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Fact box 1: 
It applies for each second, 
minute, year or any other period 
of time that: 
[Total power production] = [Total 
power consumption] + [All losses 
in the power systems] 

Possibilities for Balancing Wind Power Variations 
 

By Lennart Söder, Electric Power Systems, KTH, 8 February 2010 
 
This paper has the goal to provide an overview about the challenges that we may face with the 
integration of large-scale wind power into the power system. We do not intend to give a 
comprehensive description of all details because the resulting text would be much too long. 
The issue is partially of general interest, but many of the descriptions are mainly relevant for 
the Swedish power system. This document is based on current know-how and studies that 
have been available to the author by the publishing date. The evaluations and conclusions 
drawn in this paper are the author’s. This document will be updated when new information 
becomes available. Anybody who wishes to comment on this article can send his comments to 
lennart.soder@ee.kth.se. 
 

1 Balance between production and consumption 
 
In principal, electricity cannot be stored. This means that as soon as electricity is consumed it 
has to be generated and vice versa, i.e. as soon as electricity is generated it has to be 
consumed. This applies always and is a physical law that we cannot change. In practice, this 
means that as soon as we switch on a lamp the corresponding electricity has to be produced 
somewhere else. The other way around it is true that – when a wind or hydro-power station 
(or any other power station) generates power - at exactly the same time, the electricity has to 
be consumed somewhere else. This means electricity cannot ”disappear”! From a physical 
perspective, there is no ”excess power” or ”power shortage”. There are of course always 
losses in the power system but these are usually only a few percent (in Sweden ca. 10%) of 
the consumption if we look at the entire chain from the generation in power stations via power 
lines all the way to the consumer. Losses are caused by power lines and transformers that get 
warmer when electricity flows through them. In practice, this means that total production (= 

what generators feed into the power system) is always 
larger than what consumers take out of the power 
system. Sometime, the words ”power shortage” or 
”excess power” are used in this context. These terms, 
however, rather refer to economic issues. ”Power 
shortage” means that somebody would like to 
consume electricity, but that there is no electricity 
available at the consumer’s location or for the price 
the consumer is willing to pay. As opposed to this, 
“excess power” refers to a situation where there are 

power stations that could produce power if consumers were willing to consume more and to 
pay the price for this power. It is naturally a challenge for the power system to maintain an 
exact balance between production and total consumption including power system losses. The 
biggest challenge for the Swedish and Norwegian power system is a situation where – for 
some reason – there is a sudden stop in a nuclear power station. In that case (which occurs 
once a year in every nuclear power station, approximately), about 1000 MW of power 
generation are lost, which corresponds to the amount of power generated in a larger nuclear 
power station. In the exact moment when such an incident occurs, all consumers need to be 
supplied with power as usually, i.e. as the nuclear power station cannot supply them any  
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We can use a bicycle to illustrate how the balance in a power system is maintained. 
 

Bicycle Power system 

We assume that some people on the 
bicycle pedal and others break. Air 
resistance and wheel resistance are 
”losses” and are part of the breaking 
process. If cyclists the whole time pedal 
exactly as much as they break, the 
bicycle will move at a constant speed. 

This corresponds to a situation where total production 
equals total consumption in the power system (e.g. the 
Scandinavian power system shown in this figure). This 
balance means that all large generators (with so called 
synchronous generators where the electrical frequency is 
directly related to how fast the generator spins) spin with 
the same frequency and you get a constant frequency in 
the entire power system. It is normally 50 Hz, i.e. the 
alternating voltage changes polarity between plus and 
minus exactly 50 times per second. 

If somebody stops pedalling because his 
leg suddenly hurts, the bike slows 
down. It does not directly stop because 
it has a certain inertia due to the weight 
of the people on the bike and of the bike 
itself. 

This corresponds to a situation where a power station 
suddenly stops production. The power system starts to 
slow down and the frequency slightly decreases. It starts 
decreasing in the same way the bike starts slowing down. 
However, the frequency does not directly drop as there is 
a large amount of kinetic energy in the turbines etc. that 
drive the generators. 
 

When the bike’s speed (the same speed 
across the entire bicycle) decreases, 
there are some cyclists who pedal and 
have a speedometer. If they notice that 
the speed goes down they can pedal 
stronger in order to compensate for the 
cyclist whose leg hurts. The remaining 
cyclists increase their power on the 
pedal to a level that keeps the speed 
constant. Again there is a balance 
between pedallers and breakers.  

