
 

 
Abstract—Wind power development today goes towards 

concentrating large number of wind turbines in wind farms, 
concentrated in smaller areas, which causes the total wind 
power fluctuations in power system areas to increase 
significantly. The impact of future large wind farms spatial 
distribution on the operation of the power system, both in 
normal and extreme conditions, is analyzed in this paper. For 
this purpose, Correlated Wind (CorWind) power time series 
simulation model developed to simulate wind power variability 
over a large area is used. As a study case, two scenarios for 
short term offshore wind power development in the West 
Danish power system region are used. The first scenario 
assumes that all the wind farms are built in the region with the 
best wind resources, whereas the second scenario represents a 
more dispersed development. 

 

 
Index Terms— Modeling, Offshore, Power System, 

Simulation, Variability, Wind power  

I.  INTRODUCTION 
T EU level, the plans for wind power development are 
very ambitious, with 20% renewable by 2020 [1]. 

Denmark has an even more ambitious plan [2] which will 
require that approximately 50% of the electricity 
consumption should be supplied by wind power in 2025. 
This increase in installed wind power brings new challenges 
to power system operation due to the intermittent and 
stochastic nature of the available wind power. Especially in 
areas with planned large scale wind power development, 
such as West Denmark, the wind power variability is 
becoming a challenge to the power balancing. 

Maintaining the balance between generated and consumed 
power is a fundamental issue in the operation and control of 
power systems. This balance is maintained by scheduling 
enough generation to cover the forecasted load, hour by hour 
during the day [3]. Additionally, sufficient reserves with 
response times from seconds to minutes must be available to 
balance the inevitable deviations from the schedules caused 
by failures and forecast errors. 

Wind power variations are quite smooth within an hour if 
the wind turbines are dispersed over a large power system 
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area. But when the wind turbines are concentrated in large 
wind farms, the power from these wind farms can fluctuate 
significantly within the hour. As an example, the Danish 
Transmission System Operator (TSO) Energinet.dk has 
observed that the fluctuations from the first large (160 MW) 
offshore wind  farm Horns Rev in the West Danish power 
system area (DK-W) contributes to deviations in the planned 
power exchange with the central European (UCTE) power 
system see [4]. 

The impact of wind farms geographical dispersion over 
the operation of the power system is analyzed in this paper. 
The analysis is done for both normal and extreme (storm) 
conditions and considers two development scenarios. The 
locations of future offshore wind farms considered in the 
study is taken from the 23 possible offshore sites distributed 
over 7 main areas, as published by the Danish Energy 
authority [5]. 

The paper is organized as follows. Next sections briefly 
presents the CorWind power time simulation model, 
followed by the detailing of the simulation case used. The 
simulation results are presented before the conclusion 
section ends the paper. 

II.  CORWIND 
The analyses presented in this paper are based on 

simulations with the CorWind power time series simulation 
model, developed at Risø DTU [6]. CorWind can simulate 
wind power time series over a large area such as a power 
system region and in time scales where the wind turbines can 
be represented by simple steady state power curves, i.e. 
typically greater than a few seconds. CorWind can be used 
e.g. for comparison of the impact of the site selection of 
future wind farms on the system reserves requirements. 

CorWind is an extension of the linear and purely 
stochastic PARKSIMU model [7], which simulates 
stochastic wind speed time series for individual wind 
turbines in a wind farm, with fluctuations of each time series 
according to specified power spectral densities and with 
correlations between the different wind turbine time series 
according to specified coherence functions. The coherence 
functions depend on frequency and space, ensuring that the 
correlation between two wind speed time series will decrease 
with increasing distance between the points. Moreover, the 
slow wind speed fluctuations are more correlated than the 
fast fluctuations. Finally, the stochastic PARKSIMU model 
includes the phase shift between correlated waves in 
downstream points, ensuring that correlated wind speed 
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variations will be delayed in time as they travel through the 
wind farm. These model properties ensure that the summed 
power from multiple wind turbines will have realistic 
fluctuations, which has been validated using measured time 
series of simultaneous wind speeds and power from 
individual wind turbines in two large wind farms in Denmark 
[8]. 

The CorWind extension of PARKSIMU is intended to 
allow simulations over a large areas and long time periods. 
The linear approach applied in PARKSIMU assumes 
constant mean wind speeds and constant mean wind 
directions during a simulation period, which limits the 
geographical area as well as the simulation period 
significantly - typically to the area of a single wind farm and 
to max 2 hours periods. CorWind uses reanalysis data from a 
climate model to provide the mean wind flow over a large 
region, and then adds a stochastic contribution using an 
adapted version of the PARKSIMU approach that allows the 
mean flow to vary in time and space. 

