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Abstract—Wind power generation is expected to increase in
Europe by large extent in future. This will increase variability
and uncertainty in power systems. Imbalances caused due to un-
certainty in wind power forecast can trigger frequency instability
in the system. These imbalances are handled using operating
reserves. To study the effects of these imbalances, anticipated
wind scenarios for European power systems are modelled for
2020 and 2030. Wind power forecasts for different time scales
and real-time available wind power are modelled. Based on these
studies, this paper qualitatively analyzes the adequacy of primary
and secondary reserves requirements for future European power
systems. This paper also discusses the challenges due to the
uncertainty in wind power forecasts and their possible solutions
for wind installation scenarios for 2020 and 2030.

Index Terms—operating reserves, wind generation, ENTSO-E,
forecast error, variability

I. INTRODUCTION

Power system should operate in a reliable and secured
manner. In order to operate the system with stable frequency,
the generation and load should always match. Since a power
system has to deal with many uncertainties originating from
variability of load, network topology, natural and technical
disturbances, stochastic generations etc., there are always
mismatches between consumptions and generations. These
mismatches are met with operating reserves in order to prevent
frequency instability [1]. Different types of operating reserves
- both manual and automatic are used to handle these un-
certainties. There are different nomenclatures for operating
reserves. In Union for the Co-ordination of Transmission of
Electricity (UCTE) operation handbook [2], different operat-
ing reserves were referred to as primary reserves, secondary
reserves and tertiary reserves based on the type of control
used to stabilize the frequency of the network. These reserves
are referred as frequency containment reserves, frequency
restoration reserves and replacement reserves based on their
functionalities in recent European Network Transmission Sys-
tem Operator (ENTSO-E) Network Code on Load-Frequency
Control and Reserves [3]. Whereas, operating reserves are
classified as automatic active reserve (Frequency controlled
normal operation reserve and Frequency controlled disturbance
reserve), fast active disturbance reserve, slow active distur-
bance reserve and reactive reserve in Nordic Grid Code [4].
The conventions of primary reserve, secondary reserve and

tertiary reserve are followed in this paper. Primary reserves
are automatic reserves activated within seconds after the mis-
matches, whereas secondary reserves are activated in minutes
range and tertiary reserves are for longer time frame from
minutes to an hour. Primary reserve requirement for the system
is generally determined according to n-1 security criterion of
the system, which is typically the maximum generation/load
that can get disconnected when any one of the power system
equipment goes down (sometimes, referred as dimensioning
fault). Secondary reserves are automatic reserves allotted to
Automatic Generation Control (AGC) used to maintain the
frequency of the control area as well as to control the tie-line
power flow with neighboring control area to a pre-set value.
Tertiary reserves are deployed manually which generally act as
balancing reserves for longer time scales ranging from minutes
to hours. Fig. 1 [2] explains the activation of different reserves
as discussed above.

Fig. 1. Different types of reserve activation by different controls

With increasing penetration of wind power generation, un-
certainties in the system also increases. Imbalance in wind
power due to the variability of wind speed is mainly caused
by error in wind forecast. The forecast error decreases as
time horizon reaches closer to operation period. Therefore, the
transmission system operators at the control center can take
better decisions as it moves close to the real time operation
in order to reduce the imbalance. The remaining imbalance
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will be handled by operating reserves in real-time. However,
it is very important to note that the reserves utilized for this
imbalance may reduce the reserve available to handle any
contingency as per n-1 security constraint.

In past, many studies have been performed regarding re-
quirements of operating reserves with integration of wind
power generation. Ela et. al. [5] and Milligan et. al. [6] gave
comprehensive reviews of operating reserves with integration
of variable generations. Ela et. al. [7] and Holttinen et. al.
[8] discusses about determination of requirements of operating
reserves with integration of wind power generation. Kiviluoma
et. al. [9], Botterud et. al., [10] discuss impacts of wind power
integration in operating reserve requirements from power sys-
tem market and unit commitment point of view. Menemenlis
et. al. [11] shows the advantages of using dynamic operating
balancing reserve at time horizon of 1-48 hours over static
reserves with integration of wind power.