This corresponds to a situation where there are frequency 
meters installed in several Scandinavian power stations, 
mainly hydro-power stations, that continuously measure 
the electrical frequency (which is the same in the entire 
Scandinavian power system). When the frequency 
decreases, the power production in these power stations 
increase in order to compensate for the reduced production 
in one of the other power stations. After that the frequency 
again is stable. All this happens automatically, 
independent of who has caused the imbalance: whether a 
power station fails, the wind speed drops in a wind power 
plant, somebody increases power consumption or 
somebody starts-up a power station etc. After that, suitable 
power stations are started up by manual regulation in 
order to restore the automatic reserve. 

In a large power system such as the Scandinavian one, it is important to take into account limitations 
in the transmission capacity in order to not overload the lines when variations in one area are 
compensated with changes in another area. On the bike, the chain can jump off if everybody in the 
front pedals and everybody else breaks. 
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longer and the electricity has to come from another power source. A power source that is 
always available as ”reserve” power are all the spinning generators (in hydro-power stations, 
nuclear power stations and others) of the entire Scandinavian power system. At the very 
moment a nuclear power station comes to a sudden stop, the power is supplied from the 
energy stored in all these spinning generators. 
 

2 Regulation and reserves 
 
There are several challenges regarding the handling of large amounts of wind power in power 
systems. The overall general challenge is to maintain a continuous balance, in an economical 
and reliable way with minimum environmental effects. Within this context, there are two 
important special cases that are often discussed. The main challenge C1 and the two important 
special cases C2-C3 are: 
 

C1. Handling the continuous balancing. The challenge for the continuous balancing 
process is that controllable production and consumption have to maintain the balance 
on all time scales. With larger amounts of wind power, there is a larger uncertainty 
because wind power forecasts are not as exact as the corresponding power 
consumption forecasts. An important issue of an economic operation is the efficiency 
of a power station if it remains standby in order to compensate changes in production 
levels. The continuous balancing process applies to both the technical capacity 
available for increasing other generation when wind power decreases and for 
decreasing other generation in an economically feasible way when wind power 
increases. 

  
C2. Low wind power production and high power consumption. Such situations are the 

basis for dimensioning the capacity that has to be installed. This issue is often called  
”capacity adequacy issue”. This challenging situation occurs comparatively seldom; 
every five to ten years electricity consumption is very high. And power consumption 
may be high in the neighbouring countries, too, which reduces the possibilities of 
importing power. With large-scale wind power, this situation will persist, but not only 
on a consumption level, but also regarding variable wind power production. Looking 
at past situations of high power consumption in Sweden, there are situations both with 
high wind power production and with small amounts of wind power. When 
dimensioning the power system, in order to handle such situations in a rational way, 
wind power production both in Sweden and in its neighbouring countries has to be 
taken into account regarding high power consumption levels.  

 
C3. High wind power production and low power consumption. Such situations can be 

handled in many different ways, but it has a very large importance for the 
dimensioning of the system. If you add large amounts of wind power to a certain area 
without changing anything else, this may result in very low prices and/or that water 
has to be spilled past the turbines and/or that not all wind power can be used. 
Therefore, you have to evaluate how frequently this kind of situation can be expected 
to occur and adjust the plans according to this evaluation. 

 
In the following, we will describe these challenges in more detail. The most complex 
challenge (to explain) is C1, the continuous balancing of production and consumption. C2 is 
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mainly important for system security reasons, i.e. how is it possible to maintain a reliable 
balance even if the wind does not blow.  
 

2.1 Continuous balancing – regulating capacity 
 
In a power system, production always has to equal consumption. As consumptions varies even 
production has to vary accordingly. Here we will define the power stations that continuously 
follow power consumption as regulating capacity. This group comprises a large number of 
power stations as the difference in consumption between day and night can amount to several 
thousand MW. Power consumption refers here to the net consumption that has to be supplied 
by power stations whose production is controlled specifically with that goal. In a first step, we 
will consider wind power as ”negative power consumption”, i.e. the other power stations have 
to supply the net consumption = difference between actual power consumption and wind 
power production. 
 
The figure below shows a continuous curve that describes the power consumption that has to 
be continuously supplied by controllable power production, i.e. regulating capacity. 
 

 
Figure 1: Power production and consumption in Sweden during week 10, 2009. The 
difference between production and consumption corresponds to the power traded with 
neighbouring countries. Power consumption changes continuously during the week and has to 
be supplied by controllable production. 
 
The figure shows an example of the continuous variations of net consumption. It always 
exactly equals production that, therefore, also has to vary. There are some phenomena to 
consider: 

• When net consumption is at its lowest level it only can increase. This is due to that 
consumption increases and/or wind power decreases. At this level, also controllable 
production is at a low level, resulting in that there are several power stations with 
margins to increase their production. In practice, it is not possible to say when the 
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lowest production level is reached; therefore it is necessary to have standby capacity to 
decrease production even then. 