For the present studies, the climate model data is provided 
by the Regional Model (REMO) developed at Max-Plank 
Institute (MPI) [9]. A set of data covering historical data for 
all Europe in 25 years, i.e. 1979 - 2003 with a resolution of 
50km × 50km in space and 1 hour in time is available. For 
each of the 50km × 50km points of the REMO model, the 
given wind speed represents an average over the area. The 
wind speed for a specific wind turbine is obtained from the 
REMO data points by linear interpolation in two dimensions. 
In principle, this interpolation reduces the variability, but 
this is considered to be acceptable because REMO data are 
used to get the slowly varying mean wind flow, while the 
variability is added by the stochastic model as indicated in 
Fig. 1. 

Fig. 1 shows an example of a 12 hour wind speed 
simulation performed by CorWind. The wind speeds are 
simulated for all 80 wind turbines in the wind farm, and the 
figure shows the wind speed of a single wind turbine (here 
denoted A1), the average wind speed in the wind farm, and 
the REMO data. It is seen that the REMO data is very 
smooth and thus only gives the variation in the mean flow. In 
order to include realistic fluctuations at all time scales, 
CorWind adds a stochastic contribution with the missing 
variability. 

 

 
 

Fig. 1  12 hours of simulated wind speeds for Horns Rev wind farm, 
showing the wind speed for a single wind turbine (here denoted A1), the 
average wind farm wind speed and the REMO data 

Comparing the wind turbine and wind farm average wind 
speeds in Fig. 1, it is also seen that the fast wind turbine 
fluctuations are smoothed much more than the slow 
fluctuations, which is because the wind speeds are simulated 
with a realistic correlation taking into account that slow 
fluctuations are more correlated than fast fluctuations. 

The CorWind model is used to quantify and compare the 
wind power variability for two development scenarios of 
wind power in DK-W. The wind power variability is 
quantified in terms of reserve requirements. The two 
scenarios differ on the location of two future offshore wind 
farms of 200MW each. 

 
Fig. 2  Simulated wind farms 

III.  SIMULATION SETUP 
In order to assess the impact of the geographical 

spreading of the wind farms over the operation of the power 
system in DK-W, two short term development scenarios 
have been chosen, described further down.  

In order to enable comparison of the two scenarios, the 
wind power from all 6 wind farms are simulated 
simultaneously, taking into account the correlation between 
the wind speeds on the different locations. The six wind 
farms that are simulated are shown in Fig. 2. The first wind 
farm Horns Rev was commissioned in 2001 and the second 
Horns Rev 2 in 2009. The last 4 wind farms are positioned 
according to [5], and each wind farm has been lay out. 

The main wind farm data is summarized in Table I. Data 
for Horns Rev and for Horns Rev 2 is given in details, 
including the wind turbine capacity and positions of the 
individual wind turbines. The wind turbine capacity and 

TABLE I 
TYPE DATA FOR THE SIX SIMULATED WIND FARMS  

Name Symbol 
Wind 

turbine 
power 

Total 
power  

Annual 
mean wind 

speed  
 HR1 80x2.0 MW 160 MW 9.6 m/s*) 
Horns Rev 2 HR2 91x2.3 MW 209 MW 10.4 m/s*) 
Horns Rev A HRA 40x5.0 MW 200 MW 10.6 m/s*) 
Horns Rev B HRB 40x5.0 MW 200 MW 10.5 m/s*) 
Anholt O DAO 40x5.0 MW 200 MW 9.0 m/s*) 
Anholt P DAP 40x5.0 MW 200 MW 9.0 m/s*) 

*)assumed annual mean wind speeds. According to [8], the annual mean 
wind speed should be 10.2- 10.3 m/s at 100 m height in the Horns Rev sites 
and 9.6-9.7 m/s in the Anholt sites. 



 

relative positions have some influence on the simulation 
result, but the most important parameter is the total wind 
farm capacity and the geographical position of the wind 
farm. 

Another assumption is the annual mean wind speed, which 
is used to calibrate the REMO data. The calibration is 
necessary, because the weather model data has a resolution 
of 50 km by 50 km in distances and 1 hour in time, and 
moreover provides the wind speeds in 10 m height. The 
REMO data is simply scaled with a constant factor which 
gives the specified annual mean wind speed for all 25 years 
of available data 

All wind farms are simulated for five years of REMO 
data, 1999 - 2003. The time step of the simulation is selected 
to 1 minute. The stochastic part is simulated with a period 
time of 1 day. This is a compromise between computer 
simulation time and simulation accuracy. Longer period 
times are possible, but it would require longer computer 
simulation time, and yet not add variability because the 
stochastic part includes variability faster than one day. To 
ensure that the stochastic randomness is still properly 
represented, each year was simulated with 5 different 
random seeds for the stochastic part. Thus, a total of 25 (i.e. 
5 years x 5 seeds) annual simulated wind power time series 
are used for the analysis. 

