the system conditions. 
Options for further decrease without compromising system stability are currently being 
investigated. When there are high wind conditions and low prices, the central power 
plants are not dispatched by the market and they are currently paid separately to operate. 
This must-run requirement is primarily related to the safe operation of the HVDC lines 
and securing sufficient voltage control during power changes on the tie lines. The rule is 
not specifically related to wind power. To accommodate further increase in wind power, 
together with expected mothballing of several central power plants, the balancing issues 
will be tackled by a combination of several different measures (ENTSO-E, 2010). 
Energinet.dk intends to minimize dependency on must-run units by building the 
required system support into the grid in the form of new synchronous voltage 
compensators (SVCs), and taking advantage of the VSC technology on new direct 
current DC lines.  

In Ireland, frequency and voltage stability concerns have necessitated rules for the 
number of units that remain online (three units in Northern Ireland and five in the 
Republic of Ireland). The Irish TSO EirGrid may restrict the instantaneous System Non-
Synchronous Penetration (SNSP) to 50% of system demand to maintain system 
security. SNSP is calculated as the sum of asynchronous generation plus the net import 
over the HVDC interconnectors divided by the system demand. The SNSP limit is 
imposed for voltage and stability reasons. With the construction of a new, 500-MW 
interconnection to Great Britain due to be completed in 2012, this may allow wind to 
meet up to 75% of system demand when the interconnector is exporting (EirGrid, 
2011). Means to change system settings to get to 75% SNSP in 2020 are described in 
Section 5.2. 

Supervising and controlling wind generation in real time can decrease the number and 
quantity of curtailments, maintaining the quality and security of the electricity supply at 
the same time as maximizing renewable energy integration. In Spain and Portugal, the 
TSOs require real-time communication with wind power plants through aggregation and 

                                                

1 Portugal and Spain have a good exchange capability, but highly correlated RES generation. 

Exchange capability towards the rest of the large central European power system is limited 

due to small interconnection with France.  
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control  clusters,  enabling  the  TSO  to  understand  conditions  of  operation  at  all  times,  
and to issue the necessary instructions relating to generation. In Spain, the system 
operator receives the telemetry of 98.6% of the wind generation capacity installed; from 
which 96% is controllable (the operator is able to adapt its production to the given set-
point within 15 minutes). The telecommunication deployment of almost 800 wind 
power plants spread all around Spain has been achieved as a result of the aggregation of 
all the distributed resources of more than 10 MW. The information is collected from the 
production units, which in turn is needed for real-time operations. Measurements, such 
as active and reactive power, voltage, connectivity, temperature and wind speed, are 
taken from wind power plants every 12 seconds.  

In Portugal, a wind share close to 75% is controlled through the wind clusters that not 
only collect data from the most relevant parameters for power system operation, but also 
have the capability to control the active and reactive power from the wind plants as well 
as limit extreme power ramps. 

Another key aspect about system operation with large amounts of wind power is the 
grid code or requirements for wind power plants to support the grid. By the end of 2010, 
704 Spanish wind power plants were certified for fault-ride-through capability 
(19258 MW and approximately 95% of the installed capacity). Wind turbines totaling 
1,000 MW have been excluded because of their defunct manufacturers, small size, or 
prototype design. As a result of this technical adaptation, the problem of significant 
wind generation tripping has been solved—production curtailments for this reason have 
not been required since 2008 (Söder et al., 2012). 

One  of  the  U.S.  balancing  areas  (BAs  with  the  highest  penetration  of  wind  is  Xcel’s  
Public Service of Colorado, which sees a 12–13% annual average wind penetration and 
can reach 55–56% on an hourly basis. Public Service of Colorado is pursuing a move to 
faster inter-changes with neighbouring BAs to help accommodate the wind variability 
and reduce wind curtailment. Public Service of Colorado’s 10% wind integration study 
showed that using its 300-MW pumped hydro unit to balance net load instead of 
balancing load (neglecting or separating wind balancing) would reduce its wind 
integration costs by 26% (Parsons 2006). 

A U.S. study for the Western Interconnection recommended expanding sub hourly 
dispatch and scheduling, facilitating dynamic transfers between balancing authorities, 
implementing an energy imbalance market, improving wind forecasting, improving 
reserves management and demand response, accessing greater flexibility in the dispatch 
of existing generating plants, and focusing on flexibility for new generating plants as 
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ways to move forward with wind integration at least cost (Western Governors’ 
Association, 2012).  

In Japan, many electric utilities have set limits for acceptable wind power installation 
due to concern for the lack of both downward reserve and frequency regulation, 
especially at light-load periods at night. Some electric utilities have started to accept the 
wind power plants that disconnect and give up generating power during light-load 
periods with less adjustable reserve, and/or wind power plants that employ battery 
energy storage systems to charge the generated power during the light-load periods. 
Instead of these uneconomical solutions, demand-side solutions, such as autonomous 
frequency regulation by electric water heaters (EWHs), has been studied under a simple 
model of Hokkaido power system in Japan. The result indicates that the acceptable wind 
power generation increases from 225 MW to 675 MW by applying the proposed 
autonomous frequency regulation on 170000 electric water heaters EWHs, and the total 
cost to implement the autonomous frequency regulation on the electric water heaters 
EWHs is estimated at less than 1/10 compared with a solution using battery storage 
(Kondoh, 2010). 

7.2 Energy Storage 

For wind penetration levels of 10–20% of gross demand, the cost effectiveness of 
electricity storage in power systems is still low (excluding hydropower with large 
reservoirs or pumped hydro). With higher wind penetration levels, the extra flexibility that 
storage can provide will be beneficial for the power system operation. It is important to 
notice, however, that any storage should be operated according to the needs of 
aggregated system balancing. It is not cost effective to provide dedicated back-up for 
wind power in large power systems where the variability of all loads and generators are 
effectively reduced by aggregating, in the same way it is not effective to have dedicated 
storage for outages in a certain thermal power plant, or to have specific plants following 
the variation of a certain load.  

In current power systems, hydropower reservoirs and pumped hydro are used 
extensively, as well as heat storage technologies. With annual penetration levels 
exceeding 15%, pumped hydro storage has been able to reduce curtailments of wind 
power.  

The market operation of storage will be more challenging with wind power. Without 
wind, or variable renewables, operation is based on load variations and is fairly 
predictable with higher prices during the day and lower prices at night. However, with 
high penetrations of wind and other renewables, price differentials are no longer driven 
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by the load but instead are driven by variable renewables participation in the markets 
through power forecasts. Storage operators will then need to predict when significant 
forecast errors or uncertainty will occur in order to put forth market offers and to know 
when to pump and when to generate (Estanqueiro et al., 2012). 