This paper analyzes the requirement of short term operating
reserves to handle the imbalance in the European power
system for future wind power scenarios of 2020 and 2030 of
ENTSO-E networks. This paper also tries to analyze whether
this imbalance can be handled with slower secondary and
tertiary reserves alone or the activation of primary reserve
is imperative. This paper also investigates the requirement of
dynamic automatic reserves as opposed to static reserves in
future power systems with large penetration of wind power.

The structure of the paper is as following: Wind power
predictions for different time horizons are done using software
developed in Wind Energy Department at Technical University
of Denmark, called CORWIND. Section II describes the
details of CORWIND. Modelling of 2020 and 2030 wind
generation scenarios are discussed in Section III. Analysis
of the imbalances in the wind power based on wind power
predictions and the real-time available wind power is also
presented in Section III. Section IV describes the challenges
and possible solutions for future wind power scenarios. Section
V concludes the paper while providing motivations for future
research in this field.

II. CORWIND

CORWIND is relevant to simulating the wind power output
over a large area that features realistic fluctuations from time
scales of a few seconds to a couple of hours [12], [13],
[14]. The real-time wind power output is called the available
wind power PAV in this study. CORWIND can also be used
to estimate a wind power forecast (PDA and PHA) that
corresponds to PAV . Fig. 2 shows an overview of a general
method used to simultaneously estimate the available wind
power, the day-ahead and hour-ahead wind power forecasts.

The input to CORWIND is the wind speed from a meteoro-
logical model. Currently, the Weather Research and Forecast-
ing (WRF) mesoscale model is used to provide the wind speed
values at specified WRF grid points at an hourly resolution.
CORWIND interpolates these values to the location of the
points in this study. A wind speed value for an hour is used
to estimate a power spectral density (PSD) that is relevant

Fig. 2. CORWIND uses an estimate of the power spectral density (PSD) of
the wind speed time series that is consistent with measured spectra.

to the hour. In order to account for the observed correlation
between the wind speed values at two points, the PSD for
all the points are prepared according to an empirical spectral
coherence function. The coherent PSDs are then inverted to
give the wind speed time series for each point. The wind power
arising from a given wind speed condition is estimated using
a wind-to-power conversion module. This gives the available
power PAV .

The same wind speed values from WRF are used to generate
a day-ahead wind speed forecast by adding an error term
obtained from an autoregressive and moving average (ARMA)
random process of horizon length of 12-36 time steps or hours.
Similarly for PAV , the corresponding wind power forecast is
estimated by a wind-to-power conversion module.

The wind speed values from WRF are again used to generate
hour-ahead wind speed forecast by adding an error term
obtained from the same ARMA process, albeit at a shorter
horizon length. When converted to power, this gives the hour-
ahead wind power forecast P ∗

HA. Basically, CORWIND uses
an adjustment procedure that aligns the beginning part of the
initial wind power forecast estimate P ∗

HA with the values of
the available wind power PAV near the time of the update,
to give the final hour-ahead wind power forecast PHA. The
method has been optimized using measurement and historical
forecast data such that the differences between the PDA or
PHA with PAV gives a realistic estimate of the day-ahead or
hour-ahead wind power forecast error.

III. MODELLING AND DATA ANALYSIS OF FUTURE WIND
SCENARIOS

Anticipated wind power installation scenarios for ENTSO-
E networks for 2020 and 2030 are developed based on data
from different sources [15],[16]. Scenarios are validated and
adjusted according to EWEA report [17]. Table I shows
the anticipated installed wind capacity in GW of ENTSO-E
networks for 2020 and 2030. Fig. 3 shows the wind scenario
of ENTSO-E networks UK, Continental Europe (CE), Baltic,
Nordic and Ireland for 2020.