• This challenge occurs mainly when consumption = production rises. Technically it is 
always possible to decrease production to the desired level, but this can in some cases 
result in energy losses when, for instance, steam has to be dumped or water has to be 
spilled. Regarding an increase in production, some power systems may have 
limitations as to how fast production can be increased. This is a particularly big 
challenge in systems with thermal power plants, e.g. coal-fired power stations, as these 
need time to heat up and may have limitations regarding the ramping speed in 
MW/min. Hydro power often can move from zero to full production in a short time, 5 
to 10 minutes, but how short this time is depends on a number of different factors, 
such as water supply, conditions due to water legislation, current operational mode 
and technical solutions of the individual plant. 

 

2.1.1 Market handling 
 
The physical handling involves a continuous balancing of production and consumption. In 
every area, e.g. Sweden or a part of Sweden, this balance is also maintained, though you have 
to take into account the continuously ongoing transmission with neighbouring areas. 
 
Technically, producers and consumers try to negotiate the balance, i.e. producers try to sell 
their expected generation and consumers try to buy their expected consumption. Through a so 
called balancing responsibility, they receive an economic incentive to plan ahead their 
production, consumption and trading as exactly as possible. If the forecast does not coincide 
with reality (for production or consumption), the partners can try to make changes to their 
trading actions if they can predict the error beforehand. If they do not manage to do this, the 
system responsible has the task to maintain the physical balance. The market players then 
have to pay for their imbalances. 
 
In Sweden, the power market currently has a structure where different market players (buyers 
and sellers) make bids for production and consumption for whole hours (MWh/h) in different 
parts of Sweden. Today, Sweden is considered a single area if the bid is made to Nordpool; 
however, from mid 2011, it will preliminarily become four different registration areas. It is 
possible to transmit power between different areas in Scandinavia and thus - in each area - to 
balance production (MWh/h), consumption (MWh/h) and possible transmission (MWh/h) 
using neighbouring areas. This balance applies here only to MWh/h, i.e. the average 
consumption during one hour which has to be equal to the average production during the same 
time (including import/export). This pre-trading is carried out at either at Nordpool Spot or at 
Elbas; and in both cases the trading refers to MWh/h. 
 
During each hour, TSO Svenska Kraftnät handles the continuous physical balancing between 
production and consumption. This happens in three ways: 

• The Primary regulation deals with automatic balancing, which has been explained 
above in part 1. 

• Hourly transition trading: As power producers sell their production for each 
individual hour they often want to change their power production at the transition 
point between hours. In order to prevent very large changes at exactly that time, 
Svenska Kraftnät has bilateral trading agreements with power producers in order to 
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move starts or stops that occur precisely at the transition between hours and also 
regarding compensation payments for that. 

• Regulating market: The continuously occurring variations are mainly handled by the 
primary regulation. There is, however, a limited capacity of primary regulation and in 
order to be able to maintain the balance at all times, the used primary regulation is 
compensated by other power stations being started up or disconnected within 5 to 10 
minutes as required. This is called secondary regulation and the system operator 
Svenska Kraftnät purchases this capacity (up-regulation and down-regulation) on the 
regulating market. It is mainly power producers that make bids to the regulating 
market for up-regulation (increased production) or down-regulation (decreased 
production). It is also possible, though, that power users offer to increase or decrease 
consumption. The regulating market is a Scandinavian market; and if, for instance, 
there is demand for up-regulation in Southern Sweden, and there is a bid for up-
regulation in Eastern Denmark that is cheaper, up-regulation will be carried out there 
instead, provided there is sufficient available transmission capacity. 

 
In the figure below, we assume that producers and consumers have perfect predictions 
(MWh/h) and that the producers generate their production at a planned hourly average value. 
The figure also shows the continuous power consumption (= production) that has to be 
maintained through primary and secondary regulation that deals with the difference between 
what market players plan and what actually is needed.  
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Figure 2: Continuous consumption = production and hourly average values. 
 