In Italy, preliminary activities for the implementation of storage systems for system 
operator use have started: approximately 250 MW of batteries (up to 1 billion €) 
installation is foreseen in South of Italy (Estanqueiro et al., 2012b): 

 to avoid variable renewable generation curtailment in case of exceeding generation 
respect to grid transport capacities, by storing the excess of energy in secure 
conditions to be used later, out of network congestion’s periods; and 

 to compensate the variable generation by increasing primary and tertiary reserve 
availability.  

In Japan, some electric utilities have started to preferentially accept the wind power 
plants that install a secondary battery to store the generated power during light-load 
periods. This is due to the lack of both downward reserve and frequency regulation 
during light-load periods, mainly caused by a high amount of base-load plants and no 
flexible exchange of variable wind power via interconnectors between adjacent areas. 

In Ireland, studies for a year 2020 scenario have shown that even where there is 
significant wind curtailment in high wind scenarios, storage was not economically 
justified until approximately 50% of energy was supplied by wind (Tuohy & O’Malley, 
2011). This is due to high capital costs and low round-trip efficiencies, and not 
considering alternative options such as demand-side management and improved wind 
forecasts. Merchant storage units participating in energy arbitrage under current market 
conditions were unprofitable. Opportunities arising from additional benefits of storage, 
including fast start-up and response times, have yet to be evaluated. For example, due to 
the significant reserve contribution that can be provided by storage (particularly at times 
of low load) the system can be operated with less synchronous generation online, 
although concerns arising from lower system inertia may result. 

A common and sensible assumption is that increasing wind penetration in conjunction 
with  PHS  will  always  reduce  the  CO2  emissions  in  a  power  system.  However,  the  
Ireland case study for 2020, while showing an emissions decrease associated with wind 
power additions, demonstrated that total CO2 emissions were actually seen to grow with 
increasing storage capacity due to the increased participation of base-load plants, 
including coal plants in Great Britain, accessing the Irish system through DC direct 
current interconnection (Tuohy & O’Malley, 2010; Nyamdash, 2011). This emphasises 
the need to not only examine the emissions impact on the system with the storage 
facility but also of interconnected systems. The All-island grid study (AIGS, 2008) also 
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showed equal emissions reductions in the UK system to those in Ireland associated with 
wind additions solely in Ireland. 

The value of storage in the power system operation in the United Kingdom was 
estimated to be 252–970 £/kW (Strbac et al., 2007). For Germany, a 27 million €/year 
revenue could be foreseen for 400-MW CAES compressed air energy storage (250 
million € investment) (FGE/FGH/ISET, 2007). In the Netherlands, international 
exchange was seen as a more promising alternative to storage in the system (Ummels, 
2009). 

7.2.1 Hydropower  

In several countries, there are plans to increase the pumped hydro capacity (e.g., 
Portugal to 1.1 GW, Spain to 3 GW) to increase the flexibility of power systems with an 
increased amount of non-dispatchable renewables (Estanqueiro et al., 2012). In Portugal 
and Spain, the contribution of pumped hydro storage is already seen in handling excess 
non-dispatchable generation (see Figure 19 and Figure 20), and reducing (for Spain) the 
need to curtail part of the available primary wind resource. In 2010, such situations 
occurred in Spain for approximately 200 hours, with an estimated curtailment of 0.6% 
of the annual wind resource. In Spain, studies conducted by REE for 2020 forecast a 
frequency of occurrence of these situations ranging from 400 to 1,400 hours, with a 
curtailment of 1–6% of the primary renewable resource, taking into account the 
expected installation of new pumped hydro. Similar studies for Portugal in 2020 show 
an excess of RES generation totaling 457 GWh, which will represent a curtailment of 65 
hours at full power if no storage is assumed (484 hours of partial power). Planned 
pumped hydro storage for 2020 has the capacity to avoid RES curtailment in 39% of 
those periods (Estanqueiro et al., 2012). 
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Figure 19. Portuguese load and generation profiles for a high wind day (13.11.2011) (left) and 
an average wind day (28.10.2011) (right) (Source: www.ren.pt). 

 

Figure 20. Spanish load and generation profiles for a high wind day (06.11.2011) (left) and an 
average wind day (26.10.2010) (right) (Source: www.ree.sp). 

In Ireland and U.S. studies, it was found that energy arbitrage alone does not justify the 
capital costs involved in large-scale pumped hydro plants. However, ancillary services 
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payments in the future, against a background of increased flexibility requirements from 
high wind penetrations, may provide an opportunity for storage (Estanqueiro et al., 
2012). The Western Wind and Solar Integration Study (WWSIS) examined the 
operational impact of a new, 100-MW PHS in the Western Interconnection of the 
United  States.  If  forecasts  were  perfect,  spot  prices  would  generally  decrease  with  
increased wind and solar penetration, with a fairly limited spread between high and low 
spot prices, indicating that there may not be much arbitrage opportunity for storage. In 
reality, forecasts are imperfect and severe under-forecasts drive spot prices significantly 
downward, and severe over-forecasts drive spot prices significantly upward, resulting in 
favourable arbitrage opportunities for storage. However, in order to take advantage of 
these opportunities, the storage operator needs to know when forecast errors will occur 
in order to know when to pump and when to generate. In the high renewables case, the 
PHS earns $3.8 million annually. However, this is still several times less than what is 
needed to recover costs for a new PHS plant in the United States. (GE, 2010).  

In Norway, utilisation of the Norwegian hydro reservoirs due to balancing future North 
Sea offshore wind have been investigated in Völler, 2011. The Norwegian reservoir size 
of approximately 85 TWh is nearly the half of the total installed reservoir size in 
Europe. The hydro 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 UK. Increased transmission 
capacity couples strongly the Nordic system and the Northern Continental system, 
therefore making the Nordic system more sensitive to wind penetration from North Sea 
offshore wind. Reservoir level and production patterns change differently in different 
scenarios of transmission capacity connecting the Nordic and the Northern Continental 
systems. For a scenario with moderate HVDC transmission capacity (approximately 
2300 MW), the hydropower production follows mainly a distribution with one single 
maximum of approximately 13 GW. This corresponds well with historical data found at 
the production peak that is situated between 13 GW and 16 GW. With higher HVDC 
capacities (approximately 5800 MW), the hydro production probability develops into a 
double peak pattern due to changed energy flows in the grid. The previous peak of 
approximately 13 GW now shifts into a double peak at approximately 10 GW and 
15 GW (Völler, 2011). This illustrates that the hydro system production pattern will 
move to a more flexible one when needed. 