CORWIND is used to generate forecasted day ahead, hour
ahead, online prognoses and real-time available power from
the wind for each of the above-mentioned scenarios. These
data are simulated for the wind data of 12 meteorological



TABLE I
INSTALLED CAPACITY OF WIND GENERATION IN GW

Network 2020 2030
Onshore Offshore Onshore Offshore

UK 12.515 9.146 19.149 31.935
CE 164.912 24.976 214.486 93.899

Baltic 0.591 0 0.558 4.855
Nordic 9.214 8.769 12.817 27.685
Ireland 3.635 2.485 5.102 3.470
Total 190.868 45.377 252.114 161.845

Fig. 3. Wind Generation Scenario for 2020

years. Online prognoses are obtained at the resolution of 5
minutes for 15 minutes. In this paper, results are mainly
presented for 2020 scenario.

At the beginning of the hour, system is assumed to be
balanced. The rationale behind this assumption is that all the
generation and loads are balanced at the beginning of the
hour through power trading. All the imbalances happening
in the intra-hour operation are handled by slow, manual
tertiary reserves as well as AGC based automatic secondary
reserves. Therefore, intra-hour imbalance can be perceived
as the difference between the real-time power and the hour-
ahead prognosis. Since real-time power cannot be known in
advance, accurate prediction of this imbalance is not possible.
However, the accuracy of wind power forecast increases when
it is close to the operation time. It can be observed from Fig.
4 that for a typical day, the curve of online prognosis is much
closer to the real-time values whereas, hour-ahead prognoses
are more erroneous. Therefore, operators can allocate and
deploy tertiary reserves based on online prognosis. Since the
activation and deployment time of tertiary reserve is quite slow
(typically around 15 min.), in the meantime the imbalance
will be handled using secondary and primary reserves. Fig. 5
shows the power imbalance in UK network for 2020 scenario.
It can be observed that the imbalance can be as high as
+4.6 GW with installed capacity of around 21.65 GW. This
imbalance is much higher as compared to 1800 MW which is
the overall primary reserve available in UK network. Although

Fig. 4. Real-Time and Prognoses of Wind Power for a typical day

it is expected that most of this imbalance can be handled
using tertiary reserves, but it is possible that the imbalance
is too fast to activate tertiary reserves. In those cases, the
imbalances need to be handled using primary and secondary
reserves. The probability density function for the imbalance in
UK for 2020 scenario is shown in Fig. 6. It can be observed
that the tail beyond 1800 MW of the density function is very
long but probability values for these imbalances are too small.
This signifies that if static reserves are dedicated to handle
these imbalances, then most of the time the reserves beyond
1800 MW will remain unused. This might have economic
implications. This advocates for a system in future where
certain amount of reserves should be static (in this case 1800
MW) to handle imbalances of high probability whereas rest
of the reserves should be allocated dynamically.

Fig. 5. Imbalance for UK in 2020 scenario

IV. CHALLENGES AND SOLUTIONS

Error in hour-ahead prognoses can sometimes be as high
as 100%. In these situations, imbalances from the wind



Fig. 6. Probability Density Function for the Imbalance in UK network for
2020 scenario

generation can be very high especially if the penetration of
wind power is high. Since primary and secondary reserves are
limited and tertiary reserve activation is a slow process, these
imbalances can even invoke short term frequency instabilities.
These phenomena can be observed in the Nordic network as
shown in Fig. 7. It can be observed from Fig. 7 that imbalance
is abnormally high at point A. It is important to mention the
imbalance balancing practice at this point. In Nordic network,
the balance responsible parties (BRP) schedule generation and
trade themselves to balance in the day-ahead market. They also
trade balancing reserves in the intra-day market, 1 hour ahead
of delivery. In the operational hour, balancing is performed by
the TSOs through regulating reserves (tertiary reserves), and
automatic secondary and primary reserves. Nordic TSOs have
defined automatic reserves of 600MW for normal operation
and about 1000 MW to cover the dimensioning fault [18].
As shown in Fig. 8, which is zoom-in at point A along