 

2.2 Continuous balancing – operational reserves 
 
One challenge when operating a power system is that there are no perfect forecasts. A lot of 
things can happen, for instance, power line interruptions, unpredicted changes in power 
consumption and unpredicted changes in wind power generation. Independent of what 
happens, controllable power stations have to change production in that case because total 
production has to equal total consumption at all times. This means, there have to be reserves, 
i.e. margins to change production in case of such events. The assumption is to have reserves 
in power stations, but it is also possible to have reserves in form of changed consumption 
and/or changed transmission on controllable power lines to power systems in neighbouring 
countries. However, if you change the transmission on controllable lines you move the 
balancing requirement to the other side of the line and the production (or consumption) has to 
be changed there instead. 
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Fact box 2: 
Reserves = margins that are 
kept in part of the power 
stations in order to compensate 
increased power consumption 
and/or reduced production from 
wind power plants or other 
power stations  

 
On the bicycle above, another cyclist has to pedal if somebody stops pedalling. The cyclist 
that now pedals more was not able to pedal to the maximum before. The margin this cyclist 
has can thus be called a reserve that this person has in case somebody else stops pedalling or 
somebody else breaks stronger. The same occurs in the Scandinavian power system (or 
anywhere else in the world). If a power station stops working, if a wind power plants 
decreases production or if somebody increases power consumption there has to be some other 
power station that can increase production. If a nuclear power station with a usual production 
of 1000 MW suddenly stops, other power stations have to have margins to directly increase 
production by 1000 MW. If wind power production decreases by 200 MW, there have to be 
other power stations that take over that production to supply power consumption as 
production always is equal to consumption. 
 
It is important, though, to take into account, that ”reserve” means that a power station stands 
by to produce more. On the bicycle, there is one person that stands by to pedal more in case 
this is needed, i.e. no effort is involved in standing by. The same occurs in the power system; 
the power station that maintains margins = reserves 
does not produce any power, but would be able to do 
so if required. Sometime there is a misconception of 
that power stations that are kept as a reserve increase 
emissions continuously or use water unnecessarily. 
However, there might be a certain effect if you 
operate a power station at a lower efficiency. In order 
to create fast reserves, coal-fired power stations (e.g. 
in Denmark) are sometimes operated at low levels 
(with lower efficiency), even though production costs 
may be higher than the price for electricity (the person on the bicycle cannot be at home and 
sleep). A power station (or part of a power station) that works as a reserve cannot produce any 
power; as the actual goal is not to produce any power, but just to stand by to do so if required. 
It is mainly power production that causes, for instance, coal-fired power stations to emit 
carbon dioxide and water from hydro-power station dams to flow through the turbines. It is 
also important for an economically efficient operation that there are steady reserves for down-
regulation if wind power increases - without this down-regulation causing unnecessary spill.  
 
It is a big challenge to design a system that keeps reserves in a way that is economically 
efficient. Some power stations (e.g. hydro-power stations that are operated at optimum 
efficiency or gas turbines on hold) hardly incur any costs for keeping reserves, but there will 
be costs if they are used. In other power stations (e.g. coal-fired power stations that operate at 
a low level), there are costs for keeping reserves (energy losses due to less efficiency), but 
efficiency increases if the reserves are used, i.e. the production increases. An efficient 
approach to handling reserves must therefore take into account the costs of keeping them, the 
costs of using them as well as an estimate of the probability of that they are used. An efficient 
way of handling reserves has even to include efficient market signals that give correct 
incentives. The examples refer to reserves for production increase, but there are also 
corresponding examples for reserves regarding the decrease of production. 
 
The figure below shows an example of how there is a (wrong) forecast at the beginning of a 
time period, but that it is also possible to get a new forecast after a few hours. 
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Figure 3: Actual power consumption = production in other than wind power plants (blue solid 
line) and forecasts from time t=5 (red dashed line) and time t=15 (green dotted line) 
 
The reserves that have to be kept depend on how fast they are available and how large the 
demand is for different time horizons, i.e. what are the dimensioning events. Here the time 
horizon is of key importance: It may happen, for instance, that it will get very cold (very high 
power consumption) within a few days. But if all available resources can be started within 4 
hours, a decision has to be taken only 4 hours before the high power consumption will occur. 
In that case, however, it may be necessary for the respective power station to call in 
employees and this may require a notice of 24 hours. 
 
If you continuously update the forecast, this means that you also can continuously decrease 
the uncertainty of the forecast for a certain hour. Figure 4 shows that at time t=5, the forecast 
error for the hour t=20 is 1800 MW; but at time t=15, the forecast error for the same hour has 
decreased to 600 MW. If the power stations need a start-up time of 15 hours, a reserve 
capacity of 1800 MW is required at time t=5; but if 5 hours are sufficient for the start-up, the 
required reserve capacity is only 600 MW based on the forecast error at time t=15. 
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Figure 4: Forecast errors from times t=5 (red dashed line) and time t=15 (green dotted line). 
This corresponds to the production increase required within the respective time interval. At 
time t=5, there have to be reserves of 720 MW that can be started up within 6 hours. 
 
