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Since liberalization of electricity market in the Nordic 
countries, occurred in 90s, the Nordpool, created in 1996, 
has suff ered a huge progression in its installed capacity, on 
demand and, above all, in diff erent types of energy plants 
that are part of the electricity production system.

For the past 15 years, the concern regarding the 
environment has grown and the politics around the Energy 
Market have changed with it. Th ere was also an imposition 
of limits on CO2 emissions that, if passed, countries 
would have had to pay fees. In this context, new ways of 
thinking about how to produce energy, and the need to 
start investing in renewable energies, such as wind power, 
emerged. A few years ago the above mentioned fees became 
stricter making the investments, which were already high, 
even higher. In Denmark, these investments start early, 
making Denmark by far the country with the highest share 
of its energy supply produced by wind turbines.

Th is study will observe the eff ects of having high wind 
power shares in the electricity supply system on the market 
prices.

Since the study will use the forecasted wind power instead 
of the produced wind power, it will look at how the Dk-
West spot price varies with the injection of this energy and 
how this energy should be treated.

It will also observe the impact that the imbalances between 
the forecasts and the real values for wind power will have 
on the regulating market, and how these imbalances can be 
reduced.

Th e study also has a small analysis of how the imbalances 
between forecasts and real values can be reduced when the 
Elbas market is used.

In the end the study concludes that the forecasted wind 
power will aff ect the spot price and that the imbalances 
between that energy and the real wind power produced will 
not signifi cantly aff ect the regulating price.

Keywords: Wind Power; Wind Imbalances; Energy Markets.

Síntese/Abstract

iii

Desde a liberalização do mercado energético nos países 
Nórdicos, anos 90, o Nordpool, criado em 1996, sofreu 
uma grande evolução na sua capacidade instalada, valores 
dos consumos e, acima de tudo, nos diferentes tipos de 
centrais eléctricas que fazem parte do sistema eléctrico de 
produção.

Nos últimos 15 anos, a preocupação pelo meio ambiente 
cresceu e as políticas relativas ao Mercado Energético 
mudaram com esta. Houve ainda uma imposição de limites 
às emissões de CO2 que, caso ultrapassados, teriam de ser 
pagas multas. Neste contexto, novas ideias sobre como 
abordar o sistema eléctrico de produção emergiram e com 
elas os investimentos em Energias Renováveis tais como a 
Energia Eólica. Mais tarde, os limites de CO2 fi caram mais 
restritos e isso levou a um aumento ainda maior dos investi-
mentos nas Energias Renováveis. Na Dinamarca os investi-
mentos em Energia Eólica começaram na década de 80 e 90, 
o que fez com que o país seja o país com maior percentagem 
do seu consumo produzido por Energia Eólica.

Este estudo irá analisar os efeitos causados por um sistema 
com percentagens de Energia Eólica elevadas no Mercado 
de Electricidade nos preços dos mercados.

O estudo irá utilizar a Energia Eólica prevista e não a En-
ergia Eólica produzida e irá avaliar como é que o preço do 
mercado Spot varia com a injecção desta.

Irá ainda observar o impacto dos erros nas previsões da 
Energia Eólica no preço do Mercado de Regulação.

O presente estudo inclui também uma pequena análise de 
como os erros das previsões da Eólica podem ser reduzidos 
apenas recorrendo ao Mercado de Ajustes (ELBAS).

No fi nal, o estudo conclui que a Energia Eólica prevista irá 
afectar o preço do mercado Spot e que os erros nas pre-
visões desta energia não irão afectar signifi cativamente o 
preço do Mercado de Regulação.

Palavras Chave: Energia Eólica, Previsão de Eólica, Mercados 
Energéticos.
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Glossary

Day of operation - Th is is the day when the energy dealt is 
going to be delivered.

Hour of operation - It is the hour when the energy will be 
delivered.

Bottlenecks - whenever a connection between two diff erent 
areas of the Nordpool system gets to its limit of capacity, 
it will cause a separation between these two areas and 
this separation is called the bottleneck. Th is situation will 
probably cause diff erences between these two area’s prices.

Balance Responsible Player - is any player on the market 
that makes an agreement with the transmission system 
operator for ensuring a trade of energy and its respective 
values of time of operation, energy traded, etc...

