
 

  
Abstract-- Demand for power reserves mainly arises due to 

discrepancies between power demand and supply expected at 
the time of planning and actually realized during operation. In 
the Danish electricity system, imbalances are covered by so-
called regulating power. Within longer activation times, 
regulating power is activated manually and may be contracted 
in advance, such reserves being referred to as contracted 
regulating power or manual power reserves. The present paper 
aims to estimate the amount of regulating power to be 
contracted by the Danish transmission system operator on 
daily auctions a day ahead of operation. 
 

Index Terms-- Energy system modeling, electricity reserves.  

I.  INTRODUCTION 
N the Nordic countries, the transmission system operators 
(TSOs) are state-owned and non-commercial companies, 

responsible for the security of supply. In ensuring this, the 
provision of power reserves is crucial, such power reserves 
including primary, secondary and tertiary reserves, 
collectively referred to as regulating power. 

Demand for power reserves mainly arises due to 
discrepancies between power demand and supply expected 
at the time of planning and actually realized during 
operation. Within longer activation times, regulating power 
is provided through an organized market and activated 
manually. However, due to market imperfections, the power 
offered to the market will occasionally be insufficient unless 
contracted ahead of operation. Regulating power is therefore 
partly contracted in advance, such reserves being referred to 
as contracted regulating power or manual power reserves. 

The present paper aims to estimate the amount of 
regulating power to be contracted by the Danish TSO on 
daily auctions a day ahead of operation. The estimation is 
based on the difference between social welfare optimization 
of the electricity system and optimal scheduling of the 
power producers as an attempt to take into account market 
imperfections. Although based on the Danish electricity 
system, it will apply to any other system organized in a 
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similar fashion, e.g. the Norwegian.  
Previous contributions from the literature ignore market 

imperfections and differ most significantly by the way of 
approaching reliability issues. Reserve needs are determined 
either such as to maintain a certain reliability level at any 
cost of operating the system [3], [7], [11] and [15] or 
optimize system operation by considering the tradeoff 
between reliability and the costs of reserves [5] and [14]. 

The paper is organized as follows. Section 2 provides a 
short introduction to the functioning of the Nordic 
electricity system whereas Sections 3 and 4 present different 
types of power reserves and tertiary reserves in particular. 
Section 5 establishes the modeling framework before 
Section 6 elaborates on the estimation of reserves. Finally, 
Section 7 concludes with some preliminary results. 

II.  THE NORDIC ELECTRICITY SYSTEM 
The Nordic electricity system operates with a day-ahead 

market, two intra-day markets and various less organized 
markets. The day-ahead market Elspot is a spot market 
established for the delivery of power from producers to 
consumers and in which commitments are made a day in 
advance. The two intra-day markets comprise the 
aftermarket to Elspot, Elbas, and the reserve market referred 
to as the regulating power market. Although the day-ahead 
market aims at balancing supply and demand, discrepancies 
may still occur between power demand and supply expected 
at the time of planning and actually realized during 
operation. Such imbalances are caused by forced outages of 
generating units, failures of transmission lines and 
unexpected variations in demand and renewable generation, 
notably wind power. A rebalancing of supply and demand is 
possible through the aftermarket. However, since historical 
records reveal a limited volume exchanged in the 
aftermarket we will not consider this market but assume that 
imbalances are handled solely by reserves as the following 
sections explain. 

III.  POWER RESERVES 
The Danish electricity system, part of both Organisation 

for the Nordic Transmission System Operators (Nordel) and 
Union for the Co-ordination of Transmission of Electricity 
(UCTE), divides reserves into frequency regulation, 
automatic regulation and manual regulation, [10] and [12]: 

• Primary reserve/instantaneous reserve/frequency 
regulation: Frequency regulation is required in both 
Nordel and UCTE to reduce the deviations in frequency 
that follow an instantaneous imbalance in the system. 
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The frequency is stabilized at a stationary value that 
may be different from the nominal value. Frequency 
regulation is activated within a few seconds or minutes 
and the duration is at most 15 minutes. 
• Secondary reserve/automatic regulation: Automatic 
regulation serves to restore the nominal frequency value 
according to the UCTE requirements. This type of 
reserve is automatically activated within a few seconds 
or minutes and usually stays active for 15 minutes. 
• Tertiary reserve/fast and slow reserve/manual 
regulation: Tertiary reserves, required in both Nordel 
and UCTE, are used to manually restore their primary 
or secondary equivalents. This involves optimization of 
both operation and transmission which results in longer 
activation and duration times. Accordingly, tertiary 
reserves are activated within approximately 15 minutes 
by start ups and shut downs of generators, redistribution 
between generators, and change of exchange levels. 

