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The Nordic power system data is used to estimate the impacts of wind power variations to the hourly
variations seen by the system. The incremental increase is derived by looking at the hourly variations of load and
wind power. The result of the Nordic time series is that there will be an increasing impact with increasing wind power
penetration. Taking into account better predictability of load, the increase in reserve requirement becomes 1.5 –4 % of
wind power capacity at wind power penetration level of 10 % of gross demand. The increased reserve cost is of the
order of 1 ¼0:KDWSHQHWUDWLRQDQG¼0:KDWSHQHWUDWLRQ7KHUHVHUYHFRVWLVKDOYHGLIWKHLQYHVWPHQW
costs for new reserve capacity are omitted and only the increased use of reserves is taken into account. In addition,
prediction errors in wind power day ahead will appear in the regulating power market to an extent which depends on
how much they affect the system net balance and how much the balance responsible players will correct the
deviations before the actual operating hour.
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The drawbacks of wind power, from the power system point of view, are its variability and unpredictability.
However, these problems are greatly reduced when wind power is connected to larger power systems, which can take
advantage of the natural diversity in variable sources. Large geographical spreading of wind power will reduce
variability, increase predictability and decrease the occasions with near zero or peak output.
The integration of wind power into regional power systems has mainly been studied on a theoretical basis, as wind
power penetration is still rather limited. Even though the wind power penetration in some island systems (e.g. Crete
in Greece) or countries (e.g. Denmark) is already high, on average wind power generation represents only 1–2 % of
the total power generation in the Scandinavian power system (Nordel) or the Central European system (UCTE). The
penetration levels in the USA (regional systems) are even lower.
Voltage management: Reactive reserve. WF can provide
Local or system area. Time scale up to some minutes
Reserves: Primary and secondary control (WF can provide partly)
System area. Time scale some minutes to one hour

SHORT
TERM
EFFECTS

Transmission/distribution losses (or benefits)
System/local area. Time scale 1…24 hours
Cycling losses: Unoptimal use of thermal/hydro capacity
System area. Time scale 1…24 hours
Replaced energy: Wind energy replaces other production forms
System area. Time scale 1…24 hours
Discarded energy: wind power exceeds the amount system can absorb
System area. Time scale some hours

LONG
TERM
EFFECTS

System reliability: Adequacy of power (capacity credit of WP)
System area. Time scale one to some years

Figure 1. System impacts of wind power (WP) and wind farms (WF), causing integration costs. Part of the impacts
can be beneficial for the system, and wind power can have a value, not only costs.

The need for more flexibility to meet larger fluctuations in the system depends on the portion of consumption covered
by wind power production. Also, power systems are different in how much inherent variability in the system (the
load) there is and in how loaded and well meshed the system is (available transmission). The amount of flexibility
already there in the system, as well as the amount that can be cost effectively increased is important. The treatment of
imbalances in the power systems differs internationally.
The system impacts of wind energy are presented schematically in Figure 1. These impacts are divided into two parts:
short term, balancing the system during the operational time scale (minutes to hours), and long term, providing
enough power and energy in peak load situations.
is a more local issue, where measures should be taken when wind farms are installed. Modern
wind farms can be equipped with power electronics providing voltage management, reactive reserve and some
primary control [1].
9ROWDJHPDQDJHPHQW

Wind power can either decrease or increase the WUDQVPLVVLRQDQGGLVWULEXWLRQORVVHV depending on where it is situated
in relation to the load [2]. First experiences from West Denmark and the northern coast of Germany have shown that
when significant amounts of electrical demand are covered with wind power, it is first seen as increased transmission
with neighbouring countries or areas [3;4].
occurs only at substantial penetration and it depends strongly on the operational strategy of the
power system. At a wind power penetration of about 20 % of the gross demand, wind power production may equal
the demand during some hours (a 100 % instant penetration). When wind power production exceeds the amount that
can be safely absorbed while maintaining adequate reserve and dynamic control of the system, a part of the wind
energy produced may have to be curtailed. In West Denmark, few occasions of curtailment have occurred since the
year 2001 when wind power exceeded 16 % penetration on a yearly basis.
'LVFDUGHG HQHUJ\