In the following, we will describe how the reserves are grouped according to how fast they are 
needed, which also is connected to the forecast certainty for the same time horizon. 
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2.2.1 Primary reserves 
Primary regulation refers to the ability of the power system to maintain the balance between 
production and consumption from second to second. A brief description would be that most 
generators that are installed in power stations (synchronous generators) have a direct coupling 
between rotational speed and electric frequency. This means that the rotational energy 
decreases if the frequency decreases. Now, if there is too little energy supplied to all 
generators in the power system, the frequency will decrease as the energy is then taken from 
the generators’ rotational energy.  Some power stations – hydro-power stations in Sweden -, 
are equipped with frequency sensors that, at lower frequencies, trigger a production increase. 
In this way, the short-term balance between production and consumption is maintained. The 
primary reserves are the margins that have to be kept in power stations with frequency-
controlled production. The entire Scandinavian power system has the same frequency which 
means that these reserves are divided up between the Scandinavian countries. 

2.2.2 Secondary reserves 
Secondary regulation refers to the ability of the power system - starting from automatic 
frequency regulation of the primary regulation – to maintain the balance between production 
and consumption. A consequence of primary regulation is that there is a frequency deviation 
and that reserve margins are utilized. Note that if you have a constant frequency - independent 
of whether it is 50.0 Hz or 49.9 Hz – production and consumption are balanced, similar to the 
bicycle that moves at constant speed. However, the system is designed to operate within a 
range of 49.9 to 50.1 Hz; and outside these limits, there are smaller margins. If the frequency 
approaches the limits, it is desirable to move the system back to the middle of this range. The 
only way to do this is to start-up new power stations (or disconnect consumption) for 
frequencies that are below 50.0 Hz or disconnect power stations for frequencies above 50.0 
Hz. This has to be done quite often, several times per hour, as consumption – and 
subsequently the frequency – varies continuously. This means that secondary reserves are 
those power stations that can start up within 5 to 10 minutes. In Scandinavia, these reserves 
are handled on the regulating market. Thus, there is a continuous interaction of the primary 
and secondary regulation. 

2.2.3 Balancing reserves and 24hr-reserves 
Regulation on a 24hr-basis means that the production has to change from one hour to the next 
as consumption and wind power production vary from one hour to the next. Even this 
regulation requires continuous planning because in hydro-power systems different power 
stations interact; if you spill water in one of the hydro-power stations this water will reach the 
next station after a certain time. In thermal power systems you have to take into account that it 
takes a certain time to start up the power stations and that the ramping gradient in MW/minute 
is limited. There are also normal price differences between different power stations so that it 
is preferable to start up a power station with low operational costs. These time relations 
require planning which, in turn, requires forecasts for reliable planning assumptions. The most 
important forecasts are consumption forecast, wind forecast and price forecast, i.e. a 
prognosis of what it may cost to buy or sell generation during the 24 hr period. It is also 
necessary to have forecasts regarding what power stations are available during that period; 
however these forecasts are very likely to be reliable. The reserves required here refer to 
power stations that can increase or decrease production within one or several hours. 
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Fact box 3: 
Reserve requirements for 
different time periods 
cannot be simply added 
up because they are 
interrelated. 

Fact box 4: 
High-load reserve = power 
stations that are only used at 
extreme power 
consumption levels and/or 
if many power stations or 
lines have broken down  

2.2.4 Weekly regulation 
Weekly regulation is quite similar to 24hr-regulation with the time horizon being one week 
instead of 24 hours. Even here planning - and also forecasts – is important. The difference is 
that forecasts are less reliable. In addition, forecasts regarding water inflow into rivers can be 
an extra uncertainty.  

2.2.5 Seasonal regulation 
Seasonal regulation is provided in power systems that have access to hydro-power stations 
with reservoirs that are sufficiently large to store water between the different seasons of the 
year. In this kind of system, such as in Sweden and Norway, it is important to use the water in 
an economical way during the year. Naturally, this requires planning because the amount of 
water to be stored depends on the trade-off between the benefit of utilizing the water directly 
and storing it for a future use. The seasonal planning also includes revisions of thermal power 
plants which have to be coordinated with power demand. 
The seasonal planning is mainly based on known phenomena such as that the water inflow is 
largest when the snow melts during the spring flood; and in winter, it is colder and power 
consumption is higher. In practice, you have to take continuously decisions regarding how 
much water should be stored for the future and how much should be used during the next 
hours/days/weeks. You also have to take into account the uncertainty of this planning. 
Uncertainty in the Scandinavian system mainly refers to water inflow, but also to power 
consumption and availability of thermal power stations. There is also uncertainty regarding 
prices that, in turn, is related to uncertainties of forecasts for inflow and loads. A substantial 
challenge in this context is the planning for the spring flood because the reservoirs should be 
as empty as possible when the spring flood starts and fills up the reservoirs. But at what exact 
time this occurs is always uncertain. 