Considering the estimation of tertiary reserves, an hourly 
time resolution can be used. The estimation of primary and 
secondary reserves calls for significantly shorter time 
resolutions and the literature tends to handle such reserves 
differently, see e.g. [2] and [6]. 

A.  Tertiary reserves 
To ensure security of supply when having already 

activated frequency regulation and automatic regulation the 
Danish TSO activates manual regulation. Up-regulation is 
activated if supply is insufficient to fully meet demand and 
down-regulation if the contrary applies. Activation takes 
place through the Nordic regulating power market. 
However, sufficient capacity may not be directly available 
in the market and often has to be contracted prior to 
activation, e.g.\ a day ahead of operation. In Nordel manual 
regulation therefore divides into market-based regulating 
power and contracted regulating power, also referred to as 
manual power reserves. Manual reserves were first solely 
contracted bilaterally for a year or more before monthly and 
daily auctions were introduced. The bilateral contracts have 
been kept for the purpose of reducing risk of new 
investments but the total volume is presently limited. 
Market-based regulation is activated during operation and 
provided through the regulated power market, paying the 
regulated market price. On the contrary, when viewed as 
optioning, contracted regulation is paid an option price on 
the daily auction to ensure available capacity for the 
following operation day. Upon activation, producers are 
obligated to offer the regulating power to the market in the 
same fashion as market-based regulation. Assuming no 
bilateral contracting, the aim is to estimate the amount of 
regulation power to be contracted by the Danish TSO on 
daily auctions a day ahead of operation.  

From a social welfare perspective, regulating power 
should be sufficient during operation and thereby directly 
available in the regulating power market, uncovered 
imbalances being highly expensive. Nevertheless, 
insufficient capacity occurs when producers lack incentive 
to offer it voluntarily in spite of a social value. Due to low 
revenues offered in the regulating power market and the 
complexity of optimizing production plans towards two 
markets, producers might optimize bids to the day-ahead 

market only, independent of expectations to the regulating 
market price. This lack of incentives is handled within the 
system design by contracting ahead of activation and paying 
up the social value of security of supply. It should be 
remarked, though, that the establishments of option 
payments might itself reduce the incentive of producers to 
voluntarily offer sufficient capacity directly to the market. 

IV.  MODELING FRAMEWORK 
The modeling framework is based on a partial 

equilibrium of the electricity system taking into account 
equilibria in a day-ahead and an intra-day market. The day-
ahead market facilitates delivery of power for the following 
operation day on the basis of forecasts. In contrast, the intra-
day market is used for handling imbalances due to forecast 
errors. Hence, scheduling decisions divide into stages 
according to the information flow such that day-ahead 
decisions are first-stage and intra-day decisions relate to the 
remaining stages, the result being a mixed-integer multi-
stage stochastic programming model for unit commitment 
and dispatch under uncertainty, see [7], [8] and [13]. The 
model is adapted to the Danish electricity system such that 
only major Danish units are modeled using mixed-integer 
programming, the remaining being handled by linear 
programming as concerns start-ups, up- and down times etc.     

Being the main sources of uncertainty, only wind power 
forecast errors and forced outages of the generating units are 
considered. Wind power speed forecast errors are modeled 
as a multivariate autoregressive process able to capture both 
autocorrelations at a site and correlations between sites and 
wind power forecast errors are obtained using a multi-
turbine power curve. Forced outages are modeled as 
independent univariate Markov processes, the state spaces 
containing availability and unavailability of the generating 
units. All processes are estimated in accordance with the 
forecasts and the forecast accuracy of the Danish TSO. The 
joint distribution is assumed discrete with a finite number of 
so-called scenarios. The number of scenarios should be 
sufficient to approximate the true distribution and still be 
feasible for computations. Thus, a large set of scenarios is 
generated by Monte Carlo sampling and the set is reduced 
by clustering, at the same time inducing a tree structure that 
complies with the information flow. For further reference, 
see [1] and references therein. By construction, the scenario 
reduction tends to remove extreme scenarios. However, as 
extreme scenarios potentially have a significant impact on 
the need for reserves, the scenario tree is enhanced by 
additionally including an upper tail percentile from the 
distribution of each cluster.  