System and Area Prices - A system price is the price that 
the Nordpool retrieves for the spot market and it does not 
include the bottlenecks. Th e Area Price is the fi nal price for 
a specifi c area and is the price every player from that area 
has to pay for each unit of energy traded. If there are no 
bottlenecks at the Nordpool system than this price is the 
same as the system price, otherwise these two prices will be 
diff erent.

Trades of Energy - A trade of energy is any contract done 
between two balance responsible players. Th is contract 
implies a player buying, a player selling, and a specifi c 
amount of energy circulating through the electricity 
transmission system from the seller to the buyer on a 
specifi c time.

Imbalances - An imbalance is the diff erence between 
two comparable values. Th is errors can be related to 
production or consumption. An example of an imbalance 
is the diff erence between the energy a plant is supposed to 
produce and the real value of energy that it produces during 
a certain hour of operation. During this paper I’ll use the 
imbalances between the forecasted production of the wind 
power plants and their real production to create my model.

Notifi cation - A notifi cation is a paper that describes a 
trade of energy. It includes data as name of the balance 
responsible players included in the trade of energy (might 
be one (only production or consumption with adjustable 
consumption) or more (trade between two players) BRPs 
per notifi cation) value of energy traded for a specifi c hour, 
etc.
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Introduction

Problem Description

I came to Denmark to do my fi nal graduation report 
because my Master is in Energy Markets and the Nordpool 
market is the best example of a well functioning liberalized 
energy market, hence my interest in wanting to know more 
about it.

Th e evolution of the wind power energy in Denmark 
has been huge and the investments made in this area are 
enormous and also expected to continue as such, or even 
grow more until the system achieves a bigger percentage of 
wind power in order to fulfi ll the national CO2 emissions’ 
goals for reduction.
Th e stability of the energy system which is being created 
will be highly dependent on the quality of wind forecasting, 
and the imbalances between real and forecasted values will 
have to be covered by fl exible “backup” plants at the Elbas 
and Regulating markets. Th is will reduce the need for 
continuous working fuel based plants but increase the need 
for the fl exible backup plants to deal at the Elbas and the 

1. Introduction

Regulating markets immensely.

Th e idea of this study is to explore a specifi c part of the 
Nordpool Electricity Market called Regulating Market 
for the West Denmark zone (DK-West). Since very few 
research as been done on this market it is a challenge to 
conduct research on such an underdeveloped area due to a 
lack of data and studies one can use.

Th is report will study if the market can ensure the 
development of a system such as this and conclude how it 
will evolve. In order to reach these conclusions, within this 
paper, there is the need to describe the functioning of the 
entire market, from the beginning of the energy deal for 
a specifi c hour of operation, untill the respective hour of 
operation in a small introduction. However the focus will 
be on the Regulating market to explore this fl exible supply 
problem.

1.1. Problem Description
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Note: All the data available, except for fuel prices is in hourly values 

and the variable for the analysis of the regulating market will be its 

price of energy (DKK/MWh).

Th e report will be composed in four major parts:

1. Description and analysis of the markets, 
description of the markets and of all the main 
mechanisms behind each one of them.

2. Introduction to some variables with some 
graphics to help the reader familiarize himself 
with these variables.

3. Creation and analysis of models that represent 
the regulating market and how it reacts to 
some variables to ensure the system’s stability. 
Th ese models will depend on Dk-west spot 
price so this will also have to  be modeled. Th e 
variables available for this study are:
• Consumption;
• Wind Forecast;
• Wind Imbalances;
• Fuel prices;
• Bottlenecks;
• Dk-west spot and regulating market prices.

4. Conclusions

Th ere are some studies in this area already, trying to explain 
the market and how the wind power aff ects it, but not 
nearly enough with models to represent the market, and not 
unlike this study, where it will not only use the real wind 
production but also the forecasted wind production and its 
imbalances which, in my view, will make all the diff erence. 
Th e studies that have already been conducted conclude 
that there is no correlation between the prices and the 
wind power, but the fact that these studies are based in real 
values and not the forecasted values may well make all the 
diff erence.
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Introduction