The results from estimating the LQFUHDVHG UHVHUYH UHTXLUHPHQWV show a very small impact on primary reserve
(regulation time scale) [5;6;7;8]. For secondary reserve (load following time scale), there is an increasing impact with
increasing penetration [2;9;10]. The first estimates regarding the increase in secondary (load following) reserves in
the UK and US thermal systems suggest 2–3 ¼0:K IRU D SHQHWUDWLRQ RI   DQG –4 ¼0:K IRU KLJKHU
penetration levels (2;6;11)1. It is difficult to compare the results from the studies made so far. The different results for
the cost estimates are due to different system characteristics, penetration levels and study methods. The studies made
so far often use simulated wind power output data that exaggerates the variations in wind power production, and
make conservative assumptions unfavourable to wind power. A caveat in some of the studies is a modelling approach
not taking into account the flexibility in the system, such as hydro power [12].
In the time scale of unit commitment (4…24 h), wind power can cause extra costs for the system, if the operation of
the power plants is made more inefficient due to varying wind power production and prediction errors. The positive
effects of wind power, reduced fuel use and emissions are also issues relevant in this time scale. Day-ahead
predictions are required in order to schedule conventional units [13].
Power system studies are often carried out considering the system as it was operating before the liberalisation of
electricity markets. Balancing the forecast errors between the bids and the delivery is the responsibility of the power
producer. Theoretical studies on how wind power would come to the markets have shown that market design has a
crucial effect on wind power producers in how the regulating costs are allocated [14;15]. In West Denmark, with a
wind penetration of about 20 %, it is the responsibility of the transmission system operator (TSO) to balance the socalled prioritised production. The cost for compensating forecast errors in the day-ahead market at the regulating
market has amounted to almost 3 ¼0:K>@.
concerning the adequacy of supply involve the estimation of capacity value for wind power.
The ability of wind power to offset conventional capacity, capacity credit, has been widely studied. The results of
several studies of wind power capacity credit [16] show that at low wind power penetration the capacity credit is
close to the average production of wind power during times of high loads. When wind power penetration is increased,
the capacity credit will decrease.
7KH ORQJ WHUP HIIHFWV
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The data used in this study is the measured output of wind power plants and wind parks. Realised hourly wind power
production time series from Denmark, Finland, Sweden and Norway were collected. Data was collected for three

1

Currency exchange rate from the end of 2003 used: 1 ¼

¼



£

years 2000 to 2002. Special care has been taken to get representative data for wind power production synchronous
with load data from the 4 Nordic countries.
Before up-scaling the wind power production data, the proper smoothing effect has to be present in the data. When
enough turbines from a large enough area are combined, the smoothing effect reaches saturation, and the time series
can be up-scaled with representative hourly variations. The statistical properties of large scale wind power were
studied to find out the properties of a representative large-scale wind power production data set in previous paper
[17;18].
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Dimensioning of the disturbance reserve in each Nordic country is based on the largest production unit tripping off
instantaneously. In addition to this secondary reserve, operational reserve is also needed. In Nordel power system,
this is taken from the regulating power market. Wind power has no influence on the disturbance reserve when wind
farms are less than 1200 MW in size.
The additional requirements and costs of balancing the system on the operational time scale (from several minutes to
several hours) are primarily due to the fluctuations in power output generated from wind. To estimate the impact of
wind power on power system operating reserves, it has to be studied on a control area basis. Every change in wind
output does not need to be matched one-for-one by a change in another generating unit moving in the opposite
direction. It is the total system aggregation, from all production units and consumption with its uncertainty, that has to
be balanced.
3ULPDU\UHVHUYH

Primary control is performed on a time scale of seconds/minutes. On this time scale, there is no correlation between
the variations of geographically dispersed wind farms [5].
A rough estimate of the order of magnitude that large-scale wind power has on the primary reserve requirement
assumes that increase in wind power and its variations requires the same addition to reserves as the increase in
electricity demand and its variations [19]. The primary reserve has been 600 MW for 360 TWh/a demand in the
synchronously operated Nordic area [20]. Assuming an increase relative to how much variable consumption there is,
producing 10 % of the demand with wind power (36 TWh/a; 18 GW wind power) would increase the primary reserve
by 10 %. This means an increase of 60 MW or about 0.3 % of the wind power capacity installed.
6HFRQGDU\UHVHUYH