2.2.6 Comments 
The brief description above shows that there are many time-
based interrelations. Primary regulation and – to a certain 
degree – secondary regulation maintain the continuous 
balance. In order for that to work, it is necessary to 
continuously plan und re-plan so that there will be sufficient 
margins for maintaining the balance between production and 
consumption in a reliable and economic way. It is not 
possible to simply add up several types of reserves as they 
are interrelated. The events that occur during a certain hour, for instance, are a part of what 
can happen during the 24hr-period. 

2.3 Handling low wind power production and high power 
consumption 

 
All power systems try to have a sufficient number of power 
stations for all kind of situations. The goal is that even such 
situations can be handled by the market without detailed 
controlling by a system operator/authorities. The question is 
what does ”sufficient” mean in this context. You can never 
guarantee that you will always be able to supply 100% of 
the power consumption, independent of its level or the 
operating power stations. In Sweden, for instance, there is 
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Fact box 5: 
Capacity value = the capacity 
value of a power station in MW 
corresponds to the increase in 
power consumption in MW that 
is possible while keeping the 
risk of power shortage after the 
construction of the power 
station at the same level.  

always a certain (very small) probability of that several power stations stop production or do 
not operate for planned or unplanned reasons and that the transmission lines to neighbouring 
countries do not work. If all of this was to happen at the same time when there is an extreme 
power consumption consumers would have to be disconnected because there is not sufficient 
production capacity. This has not happened in modern Swedish history and there have always 
been sufficient ”margins”, i.e. there have always been power stations available (in Sweden or 
via connections from neighbouring countries) to supply power consumption. Therefore it is 
important to remember that when designing the power system you even have to take into 
account the benefit one particular power station adds to the ability of supplying high power 
consumption, even if there is not a 100 percent certainty that the power station will work 
when temperatures drop to minimum values. The important point is how all these power 
stations work together in order to supply high power consumption. There is no power station 
with a 100% certain availability during times of high power consumption. 
 

The question is what happens if a large part of the 
power production comes from wind power? 
Conventional power stations such as nuclear power 
plants may stop or be disconnected for several reason 
and therefore not produce any power. This is however, 
rather unusual; but you have to take this into account 
when choosing the required number of power stations. 
Wind power can only be generated when the wind is 
blowing and rather often there is only little wind. Here 
you have to remember that the entire Scandinavian 
power system is interconnected. In addition, the 

Scandinavian power system is interconnected to the middle-European system. This means that 
the wind will blow somewhere and that there will be sometimes even wind when it is 
extremely cold and/or when other power stations or transmission lines to the neighbouring 
countries are interrupted. Similarly to the fact that there is no guarantee that a nuclear power 
station or oil-fired power station will work exactly at the time when power consumption 
peaks, you cannot assume that there are strong winds when power consumption is high. In 
order to arrive at an assessment whether the number of other power stations can be reduced 
due to wind power plants, you have to estimate the capacity value of wind power. This is done 
exactly the same way it is done for all other types of power stations, independent of whether 
they are wind, coal-fired, nuclear or hydro-power stations. The capacity value of wind power 
is often in the order of 10-20% of the installed wind power capacity. 
 
An example: Assume that the wind never blows when power consumption is high. 10 TWh 
wind power  same energy as a 1400 MW gas-fired/coal-fired/nuclear power station that is 
operated 7000 h/year (1400 MW · 7000h = 10 TWh). If wind power has the same capacity 
value as the base-load power station (if that is assumed to operate at 100%), we have to add, 
for instance, 1400 MW of gas turbines. Under the assumption that investment costs for gas 
turbines are 30 Euro/kW/year (it is used, maybe, only a few hours every five years?), this cost 
could be spread over all wind power with 0.4 Eurocent/kWh. But: 

• Other power stations, e.g. nuclear power plants, are not always available at times of 
high power consumption. 

• It is too strong an assumption that the wind will ”never blow”. 
• Other solutions (than gas turbines) are cheaper. If the gas turbines were to be financed 

only by the electricity price and they operated 1 hour per year, on average, the price of 
electricity would have to be 30 Euro/kWh. For this electricity price, there are a large 



 12

number of solutions that are substantially cheaper, e.g. to offer consumers to reduce 
their power consumption.  