7.2.2 Heat storage 

Heat storage can be used in district heating systems for balancing fluctuations in the 
power system when combining the electricity and heat generation through electric 
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resistance heaters, heat pumps, or combined heat and power (CHP) plants. The stored 
heat will not be converted back to electricity but will be used as heat in different end 
uses. A combination of electric resistance heaters and heat storage can be a relatively 
inexpensive way to deal with low residual demand situations. Heat storage with an 
electric heater can decrease boiler fuel use more than a standard electric heater could 
achieve by providing “room” for the excess heat during periods of low power prices 
(Kiviluoma & Meibom, 2010b).  

Heat pumps are rather capital-intensive and therefore require a high amount of full-load 
hours to be profitable. Fuel-based boilers can be used as a supplement, but the 
investment cost could be lowered with heat storage. Moreover, during low-heat 
consumption periods, heat pumps will be forced to operate at low capacity and hence 
low efficiency. In these situations, heat storage can be used to operate the heat pump 
intermittently at full capacity.  

CHP plants often have operational restrictions due to the need to serve the heat demand. 
Heat storage can break this bond and, by so doing, liberate the CHP plant to follow 
power price signals. This will be important during low residual demand situations 
because CHP units can be shut down or operated at minimum load. Heat storage can 
also decrease the need for cycling of CHP units, which is likely to increase when the 
share of variable generation increases. 

Kiviluoma and Meibom (2010a, 2010b) evaluated the benefits of heat storage for wind 
power integration with a generation planning model. All other things being equal, the 
availability of heat measures (electric resistance heaters, heat pumps, and heat storage) 
in district heating networks increased the cost-optimal share of wind power 
considerably (from 35% energy penetration to 47% in the case where no low-cost base 
load power was available, and from 12% to 15% when low-cost nuclear power was 
available). In both cases, the heat measures caused a drop in the average cost of 
electricity by approximately 2.5 €/MWh. The heat demand that was subject to new 
investments was approximately 27 TWh, whereas the electricity demand was 
approximately 113 TWh. 

Depending on assumptions about the relative price of fuels, CO2 emissions, and 
investments, heat storage can strongly reduce CO2 emissions from the power sector 
once the additional flexibility enables the power system to replace fossil-fuel-based 
thermal generation (Kiviluoma and Meibom, 2010a). The main barrier for heat storage 
is the availability of storage opportunities, besides the competitiveness of electricity for 
heating, which will improve when fuels get more expensive. Storing hot water in large 
containers is rather inexpensive and therefore district heating systems or some forms of 
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industrial heat use are prime targets. Heat storage in individual households is less 
economic, since the smaller containers are more expensive per kWh and the containers 
will require expensive real estate. Well-insulated houses could also offer some buffer 
and could be important especially for photovoltaic integration where the generation 
pattern is typically shorter (daily) than for wind (often a couple of days). 

7.3 Electricity markets 

There is good experience from Denmark, Spain, Ireland, and New Zealand with 
balancing wind power variations through forecasting and liquid day-ahead and 
balancing markets (Ackermann et al., 2009). For West Denmark, the balancing cost 
from the Nordic day-ahead market has been 1.4–2.6 €/MWh for a 24% wind penetration 
of gross demand (the penetration level in the market is much lower, less than 5%) 
(Holttinen et al., 2009).  

Wind integration through markets has many positive impacts. Markets can help 
managing larger balancing areas, and can pool balancing and flexibility bids. Wind 
power will also give rise to challenges in electricity markets regarding flexibility, 
capacity adequacy, and also regarding the participation of wind and solar generators to 
markets. There are two aspects of flexibility markets: (1) long-term market signals must 
be sufficient to induce the needed flexibility to be built, and (2) once built, the 
operational market must provide a sufficient revenue stream to ensure the financial 
viability of the flexible unit (or load). All of this should be accomplished in an 
economically efficient manner. The experience with capacity markets appears to be 
uneven, and this is an evolving area and additional research and/or experimentation is 
needed (Milligan et al., 2012).  

There is already some experience on how wind power impacts the day-ahead electricity 
market  prices.  Wind  power  production  will  usually  be  a  price  taker  in  the  energy  
markets, bidding at a zero price. Subsidies, such as green certificates paid according to 
wind power production, can even make it profitable for wind power producers to 
generate at negative prices. Day-ahead market prices will be lowered during hours of 
high wind power production, depending on how much wind power will push higher 
marginal cost generation out of market. During times of low wind generation, the 
market prices can be higher, resulting in increased price volatility. If the markets 
respond to increased wind power, by increasing investments in low capital cost / high 
marginal cost power, the average price can stay the same. However, the experience so 
far from Denmark, Germany, Spain, and Ireland is that average market prices have 
decreased due to wind power. Wind forecast errors can mean increased trade in intra-
day markets, some hours before delivery, and will impact the real-time/balancing 
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markets in higher penetration levels of wind power. The increased demand in balancing 
markets usually increases the prices for up/down-regulation more steeply than in 
electricity markets (Milligan et al., 2012). 

In Spain, the impact over the final market price is less than 5%, approximately 1.7–1.8 
€/MWh (The National Energy Commission and Spanish Wind Energy Association). A 
study of the forecasted impact of wind on wholesale electricity prices in Ireland in 2011 
(SEAI, 2011) found that the time weighted average wholesale market price was 67 € 
without wind and 65 € with wind, translating into a reduction in the wholesale market 
cost of electricity of 74 million €. This cost reduction was almost equal in magnitude to 
the sum of subsidy costs (50 million €) and increased balancing costs (24 million €), 
showing that the impact of wind power on the wholesale cost of electricity in Ireland is 
approximately neutral. The assumed wind capacity in 2011 was 2.2 GW, and the total 
production from wind was 5.68 TWh. 

Wind impacts on market prices can influence wind power producers: in Germany, a 
March 2012 report from Vattenfall Europe quantified the market value of wind and 
solar power in Germany with a calibrated market model. Wind power gets 110% of 
average spot price at a 0% penetration level but only 50% of average spot price at a 0% 
penetration level (for solar, this is an even sharper decline). 

The UVIG Wind Power and Electricity Markets document summarizes the state of 
market rules and market treatment for wind energy and capacity in major U.S. markets 
as of the end of October 2011, like scheduling, dispatch frequency, imbalance 
settlement, and wind forecasting (UVIG, 2011). Some of the major findings are as 
follows:  

 Every ISO/TSO and utility in North America that is integrating a large amount 
of wind power is using wind plant output forecasts to improve the reliable and 
economic operation of its system.  