For operational reserves, the unforeseen variations induced from wind power are relevant on the time scale of 10
min...1 hour. To estimate the impact of wind power on the secondary reserve, wind power variations are studied
combined with the load variations: the net load is the load minus the wind power production for each hour.
Planning and operating a power system is based on probabilities and risk. Reserves in the power system are
determined so that variations within a certain probability are covered, for example 99.99 % of the variations.
6WDQGDUG GHYLDWLRQ

 LQGLFDWHV WKH YDULDELOLW\ RI WKH KRXUO\ WLPH VHULHV IRU D QRUPDOO\ GLVWULEXWHG SUREDELOLW\

distribution a range of ±3σ will cover 99 % and ±4σ will cover 99.99 % of all variations. In this work, 4σ is used as a
confidence level to determine the amount of reserves that need to be allocated in the power system. The increase in
WKH YDULDWLRQV GXH WR ZLQG SRZHU LV 
NL – L), where σNL is the standard deviation for the net load and σL for the
load, respectively.
Calculating the increase in variability this way assumes that wind power only contributes to the reserve requirement
by the increase due to its addition to the system. This means that wind power can make use of the benefits of the
existing power system.

To account for the better predictability of load [10], a case study for Finland was performed for year 2001 load data
with load forecasts. The standard deviation of the forecast error was 123 MW (1 % of peak load), in comparison with
268 MW for the load hourly variations. This indicates that about half of the variability in load can be predicted.
Comparing the load forecast error with wind power variations resulted in a 100 % increase in net load variations.
The results are summarised in Table 1 and Figure. As Denmark consists in practice of two separate areas, the West
Denmark results are also of interest. They are roughly the same as the results presented here for Denmark.

The estimation is based on hourly wind power data from a 3-year-period in which the wind resource was less than
average. This may underestimate the true variations. For the Danish data, the error was estimated to be of the order of
5 %, and it has been added to the results in Figure and in the last section of Table 1.

increase in reserve requirement
(% of installed wind capacity)

The results show that when the penetration of wind power in the system increases, an increasing amount needs to be
allocated for operating reserve. When the Nordic system works without bottlenecks of transmission the impact of
wind power becomes significant at 10 % penetration level, when the increase in reserve requirement due to wind
power is about 2 % of installed wind power capacity or 310–420 MW. At a high wind power penetration of 20 %, the
increase is already about 4 % of wind power capacity or 1200–1600 MW.

8%
7%
6%
5%

Finland
Denmark
Nordic
Nordic 2010

4%
3%
2%
1%
0%
0%

5%

10 %

15 %

20 %

25 %

wind power penetration (% of gross demand)
)LJXUH  ,QFUHDVH LQ KRXUO\ ORDG IROORZLQJ UHTXLUHPHQW IRU ZLQG SRZHU FDOFXODWHG IURP WKH VWDQGDUG GHYLDWLRQ
YDOXHV RI ORDG DQG ZLQG SRZHU SURGXFWLRQ IURP \HDUV ± ,QFUHDVH LV UHODWLYH WR LQVWDOOHG ZLQG SRZHU
FDSDFLW\

7DEOH7KHLQFUHDVHLQ UHVHUYH UHTXLUHPHQWGXHWR ZLQGSRZHU ZLWKGLIIHUHQWSHQHWUDWLRQOHYHOV6WDWLVWLFDODQDO\VLV
RIKRXUO\GDWDIRU ZLQGSRZHUDQGORDGLQWKH1RUGLFFRXQWULHVIRU±7KHUDQJHLQ1RUGLFILJXUHVDVVXPHV
WKDWWKHLQVWDOOHGZLQGSRZHUFDSDFLW\LVPRUHRUOHVVFRQFHQWUDWHG