• Against the background, that Scandinavia has plenty of hydro-power and assuming 
that current plans for new power production will materialize in order to have a strong 
capacity balance, and that bottlenecks in the transmission networks are gradually 
abolished, it is likely that it will be not necessary to add further gas turbines to the 
power system due to the installation of large-scale wind power. 

The conclusion is that high-load reserves are a minor cost regarding the installation of large-
scale wind power. On a short-term horizon with a strong capacity balance, it will be about 0 
cent/kWh; and in the long term with 5-10 GW of wind power and possibly closed-down coal-
fired and nuclear power stations, it will be lower than 0.4 Eurocent/kWh as there is sometimes 
wind during times of high power consumption and balancing other than gas turbines is more 
economically beneficial. A more exact estimation will require a comprehensive analysis. 
 

2.4 Handling of high wind power production and low power 
consumption 

 
Adding large-scale wind power to areas without changing anything else might result in, e.g. 
very low prices and/or a situation where water has to be spilled past the turbines and/or that it 
is not possible to use all generated wind power. If such situations often occur, it becomes 
economically beneficial to a) increase transmission capacity from the area, b) invest in pump 
storage in rivers (low price for pumping up to higher reservoirs and the water can be used 
when prices are higher), c) have a flexible power consumption (e.g. power storage in district 
heating), d) charge electric vehicles during such situations. The key point here is that an 
appropriate dimensioning is an economic issue as low prices promote investment in 
suggestions a)-d); at the same time, large investments will increase electricity prices. It is 
difficult to actually dimension the system ”correctly” as lead times for investments cause an 
uncertainty regarding the investment planning. 
 
If the power system is ”correctly” dimensioned, there will be an economic balance between 
installed transmission system, flexible power consumption, investment in pump storage and 
acceptable amounts of spill during situation with, for instance, high wind power and lower 
power consumption. The ”correct” dimensioning means in the practice that further investment 
(pump storage, transmission system, flexible power consumption) has a higher cost than the 
value it adds. It is important to remember that even a ”correctly” dimensioned power system 
may include spill as it is not rational to dimension a power system without any spill, not even 
for high wind power production on midsummer night, for instance, when the reservoirs are 
rather full and power consumption is low. 
 
In practice, it is not possible to achieve a “correct“ dimensioning, even if that is the goal. Due 
to the deregulated power market, extensions of production, flexible power consumption and 
transmission networks are not jointly planned as these individual parts are often handled by 
different organisations. In addition, there is an uncertainty regarding demand, future 
electricity prices and lead times from the decision to the actual putting into operation of power 
stations, transmission lines etc. 
 
The conclusion is that – independent of whether the dimensioning is ”correct” or not – it is 
very valuable that the ”other production”, i.e. other than wind power, can produce at the 
lowest level possible without spill. If the other production can effectively produce on a low 
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Fact box 6: 
Each kilowatt hour of wind 
power that is fed into the 
power system reduces the 
demand for other power 
production as total power 
production always equals 
power consumption + losses. 

level, it is possible to add large amounts of wind power without having to invest into flexible 
power consumption, pump storage, new lines or without having to spill production. For 
hydro-power, a low production level without spill means that – with the exception of the 
minimum water flow that water legislation requires – water only can pass when power is 
produced and that their is sufficient capacity in the water reservoir to store the water inflow 
during times of high winds and low power consumption. 
 

3 Which power production will wind power replace? 
 
As has been explained above, production and consumption always balance. This means that 
all production always is used! The power that is fed into the power system at some point will 
always be used. If a wind power plant produces power, the need for other power production 
decreases accordingly! For each kilowatt hour of wind power, one kilowatt hour less is 
needed from another power plant. 
 
The question is which power stations will be replaced. In the following, we will provide some 
reasoning regarding the different power generation types and their role in power systems with 
large-scale wind power: 
Hydro-power: When wind power increases, it is often reasonable to decrease hydro-power 
production as it is comparatively easy to control. In practice, the amount of water passing 
through the power station is reduced and the water is stored in the dam instead. You have to 
keep in mind, though, that there will be more water in the reservoir that can be used later. In 
principle, you can say that for each kilowatt hour of wind power, it is possible to store one 
kilowatt hour of hydro-power in the dam. That means that wind power does not replace 
hydro-power, but shifts hydro-power production between hours. The amount of energy that 
hydro-power produces is mainly dependent on how much it rains. It is important, though, to 
remember that this only describes the general issue. There are many important details that 
have to be taken into account for an exact assessment 
of the opportunities. These include: 

• During spring flood, the storage capacity of the 
dams may be limited. 

• Different dropping heights and storage levels 
result in different efficiencies of hydro-power 
stations, i.e. different amounts of energy per 
cubic metre of water. 