 Wind plants are increasingly being allowed to bid in the day-ahead market, and 
if the marginal unit, to set price. 

 Wind generation is increasingly being factored into the economic dispatch 
process.  

In the U.S., more than 60% of the electrical load is managed through energy markets 
that operate on 5-minute time steps. The Western Interconnection of the United States, 
less Alberta and California, are evaluating the impact of a proposed Energy Imbalance 
Market (EIM), which would also operate on a 5-minute time-step to dispatch generation 
to meet imbalances (King et al., 2011). The Energy Imbalance Market work shows the 
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impact of electrical size on the needed level of reserve needed to integrate wind energy, 
and calculates the ramp reduction impacts. 

Milligan and Kirby (2010) describe some of the characteristics of markets or other 
institutional structures that can help efficiently integrate wind energy, including the 
following: 

 Large electrical size of balancing area 
 Fast (short time-step) energy markets coupled with economic dispatch  
 The potential extraction of load-following service from short dispatch intervals 
 Inter-regional scheduling characteristics when wind energy is exported—shorter 

schedule time steps are more efficient for both exporter and importer 

EU-project SUPWIND (2010) investigated impacts of intra-day rescheduling of unit 
commitment and cross-border exchange on operational costs in the European Power 
system, for wind energy production by 2015 (8.7% penetration). Four market rules were 
analysed: (1) day-ahead (12–36 hours ahead) commitment of units with start-up time 
above 1 hour and power exchange across borders determined with no intra-day 
rescheduling; (2) unit commitment rescheduled intra-day but power exchanges day-
ahead only; (3) unit commitment rescheduling and power exchanges allowed intra-day; 
and (4) unit commitment rescheduling and power exchange allowed intra-day, plus 
replacement reserves exchange across border allowed. In total, 31 European countries 
were modeled (one region per country only) with hourly resolution and one forecast for 
wind and load in each planning loop. Intra-day rescheduling of unit commitment yields 
costs savings of 367 million €/year. Allowing rescheduling to be done in cross-border 
exchanges would increase these operational cost savings to 791 million €/year. Thus, 
the total system costs savings due to intraday unit commitment rescheduling and cross-
border exchange are 1159 million €/year (1% of system costs). Cross-border exchange 
of reserves did not yield operational cost savings but savings in investment. Cost 
savings are due to decreased usage of flexible but relatively expensive natural gas and 
pumped hydro storage power plants when intra-day rescheduling of cross-border 
exchange is allowed. 

EU-project OPTIMATE investigated market designs in Europe and recommends: (1) 
timing from day-ahead and intra-day markets to shorten the period being auctioned and 
gate closures as close as delivery time; (2) allowing for complex bids, negative prices, 
and other features related to dynamic constraints; (3) market integration across borders 
with implicit (i.e., not separate) auction of transmission capacity; (4) possible 
reservation of transmission capacity on interconnectors for cross-border balancing; and 
(5) careful design of the imbalance settlement pricing (Optimate, 2011). 
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The plans in Europe for integrating electricity markets across national borders is 
expected to facilitate wind energy penetration in addition to reducing volatility of 
electricity prices. The “EU target model” foresees a “market coupling” that assigns 
automatically transmission capacity for cross-border trading. The implementation of 
“continuous intra-day trading” would provide greater flexibility for participants to 
perform short-term adjustments necessary for integration of greater amounts of variable 
generation, as opposed to fixed auctions with gate closures at pre-determined times like 
for most day-ahead markets. The design of balancing markets has important 
implications for wind energy integration. The application of penalties to generators who 
deviate from their forecast schedules impacts wind producers more than other 
generators. Balance settlement rules are especially critical in the case of no intra-day 
market because wind power producers cannot use the more accurate wind forecasts 
closer to electricity delivery (Pineda & Wilcek, 2012). 

 
  
 
 
 



8. Conclusions 

70 

8. Conclusions 

Adding wind power will bring about a variable and partly unpredictable source of 
power generation to a power system that has to balance generation and varying demand 
at all times. High penetration of wind power has impacts that have to be managed 
through proper wind power plant interconnection, integration of the generation, 
transmission planning, and system and market operations. This final report of Task 25 
second term presents a summary of selected, recently concluded studies of wind 
integration impacts from participating countries. Some quantifiable results are 
compared, although this is not an easy task due to different methodologies and data 
used, as well as different assumptions on the interconnection capacity available. 

The methodologies regarding increases in operating reserve requirements due to wind 
power are still evolving, and as larger penetration levels of wind are studied (and 
managed), there is a trend towards dynamic reserve allocation using probabilistic 
methods. No new reserve capacity has so far been built, nor has it been foreseen in 
many studies because the existing power plants can usually manage to provide higher 
amounts of operating reserves. However, some new pumped hydro schemes are planned 
in the Iberian peninsula to manage more than 20% wind penetration levels in the future. 
The summary of results in reserve requirements shows a wide range. The time scale of 
uncertainty used in the estimates accounts for most differences (sub-hourly variability, 
4-hours ahead, or day-ahead time scale of uncertainty). 

Estimating the balancing costs of wind power is challenging because capturing and 
allocating costs are not straightforward. The results for balancing costs for wind show 
an additional cost of 1 to 5 €/MWh for wind power produced. While it is very difficult 
to calculate the balancing costs, estimates indicate that these costs are manageable.  
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The allocation of grid investments to wind power is also challenging, and is rarely done 
by TSOs, because new infrastructures usually benefit all users and investments are also 
made for improving electricity markets and increasing the security of the system. There 
is a trend of more support from wind power plants to the grid, as the requirements in 
grid codes are evolving. 

Wind power has a capacity value in addition to its energy value. There is a 
recommended methodology for assessing the capacity value of wind power (ELCC) and 
the value will generally decrease when wind penetration increases. The value will 
usually increase when looking at larger areas. 