The two scenarios being compared are: 
Concentrated scenario: Horns Rev and Horns Rev 2 are 
supplemented with 2 new wind farms Horns Rev A and 
Horns Rev B. 
Distributed scenario: Horns Rev and Horns Rev 2 are 
supplemented with 2 new wind farms Anholt O and Anholt 
P. 

The concentrated scenario is clearly beneficial from the 
point of view of annual energy production, because the 
annual mean wind speed is significantly higher in the Horns 
Rev area than in the Anholt area. However, from the point of 
view of wind power fluctuations, the concentrated scenario 
will provide faster and larger variations and therefore will 
probably require larger power reserves. The simulation tool 
is used to quantify this difference. 

IV.  SIMULATIONS RESULTS 

A.  Storm passage 
An example of possible use of CorWind is the simulation 

of a storm passage over Denmark. For that, all 6 wind farms 
are simulated for 96 hours from 28/1-2000 to 31/1-2000. All 
the wind farms are simulated in one run to ensure the right 
correlation between the wind speeds. The primary time step 
for the simulations is selected to 1 minute. 

Fig. 3 shows the individual wind farm averages of the 331 
simulated wind speeds. It is clear from the graph that the 
wind speeds at the wind farms are much more correlated if 
they are close than if they are separate in distance. It is also 
observed that there is some delay of the variations at 
Djursland Anholt compared to Horns Rev. This is because 
the wind direction is western, which is typical, especially for 
storms. Finally, the graph also indicates that the wind speeds 

are higher at Horns Rev than at Djursland - Als. In this 
context, it should be noticed that the wind speed exceeds the 
25 m/s cut-out wind speed for a long period in Horns Rev, 
but only for a short period in Djursland - Anholt. 

 
Fig. 3  Wind farm averages of simulated wind speeds 
 

 
Fig. 4  Simulated wind power fluctuations in the concentrated scenario 
 

 
Fig. 5  Simulated wind power fluctuations in the spread scenario 
 

The simulated wind power is illustrated for the two 
scenarios in Fig. 4 and Fig. 5 respectively. It is clearly 
illustrated how the storm front hits all 4 wind farms almost 
simultaneously and with full power in the afternoon 29/1 
with the concentrated scenario, while the front is delayed 
and has lost intensity when it hits Djursland Anholt wind 
farms with the distributed scenario. 

B.  Reserve requirements 
Power system reserves are often characterized as primary, 

secondary and sometimes tertiary reserves. Primary reserves 
must automatically respond to important contingencies so as 
to keep the system-wide power balance [10], which typically 
requires response times less than a minute. Although the 
power from some wind turbines fluctuates relatively much, 



 

the total wind power in power system areas fluctuates very 
little in this time scale. Therefore the need for primary 
reserves is not affected by wind power fluctuations in normal 
operation. 

Secondary reserves are intended to follow the normal load 
variation, while tertiary reserves serve the purpose of 
responding to disturbances but with a longer time lag, 
enabling the repositioning of generation levels such that the 
faster primary reserves become available to respond to 
further disturbances [10]. Secondary and tertiary reserves are 
often required to have response times of 15 minutes or less. 
If wind power fluctuations are balanced the same way as 
normal load variations, then wind power fluctuations are 
first of all influencing the need for secondary reserves. 

The assessment of power reserve requirements is 
involving a statistical window time Twin, which reflects the 
time scale of interest. The time scales of interest will depend 
on the power system size, load behavior and specific 
requirements to response times of reserves in the system. In 
order to study the wind variability and model performance in 
different time scales, the analysis of concentrated and 
distributed scenario is performed for several time windows. 

The definition of reserve requirements applied in this 
paper is quite similar to the definition of regulation applied 
in [11] and used in [12]. The intention is to quantify the 
difference between the present power and the minimum 
instantaneous power in the following time window Twin. 
Since the reserves must be allocated in advance, the positive 
reserve requirement is defined as the difference between the 
initial mean value and the minimum value in the next period. 
It has also been chosen to use a mean value of the present 
power rather than an instantaneous value with average 
periods Tave, because the initial value is rather random. 

This definition of reserve requirements is illustrated for 
time windows Twin = 60 min and average periods Tave = 15 
min in Fig. 6. The simulated (or measured) instantaneous 
power is shown in gray tone. The mean values for the latest 
15 min are calculated and shown in black.  For each 15 
minute period, the reserve requirement is calculated as 
indicated by the arrows. 

 

 
Fig. 6  Definition of reserve requirements for period time Twin = 1 hour. 
The reserves are indicated with arrows. 
 

Formally, the reserve requirements are defined as 
 

[ ] [ ] ( )1)( ; )()( ; )()( minmeanres winave TntntPntTntPnP +−−=

 Here, [tbeg ; tend] denotes the time period from tbeg to tend. 
Note that with this definition, positive reserves means 
decreasing wind power that requires positive reserves from 
other power plants. 