• Forecast security requires certain margins as 
water that is dropped through the turbine of a 
power station will take, for instance, an hour to arrive at the next reservoir, and the 
conditions may have already changed by then. 

• Water legislation sets clear limits to how reservoirs may be filled/emptied and how the 
plants may be operated. Similarly, power companies may even have self-imposed 
restrictions, i.e. they do not make full use of the water legislation as this would lead, 
for instance, to inconveniences for local residents or tourists. 

• It is a combination of water inflow, physical control options and water legislation that 
limits the control options in hydro-power stations. 

Nuclear power: Nuclear power has an operating cost (cent per kilowatt hour) that is almost 
always lower than the electricity price. Therefore, they always try to produce as much as 
possible in these power stations. If wind power production increases, there are other power 
stations than nuclear that will decrease production instead. If hydro-power is stored, it can be 
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used later to replace power production that has higher operating costs than nuclear power, e.g. 
coal power in the neighbouring countries Denmark, Finland, Poland and Germany. An 
exception could be a combination of limited export options to countries with more expensive 
power production and a massive expansion of wind power where the only production that can 
be disconnected is nuclear power. 
Coal power: There is coal power in the Scandinavian and Northern European power system 
that can be replaced by other power production. If it rains heavily in Sweden and/or there is a 
lot of wind power, it is mainly coal power that will reduce production in these countries 
because Sweden either exports power to these countries or reduces imports. The reason for 
reducing just coal power is that it has most often the highest operating costs. Sometimes, there 
are also other power stations, such as oil-fired power plants, with operating costs that are even 
higher than that of coal power; and consequently, their production will be decreased instead. 
We should add that the green certificate trading leads to a situation where coal power prices 
increase the most (most carbon dioxide per kWh of produced power) which results in an 
increased interest in reducing just that production. 
Conclusions: Wind power production results in that other power stations are operated at a 
lower capacity in comparison to a situation without wind power. In Scandinavia, the large 
amounts of hydro-power and wind power lead to the rescheduling of hydro-power to later 
points in time. Therefore wind power production at one point in time can indirectly lead to a 
reduced thermal power production at a later point in time. Wind power production mainly 
results in a reduced production in coal-fired power plants in Sweden’s neighbouring countries. 
That requires a sufficient transmission capacity to countries with coal power, though, and that 
the actual pricing makes coal power the power with the highest operating costs. 
 

Appendix  Capacity and energy. 
 
Capacity is the maximum level that a power consumer or power producer has. It is measured 
in Watt (W), kW (kilowatt = 1000 Watt), or MW (Megawatt = 1000 kW). Examples are a 
bulb with 60 W or a wind power plant with 2 MW. 
 
Energy is the consumption that is used up during a specific time. It is measured, for instance, 
in kWh  (kilowatt hours), MWh (Megawatt hours = 1000 
kWh), or TWh (Terawatt hours = 1 million MWh). A 
bulb with 60 W that is on during 10 hours uses 
60·10=600 Wh = 0.6 kWh. A wind power plant with 2 
MW that operates at half capacity during 10 hours 
produces 2·10·½ = 10 MWh. This means that  
 

Energy = Capacity · time 
 
One year (not leapyear) has 8760 hours (24·365=8760). 
That means that a producer with a 1-MW power plant 
that generates power during the entire year without 
interruptions will generate a total of 8760 MWh. A 
consumer with a 1000 W electric radiator that runs the 
entire year will thus consume 8760 kWh. 
 
The production of a wind power plant varies, though, 
because the wind varies. If you have a 1 MW wind power 

2 MW 
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plant, it will sometimes produce 1 MW (when the wind speed is between ca. 14 m/s and ca. 
27 m/s), sometimes nothing at all (when the wind speed is less than ca. 4 m/s) and the 
remaining time between zero and 1 MW. If you take an average Swedish site for installing 
wind power plants (for 2008), this 1 MW wind power plant will produce approximately 2200 
MWh per year. The energy in MWh that each installed MW of capacity produces per year 
corresponds to the power station’s utilization time: 
 

[Energy production per year] = [Installed capacity] · [utilization time] 
 
For the wind power plant above, the utilization time is 2200 hours; but at a very windy spot it 
can be more than 2800 hours and on a site with less wind resources, it can be less than 2000 
hours. Utilization time is not the same as operating time. The operating time is the number of 
hours the power station is working. The operating time is substantially larger than the 
utilization time. A power station that operates at half capacity during 5000 hours per year and 
stands still the remaining time, has an operating time of 5000 hours and an utilization time of 
2500 hours. 
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