Finland

Denmark
% of peak
load
or
capacity
MW

Nordic
% of peak
load
or
capacity
MW

% of peak
load
or
capacity

MW
Range of hourly variations*:
- Load
-985–1144 -7.2–8.4
-862–1141 -13.7–18.1 -5138–6698 -7.6 –9.9
- Wind
-15.7–16.2
-23.1–20.1
-10.7–11.7
Stdev of hourly variations:
- Load
268
2.0 %
273
4.3 %
1438
2.1 %
- Wind
2.6 %
2.9 %
1.8 %
Increase in variations (4 -2002 data:
- 5 % penetration
20
1.0 %
6
0.6 %
40-55
0.4-0.6 %
- 10 % penetration
80
2.0 %
24
1.2 %
155-210
0.8-1.1 %
- 20 % penetration
285
3.6 %
94
2.4 %
600-800
1.6-2.1 %
Increase in reserve requirements:
- 5 % penetration
40
2.0 %
13
1.3 %
80-110
0.8-1.2 %
- 10 % penetration
160
3.9 %
50
2.5 %
310-420
1.6-2.2 %
- 20 % penetration
570
7.2 %
200
4.9 %
1200-1400
3.1-4.2 %
*The hourly load variations are 99 % of the time between -7.2…16 % of peak load in Denmark, -4.4…6.6 % of peak load
in Finland and -4.4…7.4 % of peak load in the total Nordic time series. The hourly variations of large scale wind power
production are 99 % of the time between ± 10 % of installed capacity for Finland and Denmark and about 98 % of the
time between ± 5 % of installed capacity for the total Nordic time series.

The prediction errors of wind power 2...24 hours ahead may also require extra balancing at the regulating power
market. The increased balancing requirements would be seen either as changes of schedules at the balance

responsible players responsible for wind power production, or or as individual imbalances that might affect the
system net imbalance.
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Both the allocation and the actual use of reserves cause extra costs. The same reserve capacity can in principle be
used for both up and down regulation. Either up or down variations can determine the need for increase in the
reserves. In most cases, the increase in reserve requirements at a low wind power penetration could be handled by the
existing capacity. This means that only the increased use of dedicated reserves or increased part-load plant
requirement will cause extra costs. Beyond a threshold, the capacity cost of reserves also has to be included. In the
Nordic countries this threshold depends on whether there is still capacity available to bid to regulating power market.
Regulation power almost always costs more than the bulk power available on the market. The reason is that it is used
during short intervals only and that it has to be kept on stand-by. The cost of reserves depends on the type of
production. Hydro power is the cheapest option and gas turbines are a more expensive one.
The cost of increased reserve in the hydro power system is difficult to obtain. Thus, the cost is estimated in two ways:
based on thermal capacity costs and on existing regulating power market prices.
3ULPDU\UHVHUYH

The cost of an extra 60 MW in the Nordic synchronous area, for 36 TWh/a wind power production producing 10 %
of the gross demand, is the price for reimbursing the power plants for using automatic frequency control. This is paid
irrespective of the use, for all the hours the reserve is allocated. Using the prices from Finland (3.3 ¼0:K  IL[HG
7500 ¼ SHU 0: )LQJULG   WKH SULPDU\ UHVHUYH FRVW IRU   ZLQG SRZHU SHQHWUDWLRQ ZRXOG EH OHVV WKDQ 
¼0:KRIZLQGSRZHUSURGXFHG$QLQFUHDVHRI0:LQUHVHUYHUHTXLUHPHQWLVFRQVHUYDWLYHDVWKHWRWDO0:

has been in use in the Nordic countries for years, irrespective of the load increase.
6HFRQGDU\UHVHUYH