There is already significant experience in integrating wind power to 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 applying demand-side flexibility. Electricity storage is still 
not  as  cost  effective  in  larger  power  systems  as  other  means  of  flexibility,  but  it  is  
already seeing initial applications in places with limited transmission. Electricity 
markets, with cross-border trade of intra-day and balancing resources and emerging 
ancillary services markets, are seen as promising for future large penetration levels for 
wind power. 
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Appendix A: National research plans for wind 
integration in 2012–2014, Task 25 collaboration 

Canada: Manitoba Hydro, Hydro-Quebec will participate in the task work. Hydro 
Quebec will integrate 4 000 MW of wind power in its hydro-dominated system by the 
year 2015 (with 10% penetration from peak load). With a geographically stretched grid 
that is not synchronous with its neighbours, maintaining the network reliability at the 
current level under this new operating condition while continuing to efficiently operate 
the electrical system still presents important challenges. Hydro-Quebec work will have a 
focus in the integration of wind power uncertainties by performing the following:  

 Developing a wind power forecasting system that will cover from real-time 
operation to the next planning day and more. This will include the uncertainty 
estimation taking into account imminent meteorological conditions.  

 Improving the methodology to define the operating reserves margins, along the 
horizon of 1–48 hours and more, taking into account the compounded wind and 
load forecast uncertainty. The operating reserves margins have to be defined for 
an acceptable level of risk, including allowance for the scheduling of generating 
unit outages and the energy transactions. 

 Making efforts in the future to link and quantify acceptable risk levels for 
calculating the reserves with their associated costs and revenues from export 
sales.  

 Defining the additional requirements for ancillary services due specifically to the 
integration of wind power in the electric system: regulating and load-following 
reserves. To support this activity, a simulation model is developed and run over 
a full year at 1–5 minutes time steps. The model, developed by the Hydro 
Quebec research centre IREQ, takes into account security and regulation rules of 
the transmission system provider.  

 Analysing impacts due to integration of other renewable energy sources (solar, 
electric cars, etc.)  

 Continuing modeling and simulating wind power plants for power system 
studies allowing analysis on possible interactions between series-compensated 
power system, real HVDC controls, and massive wind power generation. 

 

Current and ongoing work at Manitoba Hydro (up to 800 MW of wind generation in a 
5200-MW hydro system) is as follows: 

 Operational experience with reserve levels and load following are compared 
with study results to ensure that the cost of reserves to support wind generation 
are consistent with study results 

 Perform annual regulating reserves studies to: 
o  identify what is changing in the amount of regulating reserves required 

over time to meet North American Electric Reliability Corporation 
(NERC) generation performance standards, and 
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o  identify over time what is driving any changes 
 Develop a tool that indicates the amount of reserve available and at what ramp 

rate it is available.  
 Study the impact of wind generation on (external) Locational Marginal Prices 

(LMP) 
 Acquire operational experience to measure the impact on market 

transactions/mechanisms. Work with industry organizations to develop market 
rules that are more wind resource friendly, including due consideration of 
complementary resources (i.e., reservoir hydro).  

 Analyze the impact and estimate the net lost opportunity cost of increasing 
levels of wind generation on Manitoba Hydro’s ability to offer ancillary services 
into the Midwest Independent Transmission System Operator (MISO) market. 

 Explore a more sophisticated approach to managing the uncertainty of the wind 
generation forecasts integrated with the uncertainty in load forecasts using a 
probabilistic analysis for both day-ahead market requirements and TSO’s 
reliability assessments. 

 Assess the need to work with wind forecasting vendors to develop a more 
accurate day-ahead forecast that can be used for water management. 

 Create a tool to monitoring each wind power plant’s forecasts along with an 
operator view / marketer view to advise on current spare capacity and 
probability distribution in its magnitude based on projected variation in wind 
output, load, forced outages, etc. 

 

China: The  State  Grid  Energy  Research  Institute  (SGERI)  will  participate  in  the  task  
work within the scope of the proposed work plan. SGERI work will focus on grid 
expansion and flexible generation deployment for the better use of wind power. For the 
model development, short-time-scale probabilistic production simulation incorporated 
with wind power model and operation optimization in a power system with high 
penetration of wind power will be studied: 

 For the optimum deployment of energy resources nationwide, SGERI will study 
the proper grid configuration and grid planning in China. Planning of new 
flexible generation and its coordination in capacity, distribution, and operation 
with wind power and other kinds of renewable energy generations will be 
researched in depth. 

 SGERI is developing a probabilistic production simulation model that will 
mainly consider the uncertainty of wind power. This will include a new 
algorithm for production simulation that can better describe the variability of 
wind power.   

 SGERI will investigate and research economic and technologic impact on a 
hybrid alternating current and direct current power system with the rapid growth 
of wind power in China.  

 The operation optimization method developed for enhancing the operational 
flexibility in a power system with a large amount of wind power has as objective 
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to promote the use of installed wind power. This includes more flexible control 
of interconnection lines, larger balancing area control, adjustment of unit 
commitment, economic dispatching under consideration of large-scale wind 
power, coordination between thermal power, hydropower and wind power, etc. 

 SGERI will research the coordination between thermal power, hydropower, and 
wind power in Northwest China, and build the models of upgraded dispatching 
pattern for better use of wind power. 

 For the better use of wind power, some technologic and managing means have 
been proposed from sides of generation, grid, and consumption. For example, 
conjoint exploitation and operation of thermal power and wind power, demand 
side response, etc., to the reasonable application of these means, SGERI plans to 
investigate the capability of these means for enhancing the integration of wind 
power and the corresponding economic and environmental costs. 

 

Denmark: DTU Wind Energy and the TSO Energinet.dk will participate in the Task 25 
work. DTU Wind Energy will contribute to the annex with its results and experiences 
regarding wind power integration achieved from the participation in a number of 
projects:  

 DTU Wind Energy is responsible for the European-wide assessment of the wind 
integration measures demonstrated in the EU-funded TWENTIES project. 
Hence, analysis of the European-wide impact of measures such as storm control, 
virtual power plants, extension of the power capacities in the Norwegian 
hydropower system, and line monitoring will be input to the annex. Part of the 
analysis will be based on Wilmar model runs. CorWind, a wind power 
fluctuation model developed by DTU Wind Energy, will also be used for 
quantifying the offshore wind power variability. 

 DTU Wind Energy is coordinating a large Nordic project looking at the 
development of novel solutions for future offshore grids. One of the main tasks 
is to develop the control of wind power clusters connected to VSC HVDC grids 
delivering ancillary services to the onshore grids.  

 Results on advanced control of wind power plants for delivery of ancillary 
services, with a focus on primary and secondary control, will be shared in the 
annex as they become available. 

 DTU Wind Energy is coordinating a work package on defence and restoration in 
the EU project iTesla. DTU Wind Energy role will develop models of wind 
power plants and other renewables.  

 DTU Wind Energy will collaborate with VTT in analysis of impacts of wind 
power on market prices, balancing costs, and unit cycling in the North European 
power system using the Wilmar model. 