Fig. 7. Imbalance for Nordic Network in 2020 scenario

with real-time production values and online prognoses for

East Denmark (DK2), Sweden (SE) and Norway (NO), the
errors are substantially high. Hour-ahead prognoses predicts
high drop in generation (as storm is predicted) where wind
speed is expected to grow beyond the cut-off speed shutting
down the wind turbines. This phenomenon is observed over a
large portion of the Nordic network. Although, it is observed
that the real wind speed is not high enough to shut down the
wind turbines, but just below the cut-off speed. As a result,
the wind turbines kept generating to their peak capacity, which
resulted in 100% error for quite high number of wind turbines.
It is important to note that this phenomenon continued for
exactly 6 hours where hour-ahead prognoses were not updated.
The reason being the accuracy of the short term forecast
like online prognosis or hour-ahead forecast is depended on
the meteorological forecast. Meteorological forecast error is
one of the main contributor to the wind power production
forecast error. Meteorological forecast model are run every 6
hours in Nordic Networks as it is today [18]. This forecast
error, therefore cannot be improved until new meteorological
run occurs for the next 6 hours. The imbalance in this case
is as high as 3500 MW for the Nordic network, whereas
the available automatic reserves are much less for Nordic
network as discussed previously. One solution to this problem
is to update the meteorological forecast at higher frequency
than 6 hours. This may be computationally challenging and
expensive. Another solution can be simulation of short term
forecasts in different way with lesser weighage to the mete-
orological forecasts, such as persistence forecasts. From the
power system point of view, these types of situations can be
handled with higher values of reserves. Since the probabilities
of these situations are very low, allotting static reserves is
neither an optimal nor an economical choice. Therefore, the
values of probabilistic estimation of dynamic reserves for
these kinds of situations could be evaluated. Fig. 9 shows

Fig. 8. Hour-Ahead Prognoses, Real-Time Values and Imbalance for Nordic
Network in 2020 scenario

another interesting and challenging situation. Fig. 9 shows
the imbalance in the UK network for a short period of 1
hour. It can be observed that the imbalances changes from



347.9 MW at 6.55 to -1778 at 7.00. This rate of change
of imbalance is very high. Main reasons for this high rate
of change are sudden change in hour ahead prognoses to
follow meteorological forecasts. It is also important to mention
that probability of occurrence of these situations is quite
high. In situations like this, secondary reserve may not be
fast enough to be deployed completely within 5 minutes,
since generally secondary reserves are completely activated
30s after the imbalance until 15 minutes. Therefore, these
types of situations will require utilizing of primary reserves in
order to prevent frequency instability. One way to handle this
challenge is by increasing the primary reserve. The required
primary reserve will be additional to the system requirement
to satisfy n-1 security constraint. Since the probabilities of
these situations are high, the primary reserves allotted to
handle these imbalances might add to static reserves and not to
dynamic reserves. This increases the cost of primary reserve.
Another solution could be faster secondary control support.
Faster secondary control from AGC needs to be studied to
find out the requirement of primary reserves to deal with
this kind of imbalance. Secondary reserves are also limited.
Therefore, the limits of secondary control reserves should also
be increased if faster secondary control is envisaged to handle
these imbalances.

Fig. 9. Imbalance for 45 minutes in UK network for 2020 scenario

V. CONCLUSION

This paper shows that in future wind scenarios, imbalances
arising due to forecast error can be high enough to invoke
frequency instability. This urges the study for the adequacy
of operating reserves in the future networks. Manual and
slow tertiary reserves can reduce the imbalance substantially
in the longer term. In order to model the tertiary control,
a delay of 10-15 minutes should be considered. This delay
corresponds to operator behavior, deployment and activation
time of tertiary reserve sources etc. Remaining imbalances
should be handled by faster, automatic primary and secondary
reserves. A thorough study should be conducted to find out

the amount of primary reserves required for different values
and rates of secondary control reserves.
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