The analysis of the results was done with the same 
average periods Tave = 15 min for several time windows Twin, 
from the shortest time horizon looking 15 minutes ahead to 
the longest horizon looking 48-hours ahead. 

Fig. 7 - Fig. 10 show the duration curves for the reserve 
requirements with 15 min, 30 min, 12 hours and 24 hours 
horizon. The duration curves include simulation data for all 
wind speed ranges. 
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Fig. 7  Duration curve of the reserves requirements for 15 minute ahead 
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Fig. 8  Duration curve of the reserves requirements for 30 minutes ahead 
 

For the short time horizons, i.e. 15 - 30 minutes, the 
difference between the distributed and the concentrated 
scenario is very small (Fig. 7 and Fig. 8). This is because the 
power fluctuations in this time scale are very little 
correlated, even between neighboring wind farms. The 
distances between the wind farms in the concentrated 
scenario vary from 15 km to 40 km. 
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Fig. 9  Duration curve of the reserves requirements for 12 hours ahead 
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Fig. 10  Duration curve of the reserves requirements for 24 hours ahead 
 

When we look to longer time horizons, i.e. 12 - 24 hours, 
the spatial distribution is seen to have a much more distinct 
impact on the reserve requirement (Fig. 9 and Fig. 10). In 
this time scale, the wind speeds at neighboring wind farms 
are much correlated, but with the 200 km distance from the 
Horns Rev farms to the Anholt wind farms, the correlation is 
still relatively small at this time scale. 

The most interesting point of the duration curves is the 
low percentages, where the highest values of the reserve 
requirements are quantified. The numerical values of the 1% 
fractile, for both scenarios, are given in Table II, and shown 
graphically in Fig. 11. According to these numbers, 52 % of 
the wind power from the wind farms can be lost in 2 hours 
with the concentrated scenario, whereas only 37 % can be 

lost in the distributed scenario. The figures also show how 
the reserve requirements "saturate" at a value close to 100 % 
if the time horizon is sufficiently long. 

The difference, in percentage, between the two scenarios, 
is given in the last column of Table II. The geographical 
dispersion of the wind farms can lead to reductions of almost 
30% of the required reserves in the system, for time horizons 
of 2 to 6 hours. 
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Fig. 11  1% fractile of the reserve requirements for different time windows 
 

The influence of the scenario on the amount of reserve 
requirements is also evident. Fig. 12 shows the difference in 
reserve requirement for the two scenarios. This shows that 
the difference between the scenarios has a maximum at a 
time horizon which depends on the statistical risk in terms of 
the fractile. Thus, the wind farm spatial distribution impact 
on the reserve requirements is maximum for time windows 
of 2, 6 and 24 hours for the 0.1, 1 and 10% fractile, 
respectively. On the other hand, the maximum amplitude of 
the reserve requirements reduction decreases with the 
fractile value considered, going from 0.28 for 0.1% fractile, 
to 0.21 and 0.16 for the 1 and 10% fractile, respectively. 
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Fig. 12  Fractile difference versus time 

V.  CONCLUSIONS 
Wind power’s variability, both in normal and extreme 

(storm) conditions poses challenges to the operation of 
power systems. The concentration of wind power in large – 
mainly offshore – wind farms leads to significant variability 

  
TABLE II 

1% FRACTILE OF THE RESERVE REQUIREMENTS 
Time Concentrated Distributed % diff 

15 min 0,16 0,13 17,36 
30 min 0,23 0,19 19,86 
1 hour 0,35 0,27 24,29 
2 hours 0,52 0,37 28,77 
4 hours 0,70 0,50 28,94 
6 hours 0,80 0,59 26,24 
8 hours 0,86 0,67 22,55 

10 hours 0,90 0,73 18,97 
12 hours 0,93 0,78 16,02 
24 hours 0,96 0,91 4,77 
48 hours 0,96 0,96 0,83 

 
 



 

within an hour. 
CorWind is a power time series simulation model, 

developed at Risø DTU that can simulate wind power time 
series over a power system area. The simulation model was 
used to assess the impact of spatial spreading of future wind 
farms in DK-W over power systems reserve requirements, 
both in normal and extreme (storm) conditions. For that, two 
development scenarios, based on known future offshore 
wind farm locations, were used. The difference between the 
scenarios lies in the geographical dispersion of future wind 
farms. The simulations cover a period of five years. 
Furthermore, each ear was simulated with five different 
random seeds for the stochastic part, resulting in a total of 25 
annual wind power time series. 

The impact of a storm front passage over DK-W was 
analyzed. The results show that the case when the 
geographical dispersion is significant, the impact of a storm 
passage is less dramatic. 

Similar results are obtained when the impact of wind 
farms spatial distribution over the operation of the power 
system – quantified in terms of reserve requirements – is 
analyzed.  
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