Energinet.dk will contribute to the annex through sharing the results of the TSO-task of 
preparing the Danish power system for 50% wind power penetration by 2025 (50% of 
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domestic consumption delivered by wind). More specifically, the Energinet.dk 
contributions are foreseen to be in the following areas: 

 The challenges of operating a wind-power-dominated power system without 
conventional power stations on line (how to provide inertia, sufficient short 
circuit power, and continuous voltage control when power flow changes 
direction on tie lines and dynamic voltage support during and after faults) 

 The capability of wind parks to provide ancillary services 
 Methods for planning new transmission lines in power systems with a large 

wind power share 
 Including the heat sector (heat pumps), the transport sector (electric vehicles) 

and the gas sector (gas production by electricity) into the power system planning 
with the objective to create additional flexibility, storage, and balancing 
opportunities—new transmission lines abroad will increase the ability to 
accommodate more wind 

 Reporting from the ENTSO-E collaboration, especially regarding the studies on 
a future Nord Sea offshore grid 

 Reporting from the on-going EU-funded TWENTIES project (storm control of 
offshore parks) and EcoGridEU (Smart Grid implementation on the Danish 
island of Bornholm).  

 

Finland: VTT Technical Research Centre is gathering information of all related studies 
as the operating agent. There will also be work on reviewing the existing studies and 
methodologies. The following relevant work is being conducted in the national Smart 
Grids and Energy Markets research programme, Nordic projects OffshoreDC and 
Icewind, and EU project REServices: 

 The variability of wind power in less than an hour time scale and impacts on 
reserve requirements, especially regarding storm events 

 The impact of prediction errors of wind to the Finnish power system 
 The impact of wind power on the Nordic energy balance, spot and balancing 

market prices and adequacy of balancing power, and the impact of flexibility 
options in the power system  

 The value of direct current transmission links in the Baltic/North Sea 
 The value of frequency-related ancillary services from wind and solar in the 

European context 
 

Germany: Fraunhofer  IWES  and  The  Research  Centre  for  Energy  Economics  will  
participate  in  the  Task  25  work,  and  TSO representatives  will  follow the  work.  In  its  
new energy strategy, the German government has decided to transform the energy 
system to be based mainly on renewable energy and to rapidly end the use of nuclear 
power—the RES electricity target by 2020 is 35% and 80% by 2050. A new energy 
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research program will focus on renewable energies, energy efficiency, energy storage, 
network technologies, and the integration of renewable energies in the energy system. 
The modifications of the new Renewable Energy Act will support an improved market 
integration  of  wind  energy,  and  the  German  participants  will  be  able  to  report  their  
experiences with the new tariff system. Fraunhofer IWES will contribute to the annex 
with their results and experiences achieved from the participation in a number of 
projects with national and European funding:  

 Simulation of the electricity supply system with a high share of renewable 
(virtual electricity system) 

 Demonstration of renewable virtual power plants (Regenerative model region 
of Harz) 

 Investigation  of  ways  to  a  100%  renewable  electricity  system  (Renewable  
power plant 2050) 

 Investigation  on  methods  to  forecast  and  control  offshore  wind  power  in  
Germany (RAVE Grid integration) 

 In  the  area  of  wind  power  forecasting,  new  work  is  planned  to  improve  the  
forecast, especially in the shorter time range used for intra-day trading and 
system security;  research  on  probabilistic  forecasting  is  underway as  well  as  
spatially resolved forecasts of the wind power generated at each grid node 

Fraunhofer IWES also participates in the EU-funded TWENTIES project: 
“Transmission system operation with large penetration of Wind and other renewable 
Electricity sources in Networks by means of innovative Tools and Integrated Energy 
Solutions.” 

The Research Centre for Energy Economics  FfE will contribute to the annex with the 
results of the following projects: 

 Wind Energy – Balancing the forecast errors: The effects on the 
commercialisation of wind power 

 Methods of improving the short-term forecast and the feedback on unit 
commitment and the intraday market (funding requested) 

 “DEA: compound of distributed generation facilities”: Analysis of the collective 
control of distributed generation facilities (DEA) and further commercialization 
of such a “virtual power plant” by electricity trading and system services 

 Demand Response – the technical potential of demand shifting in the industrial 
area 

 

Ireland: The Electricity Research Centre (ERC) at University College Dublin and 
Trinity College Dublin will participate in IEA Task 25. The ERC has three major 
research projects in the 2011–2015 time frame. Science Foundation Ireland, Strategic 
Research Cluster in Sustainable Electrical Energy Systems (4.6 million €), Programme 
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for Research in Third Level Institutes, Electricity Research Centre: Grid Integration, 
(2.6 million €) and Electricity Research Centre Industry Funding (2.1 million €). These 
research projects all have significant research overlay with IEA Task 25, including:  

 development of operational and planning tools and techniques, particularly 
stochastic methods, for the integration of high levels of wind energy; 

 design of optimal market mechanisms suitable for systems with high wind 
penetrations; and 

 optimal strategies for utilising ancillary services from wind generation. 
 
These research programs have significant collaboration with other IEA Task 25 
participants, including NREL and DTU. National collaborators include the Economic 
and Social Research Institute, University of Limerick, and National University of 
Ireland Maynooth. More than 25 industry partners are involved in the research programs 
and include the Irish System operator EirGrid, ABB, Intel, etc. 

Italy: Terna Rete Italia, the company of the Terna Group that deals with the national 
electricity grid’s operation, maintenance, and development, will participate in Task 25 
from Italy. The work on which it will be reporting is related to the definition of a set of 
procedures highlighting the maximum feasible penetration level of wind power at the 
planning stage and the ways to optimally operate the generation-transmission system 
with the aim of minimising the occurrences of wind power curtailment. As a 
consequence of growing wind power penetrations locally, Terna has to face some new 
constraints (e.g., redeployment of power flow along feeders, possible feeder ampacity 
violations, impact on voltage), which severely limit the maximum number and size of 
connectable wind power plants. Adoption of appropriate energy storage systems, 
together with the introduction of suitable ancillary service markets for promoting user 
participation to the network regulation, is envisaged to be of crucial importance. In 
some cases, an important limiting factor to the massive wind power penetration is 
represented by the inflexibility of the demand and the existing conventional generation, 
mostly based on fossil fuels that can hardly warrant the additional reserve needs. 
Starting from the planning stage, clear and transparent procedures are needed to 
highlight the required reserve, possibly integrated with non-conventional energy storage 
systems, such as batteries or compressed air energy storage CAES, identifying the 
amount of the needed reserve and the most appropriate location. These procedures shall 
aim at minimising the probability of wind curtailment in the most credible foreseen 
operating conditions. Thereafter, in the operational stage, further procedures have to be 
defined addressing the needed reserve in relationship with short-term demand and wind 
forecasts as well as the associated prediction errors; the impact of wind generation on 
static and dynamic system stability is finally examined. In this work, by applying the 