A.  Estimation procedure 
The procedure for estimating the amount of manual 

reserves is based on the difference between social welfare 
optimization of the system and optimal scheduling of the 
producers, taking into account an imperfect market. As an 
attempt to reflect the imperfection of the regulating power 
market it is assumed that producers schedule unit 
commitment and dispatch, considering the day-ahead 
market only, and ignoring of the regulating power market. 



 

The procedure for estimating the amount of manual reserves 
necessary to contract by the TSO is the following: 

• Run the model without the regulating power market 
and store the capacity of online units scheduled for the 
following day. Producers start up capacity for spot 
market dispatch, ignoring the regulating power market. 
The resulting capacity may be insufficient for power 
balancing. 
• Run the model with the regulating power market and 
store capacity of online units scheduled for the 
following day. From a social welfare perspective, 
producers should start up capacity for spot market and 
regulating power market dispatch such as to ensure 
sufficient capacity for power balancing. 
• The difference in online capacity has to be 
contracted ahead of operation for producers to start up 
sufficient capacity. Moreover, producers offer idle 
online capacity as contracted regulating power.  

Hence, estimate the amount of manual reserves as the 
sum of insufficient and idle online capacity.   

The estimation procedure applies to day-ahead planning 
of manual reserves. To optimize reserves throughout longer 
time periods, the procedure can be used in a rolling planning 
fashion. The model is rerun when information is updated 
such that the first run, from 12.00 and 36 hours ahead, will 
carry out day-ahead planning of manual reserves whereas 
the remaining runs, e.g. from 18.00 and 30 hours ahead, will 
update the status of the system prior to day-ahead planning, 
see also [13]. The model is rerun such as to comply with the 
update of information at the Danish TSO.  

V.  RESULTS 
Using the modeling framework of [1] and [8], the estimation 
procedure was implemented in GAMS version 22.9, and has 
been tested on a Dell PC with Intel Core 2 Duo 3 GHz 
processor, using 2006 data from the Nordic electricity 
system. In particular, Denmark is divided into two regions 
whereas the surrounding countries, Norway, Sweden, 
Finland and Germany, are each represented by a single 
region. Special efforts have been made to collect the data 
used for generating stochastic input for Denmark, such data 
being available from [4] and [9]. The surrounding countries 
have deterministic inputs. Preliminary results are given for 
January 2006.  

The hourly amounts of manual reserves necessary in 
Eastern and Western Denmark, respectively, are displayed 
in Figs. 1 and 2. In contrast to long-term contracts, daily 
auctions allow for the amounts to vary over time which is 
highly valuable in both regions. 

As system imbalances are covered by regulating power, 
the amount of manual reserves or contracted regulation 
tends to vary with imbalances. From Figs. 1 and 2 it is 
evident that contracted regulation exceeds average 
imbalances in order to cover extreme ones. It should be 
noted that regulating power is offered only as contracted 
regulating power due to the option payment. Still, extreme 
imbalances are not fully covered by regulating power as 
even from a social welfare perspective this is not 
economically optimal. Mostly, the amounts of manual 
reserves are substantially larger in Western than in Eastern 

Denmark, reflecting a larger variance of imbalances caused 
by a larger installed wind.  

 
Fig. 1.  Hourly amounts of manual reserve capacity and system imbalances 
for Eastern Denmark, January 2006. As system imbalances are stochastic a 
number of samples are displayed.  

 
Fig. 2.  Hourly amounts of manual reserve capacity and system imbalances 
for Western Denmark, January 2006.  
 

In a perfect market, system imbalances should be covered 
by regulating power offered directly to the regulating power 
market. However, since producers optimize bids to the day-
ahead market, ignoring the regulating power market, 
regulating power is frequently insufficient. Moreover, 
option payments incite producers not to offer directly to the 
market. To assess the amount of manual reserves that should 
be offered voluntarily by producers to the regulating power 
market in the absence of option payments, Fig. 3 shows the 
distribution of manual reserves between idle and insufficient 
capacity. As can be seen idle capacity accounts for a 
significant share of manual reserves, suggesting that another 
market structure should be contemplated. The situation is 
even more pronounced for Western Denmark. 

 
Fig. 3.  Hourly amounts of manual reserve capacity distributed on idle and 
insufficient (difference between reserve and idle capacity) capacity for 
Eastern Denmark, January 2006. 
 

Since electricity reserves constitute serious costs of the 
system, estimation of the need for these reserves continue to 
be highly relevant, e.g. in further exploring the structure and 
the imperfections of the market.  
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