The estimate for the increase in reserve requirement due to wind power in the case of the Nordic countries, is 310–
420 MW at a 10 % wind power penetration and 1200–1400 MW at 20 % penetration (Table 1), depending on how
concentrated the installed capacity will be. The corresponding costs can be estimated by increasing flexible natural
gas combined cycle (NGCC) gas turbines in the power system (investment cost 505 ¼N: 'LYLGLQJWKHDQQXDOLVHG
costs of NGCC (a=13 %) to the wind power production results in a cost of 0.5…0.7 ¼0:KDWSHQHWUDWLRQDQG
1.0…1.3 ¼0:KDWSHQHWUDWLRQOHYHO
The relevant reserve cost for wind power is determined by the Nordic regulating power market. The extra paid for
regulation is the difference between the spot price and the regulating market price. This has been on average 4–5
¼0:K IRU XS UHJXODWLRQ DQG –9 ¼0:K IRU GRZQ UHJXODWLRQ LQ )LQODQG DQG –8 ¼0:K XS DQG –15 ¼0:K
down in West Denmark in 2001–2003. The increased cost of thermal capacity for operating at secondary reserve has
been assumed as 8 ¼0:K[9], so the market prices are in line with the actual costs. Assuming a price range of 5…15
¼0:K IRU WKH H[WUD Ueserve used, the cost of increase regulation need in Finland is 0.2...0.5 ¼0:K ZLQG SRZHU
produced at a 10 % wind penetration level and 0.3…0.8 ¼0:KDW % penetration For the Nordic dataset, the cost
is 0.1…0.2 ¼0:KIRU % penetration and 0.2…0.5 ¼MWh for 20 % penetration, respectively [21].
Since the opening of a common regulating power market, most of the reserve power activated has been from Norway
and Sweden, with the lowest bids from the large regulated hydro plants. There seems to be ample capacity bidding to
the regulating power market [22]. It is thus unlikely that an increase in wind power would result in new reserve
capacity being built. However, it is quite likely that a major increase in wind power would result in an increase in the
regulating market price. In a situation where the cheapest reserves have already been used and more expensive new
reserves have to be allocated, the costs of regulation may rise substantially and suddenly. This is why the historical
prices can be used to estimate the costs only as long as the reserve amounts needed are such that the regulating
capacity bidding to the market has a similar price. In West Denmark with 16...20 % wind power penetration, the
down regulation costs have increased 50 % but no other changes have been observed. With the cost range presented
here, the higher estimate of 15 ¼0:KDFFRXQWVIRUGRXEOHGUHJXODWLRQPDUNHWSULFHVGXHWRZLQGSRZHU
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When the Nordic system works without bottlenecks of transmission wind power will increase the reserve requirement
for about 2 % of installed wind power capacity or 310–420 MW. At a high wind power penetration of 20 %, the
increase is already about 4 % of wind power capacity or 1200–1600 MW.