Appendix A: National research plans for wind integration in 2012–2014, Task 25 collaboration 

A91 

above-mentioned procedures, Terna will assess in a realistic high voltage HV system 
case:  

a) mid-long-term analysis: 

 the maximum feasible penetration of wind power, quantifying the additional 
needed reserve in relationship with the wind variability; how the additional 
reserve can be provided, either through redispatching of conventional generation 
or the installation of energy storage devices; the contribution to reserve from 
flexible demand is also examined assuming appropriate market mechanisms in 
place; 

 mitigation of the wind power penetration limiting factors by increasing 
flexibility options with storage systems: assess the optimal sizing, siting, and 
managing strategy for grid connected storage systems. Further analyses 
addressing the estimation of benefits of energy storage in terms of resolution of 
grid congestions; peak shaving; reliable reserve for the electricity system, 
primary frequency regulation. 

 impact of wind power on the loadability of the transmission network 
b) short-term analysis: 

 impact of wind power on the system stability either at the occurrence of faults or 
high wind generation ramps up/down (analysis common also to the mid-long-
term time horizon) 

 the  variability  of  wind  power  in  less  than  an  hour  time  scale  and  impacts  on  
reserve requirements  

 impact of prediction errors of wind on generation dispatch and the system 
performances in terms of frequency errors, voltage deviations from the rated 
values, and network congestions 

 

Japan: AIST and Kansai University will participate in Task 25 from Japan. One of the 
work efforts on which they will report is related to demand-side management. The 
impact of controlling the power consumption of residential ohmic-heating water heaters 
and heat pump water heaters, which will be widely installed in Japan, into power system 
balancing will be evaluated.  

 

Netherlands: TU Delft and ECN will contribute the following to Task 25 activities: 

 North Sea Transnational Grid project (TUDelft and ECN): 
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o Determine the best solution (modular, flexible, most cost-effective) for a 
high-capacity transnational offshore grid, connecting future far and large 
wind power plants in the North Sea 

o Develop and test a multi-terminal converter control strategy  
o Determine the effects of the offshore grid on the national AC alternating 

current grids: planning and operating rules to ensure security, regulate power 
exchange correctly, and avoid congestion, as well as the effect of the 
offshore grid on the stability of national grid  

o Investigate costs, benefits, and policy regulations related to the realisation of 
the North Sea grid  

 Identification of the options for designing an offshore electricity grid and the legal 
instruments to create such a grid (TUDelft): 

o This includes the legal, technological, and market considerations that coastal 
states, the EU, and national legislators and policy makers should take into 
account when planning and weighing the grid design options. The research 
takes the North Sea area as an example. Four different options will be 
examined, varying from a national option, to a bilateral option, a bilateral-
multilateral option, and finally a multilateral option.  

o An assessment tool will be developed, which will deliver quantitative results 
for each of the four technical options. These results will be used to adjust the 
legal framework, thus ensuring an adequate development of a (trans)national 
offshore grid.  

 Grid code requirements and possibilities for ancillary service provision by HVDC-
connected wind power plants (including inertia emulation and oscillation damping); 
one national and one EU-funded project proposal has been submitted.  

 

Norway: SINTEF will participate in the Task 25 work. Planned studies will focus on 
offshore  wind  power  in  the  Northern  Europe.  Among the  most  relevant  topics  are  the  
following:  

 Impact of offshore wind on power flows and market prices 
 Balancing North Sea wind power with Norwegian hydro plants 
 Assessment of market solutions 
 Investigations of an offshore DCdirect current grid in the North Sea. This 

includes offshore wind power plants, oil rigs, and transmission to shore 
Studies will be coordinated and built on recent and on-going European and national 
research projects, including an engagement in the EU-funded TWENTIES project. 
SINTEF is also responsible for two Centres for Environmental-friendly Research 
(CEERs) funded by the Norwegian Research Council: NOWITECH (Norwegian 
Research Centre for Offshore Wind Technology) and CEDREN (Centre for 
Environmental Design of Renewable Energy). 
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Portugal: LNEG will coordinate participation in the Task 25 work. FEUP/INESC-
Porto,  the  Technical  University  of  Lisbon/IST,  and  the  TSO  REN  will  continue  to  
contribute to the work. The Portuguese participation in national and European projects 
in 2012–2014 is centred on the following topics: 

 Virtual Renewable Power Plants (VRPP)  
o (LNEG) Correlation of renewable distributed resources, assessment of 

the excess of renewable energy generation, and need for added energy 
storage capacity both on large/national and small/local bases (e.g., 
pumped hydro, vanadium redox batteries (VRB) and plug-in vehicles). 
Development of VRPP dynamic and stationary models for application in 
power system stability studies, and local network congestion for the 
characterization of the VRPP technical and economic benefits. 

o (INESC-Porto/FEUP) Framework and infrastructure to allow offshore 
wind power plants to perform as a Virtual Wind / Renewable Power 
Plant, to allow offshore wind power plants connected by HVDC to aid on 
the onshore AC alternating current grid dynamic support, with control 
schemes envisioning the provision of frequency control and inertial 
emulation as well as dumping alternating current AC small-signal 
oscillations and Fault Ride-through FRT with provision of reactive 
current (the EU-funded project TWENTIES). 

 Storage Systems and Electric Vehicles  
o (LNEG) Cost/benefit analysis of the existing and forecasted energy 

storage solutions for the Portuguese Power System under scenarios of 
high (>25%) and very high (>35%) wind energy penetration and 
comparison to transmission network reinforcement, for the Iberian 
Peninsula geographical constraints. 

o (INESC-Porto/FEUP) Impact and integration of electric vehicles in the 
distribution network with wind power (EU project MERGE and National 
Project REIVE), also concerning balancing and black start procedures 
and other aspects related to grid dynamic operation and control. Impacts 
on generation and grid infrastructures planning are also addressed.  

o (LNEG) Assessment of the impact of electric vehicles EVs and domestic 
distributed generation sources DGS in the local grid power quality. Local 
characterization of total harmonic distortion THD, flicker, and voltage 
profiles (project REIVE). 

 Markets 
o (LNEG) Address the challenges of using software autonomous agents to 

help manage the complexity of electricity markets to negotiate the terms 
of contracts and de-committing of contracts, considering dynamic pricing 
tariffs to ally into beneficial coalitions—notably coalitions involving 
end-user customers and to manage portfolios of customers (FCT project 
ManREM) 

 Transmission Tools for Large Wind Integration 
o (INESC-Porto/FEUP) Innovative tools for the future coordinated and 

stable operation of the pan-European electricity transmission system 
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(EUproject iTESLA) Procedures for service restoration with large-scale 
wind power in transmission grids 

o (INESC-Porto/FEUP) Installation of flexible AC transmission systems 
(FACTS) in a transmission network with large wind generation without 
fault-ride-through FRT capability. Benefits and methodology to optimize 
the size and location of the FACTS devices.  

 Advanced wind power forecasting algorithms 
o (LNEG) Assessment of the spatial and time characteristics of wind 

power variability in Portugal as well as the smoothing effects present in 
data from a large number of wind parks using both time and frequency 
domain techniques. Automatic detection of wind ramps and extreme 
wind events with drastic impacts on the power system. This includes the 
EU-project Norsewind (forecasting) and FCT Fluctwind (characteristics 
of ramps and fluctuations). 

o (INESC-Porto/FEUP) Ramp forecasting techniques, extreme events 
forecasting, and development of alternative approaches for modelling the 
uncertainty. The output of the forecasting algorithms will be used in 
decision-making problems such as unit commitment and wind power 
bidding in the electricity market.  

 Reserves 
o (INESC-Porto/FEUP) Setting the operating reserve in systems with high 

penetration of wind power. A tool developed in the European Project 
ANEMOS, plus will be adapted to the requisites and installed 
operationally at an end-user, and can establish a new management 
procedure for system operators with a high penetration of wind power. 

 

Spain: UCLM-IER (Universidad de Castilla-La Mancha/Instituto de Investigación de 
Energías Renovables will participate in the Task 25 work. There will be work on 
reviewing and collecting information about the Spanish existing studies. On-going 
national studies at UCLM include the PhD work on wind and renewable energy in the 
Spanish power system: 

 Integration of renewable energy power plants in power systems under the new 
international standards: development and validation of electrical models for 
wind and solar resources 

 Frequency control in smart grids with large amount of wind power 
 Power fluctuations of wind power plants: analysis and regulation 

 

Sweden: The participating institute is the Royal Institute of Technology, Kungliga 
Tekniska Högskolan KTH, in Stockholm. The on-going and planned national projects 
are related to the following: 

 Intra-hour balancing of wind power (PhD student Camille Hamon) 
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 Hydro scheduling with large amounts of wind power (PhD student Yelena 
Vardanyan) 

 Market design for efficient balancing with large amounts of wind power (PhD 
student Richard Scharff) 

 Solar power integration 
 Electric vehicles as a balancing resource 
 Primary and secondary control issues with multi-terminal HVDC offshore 

systems with wind power 
 

UK: The UK Centre for Sustainable Electricity and Distributed Generation  (SEDG) 
will be the focal point of the UK participation in Task 25. Key areas of work that will be 
included in the Task 25 Phase 3 are as follows: 

 Enhancement of methodologies to analyse system operation and development of 
systems with large-scale penetration of wind considering the need for generation 
and demand, storage, and the role and value of interconnections.  

 Assessment of transmission requirements for integration of large-scale onshore 
and offshore wind generation.  

 Investigation of the interactions between generation reserve allocation and 
transmission investment. 

 Review of the deterministic and probabilistic transmission network security 
standards in the context of cost-effective integration of wind generation. 

 Understanding of the challenges to operate and design hybrid onshore and 
offshore shore transmission networks in light of the public opposition to onshore 
transmission.  

 Investigation of alternative regulatory approaches that would facilitate 
anticipatory investment in transmission to enable timely connection of wind 
generation. 

 Evaluation of various transmission pricing approaches and their impact on 
network and generation investment (conventional and wind). 

 Analysis of alternative approaches to incentivising the investment in peaking 
and flexible plant in systems with significant penetration of wind generation.  

 

USA: NREL (National Renewable Energy Laboratory) will coordinate the U.S. 
participation in Task 25. It will work on reviewing the methodology/studies made so far 
in the United States. Specific efforts that will be included in the Task 25 Phase 3 work 
include the following: 

 High wind penetration studies being carried out in the Eastern Interconnection, 
primarily the follow-up to the Eastern Wind Integration and Transmission Study. 
The follow-on study, the Eastern Renewable Generation Integration Study, will 
include a more detailed examination of the impacts of high wind energy 
penetrations in the East, and will likely include modelling of demand response. 



Appendix A: National research plans for wind integration in 2012–2014, Task 25 collaboration.  

96 

 Extension of the Western Wind and Solar Integration Study into a second phase. 
The study will employ a 5-minute economic dispatch model, and will examine 
in detail the impact of cycling of thermal units on integration. In addition, better 
solar energy data will be employed to better understand the synergies between 
wind and solar generation. 

 Changes to regional market designs to accommodate higher penetrations of 
variable output renewable resources. One key project is the evaluation of the 
proposed Energy Imbalance Market in the Western Interconnection, focusing on 
the impact of alternative market participation scenarios and flexibility reserve 
deployment. 

 The impact of stochastic or other advanced approaches to unit commitment on 
wind integration in the United States and how some of these approaches could 
be implemented in energy markets. 

 

EWEA: European Wind Energy Association EWEA will contribute to the work of Task 
25 by reviewing relevant integration studies and policies relevant for wind power 
integration at the European level. Several studies are underway or in preparation to 
examine the impact of wind power on the power system at the European level and to 
explore possibilities to enhance the capability of the system to achieve high wind energy 
penetration levels by improving transmission, interconnection, and market setup. The 
work is driven by the European target to achieve 20% of its energy production by 
renewables in 2020. Various stakeholders are exploring specific solutions, at the 
technical and policy level, for integrating offshore wind power, including the 
establishment of transnational offshore grids. EWEA will assess the results from these 
initiatives, where available, as well as from own studies and initiatives, with focus on 
the following topics:  

o System operation at the European level with large amounts of wind power 
o The value of new flexibility measures; more specifically, advances in 

ancillary services delivery through wind generation 
o Requirements, standards, and grid codes for connection, balancing, and 

congestion management of wind generation at the European level  
o Upgrade of the transmission system for large amounts of wind power, 

especially for the case of offshore grids and electricity highways used in 
international exchange and trade  

o Design of efficient electricity markets with large amounts of wind power, 
including market design for ancillary services 
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