The cost of increased operating reserves in the Nordic power system will be nearly 1 ¼0:K IRUDSHQHWUDWLRQ
and nearly 2 ¼0:K IRUDSHQHWUDWLRQ7KHVHFRVWVZRXOG EH KDOYHG LIWKHFRQVHUYDWLYH HVWLPDWHIRUDOORFDWLQJ
investment costs for new reserve capacity to the wind power production is replaced by the increased use of reserves
only.
These estimates present a theoretical approach for estimating the order of magnitude of the effects of wind power
variability on the system operation. The variations in wind power production are probably still somewhat
conservative for the total Nordic area, as the smoothing effect of thousands of wind turbines at hundreds of wind farm
sites is underestimated by the data sets used. It has been assumed that the hourly variations give an estimate of the
secondary reserve operated on a 10–15 minutes scale. As the wind power varies less within an hour than on an hourly
basis, using hourly data would not underestimate the effects.
The cost estimates derived here are less than in most studies before [2;6;11]. This is due to a large area (Nordic
system with 4 countries) and thus a smoothed output of large scale wind power production.
The prediction errors of wind power 2...24 hours ahead may also require extra balancing at the regulating power
market. The increased balancing requirements would be seen either as changes of schedules at the balance
responsible players responsible for wind power production, or as individual imbalances that might affect the system
net imbalance.
REFERENCES
[1] Kristoffersen, J R, Christiansen, P, Hedevang, A, 2002. The wind farm main controller and the remote control
system in the Horns Rev offshore wind farm. Proceedings of Global Wind Power Conference GWPC´02 Paris.
[2] ILEX, 2003. Quantifying the System Costs of Additional Renewables in 2020. UK Department of Trade and
Industry http://www2.dti.gov.uk/energy-/developep/support.shtml 14.3.2003
[3] Eriksen, P B, Pedersen, J, Parbo, H, 2002. Challenges of Large-Scale Integration of Distributed Generation into
Eltra’s System. Proceedings of 2nd International Symposium on Distributed Generation: Power System and
Market Aspects, Stockholm, 2 - 4 October 2002.
[4] Lund, H., Münster, E., 2003. Management of surplus electricity production from a fluctuating renewable energy
source. Applied Energy 76 (2003) 65-74.
[5] Ernst, B, 1999. Analysis of wind power ancillary services characteristics with German 250 MW wind data.
NREL Report No. TP-500-26969. 38 p. Available at http://www.nrel.gov/publications/
[6] Smith, J C, DeMeo, E A, Parsons, B, Milligan, M, 2004. Wind power impacts on electric power system
operating costs: summary and perspective on work to date. Global Wind Power conference GWPC’04, April
2004, Chicago, USA.
[7] Kirby, B, Milligan, M, Makarov, Y, Hawkins, D, Jackson, K, Shiu, H, 2003. California Renewables Portfolio
Standard. Renewable generation integration cost analysis. California Energy Commission. Available at
http://cwec.ucdavis.edu/rpsintegration/
[8] Dany, G, 2001. Power reserve in interconnected systems with high wind power production. IEEE Power Tech
Conference, 10–15.9.2001, Portugal.
[9] Milborrow, D, 2001. Penalties for intermittent sources of energy. Submission to Energy policy review,
September 2001. Available at http://www.number10.gov.uk/output/Page3703.asp
[10] Milligan, M, 2003. Wind power plants and system operation in the hourly time domain. Windpower 2003
conference, 18–21.5.2003 Austin, Texas, USA. NREL/CP-500-33955. Available at
http://www.nrel.gov/publications/
[11] Dale, L, Milborrow, D, Slark, R, Strbac, G, 2004. Total cost estimates for large-scale wind scenarios in UK.
Energy Policy 32 (2004) pp. 1949–1956.
[12] Dragoon, K, Milligan, M, 2003. Assessing wind integration costs with dispatch models: a case study. AWEA
Windpower 2003 conference, 18–21.5.2003, Austin, Texas, USA. http://www.nrel.gov/publications/
[13] Giebel, G, Brownsword, R, Kariniotakis, G, 2003. The State-of-the-Art in Short-Term Forecasting. Report for
EU R&D Project “Development of a Next Generation Wind Resource Forecasting System for the Large-Scale
Integration of Onshore and Offshore Wind Farms” ANEMOS . available at http://anemos.cma.fr
[14] Hutting, H, Clejne, J W, 1999. The price of large scale offshore wind energy in a free electricity market.
Proceedings of European Wind Energy Conference, 1-5 March 1999, Nice, France, pp 399-401.
[15] Nielsen, L H, Morthorst, P E, Skytte, K, Jensen P H, Jörgensen, P, Eriksen, P B, Sörensen, A G, Nissen, F,
Godske, B, Ravn, H, Söndergren, C, Stärkind, K, Havsager, J, 1999. Wind power and a liberalised North
European electricity exchange. Proceedings of European Wind Energy Conference EWEC’99, 1–5 March 1999,
Nice, France, pp 379-382.
[16] Giebel, G, 2001. On the Benefits of Distributed Generation of Wind Energy in Europe. Fortschr.-Ber. VDI
Reihe 6 Nr 444. Düsseldorf, VDI Verlag, 2001. 116 p. ISBN 3-18-344406-2, ISSN 0178-9414, available at
http://www.drgiebel.de/thesis.htm
[17] Holttinen, H, Nørgård, P, 2004. Aggregated wind power production and smoothing of hourly variations in the
Nordic countries. In Proceedings of EWEC’2004, London, November, 2004. EWEA.

[18] Holttinen, H, 2005. Hourly wind power variations in the Nordic countries. Wind Energy (in print).
[19] Holttinen, H, Hirvonen, R, 2000. Effects of 3000 MW wind production on the Finnish power system. EWEC
Special Topic Conference “Wind Power for the 21st Century”. Kassel, DE, 25–27 Sept. 2000.
[20] Nordel, 2004. Systemdriftavtalet (System operation agreement). In http://www.nordel.org
[21] Holttinen, H, 2004 The impact of large scale wind power production on the Nordic electricity system. PhD
thesis, Helsinki University of Technology. VTT publications, Espoo, Finland. In print (will be available at
http://www.otalib.fi/vtt/jure/)
[22] Lehikoinen, P, 2003. Balancing power in Finland. Master’s Thesis, Helsinki University of Technology,
Department of Electrical and Communications Engineering. Espoo, Finland, 2003. 59 p. (In Finnish).