System Description

Th e energy system in Denmark is divided in two diff erent 
areas, DK-West and DK-East. Th e DK-West area includes 
the Jutland Peninsula and the Funen Island and the DK-
East area includes many islands from which the biggest 
ones are Zealand, where Denmark’s capital Copenhagen 
is, and Lolland. Th ese two areas are not connected to each 
other. DK-West is connected to Germany by synchronous 
AC (Alternate Current) cables, 950MW capacity to 
import and 1500MW capacity to export, to Norway 
by a 1000MW (Export) and a 950MW (Import), both 
DC (Direct Current) cables, and to Sweden through a 
740MW (Export) and a 680MW (Import), both DC 
cables. Th e fact that it is only connected by DC cables to 
Norway and Sweden means that the imbalances in these 
two countries will not aff ect the system’s stability in the 
DK-West area. For this reason, DK-West is considered 
part of the UCTE (Central Europe) system with which it 
has an AC interconnection. Th e DK-East area is connected 
to Germany too but by a DC cable, so is not a part of the 
UCTE system and connected to Sweden by AC cables thus 
making it part of the Scandinavian Nordel system (Nordic 
Electricity System). Since there is no connection between 
the two areas (West and East Denmark), the Danish 
system can be divided into two completely independent 
systems, which is what this study will focus on, so during 
this report, only the DK-West system inside the Nordpool 
will be studied. In 2010, Dk-West and DK-East will be 
connected by a HVDC cable, which does not change that 
they are part of two diff erent electrical systems, Dk-West 
is part of UCTE system and Dk-East is part of Nordel 
system. Th is connection will almost not aff ect the prices 
because the connections between these two areas through 
Sweden and Germany already have enough capacity, which 
is easy to explain after looking at the Dk-west and Dk-
east prices which tend to be equal or very similar. It can be 
seen in fi gures 1, 2 and 3 which countries are part of which 
Electrical system and the interconnections between the 

UCTE and Nordel systems through DK-West and DK-
East borders.

1.2. System Description

Figure 1 - UCTE and Nordel Systems
(Source: System Description Slides, Flemming Nissen)

Figure 2 - HDVC (High Voltage Direct Current) Interconnections 
Between UCTE and Nordel Systems
(Source: Internet - www.abb.com)
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Figure 3 - Danish Transmission System Grid and interconnections to 
UCTE and Nordel Systems
(Source: “Optimal electricity market for wind power”, H. Holttinen, 
2004)

Red - Central Power Plants        Orange - Local CHPs  (Combined Heat-Power Plants)       Green - Wind Turbines

Figure 4 - Evolution of the Power Plants in Denmark from 1980 to 2000
(Source: System Description Slides, Flemming Nissen)

Figure 5 - Grid connections to the off shore wind farms
(Source: Internet - http://power-kite.blogspot.com/2007/11/
windpower-for-dummies.html)
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Although it is not infl uenced by the imbalances of the rest 
of the Nordpool areas, the DK-West is part of Nordpool, 
is managed under Nordpool rules and is connected to the 
rest of the Nordpool meaning it can help maintain the 
Scandinavian Nordel system stability by regulating the 
power/energy supplied to that system.

In fi gure 4 it is visible how the electricity production 
evolved in the last decades. 

Th ere is a huge tendency to create a system with smaller 
power plants distributed all over the country. Th is can 
easily be explained for there will be fewer losses in the 
energy transportation, and the transport grid can be less 
loaded,meaning there will be available capacity for the 
transportation of energy from Nordel to UCTE or from 
UCTE to Nordel. In adiction, a grid that is usually not 
overloaded has considerably less problems with damaged 
components than one that is always working at full capacity. 
On can also see the eff ort the eff ort by Danish electricity 
companies to invest in renewable energies, more specifi cally 
the wind power energy. In Figures 5 and 6 the distribution 
of the wind turbines all across the West Denmark (DK-
West Zone), as well as the grid connections to the off shore 
wind farms, is shown.

As aready mentioned, there is a huge intention to 
create a system with many small plants, in oredr for the 
transmission line not to get overloaded and because it 
is easier to guarantee the system stability and be able to 
create the so called “Islanding” that is, basically, the capacity 
to isolate an area and create small independent systems. 
For example, if for some reason a certain area becomes 
isolated because there was some defect on the transmission 
line (short-circuit, some component damaged, or even a 
transformer that goes out of service) which supplied that 
area, this area will be able to hold the demand with the 
local CHPs until the defect is repaired, most likely at a 
higher cost than it had before, but will avoid a blackout in 
that area. Th e problem with this small-scale CHPs is that, 
usually, they don’t have capacity for automatic regulation 
(regulation by frequency deviations) implying there has to 
be an equilibrium of small-scale CHPs, central CHPs and 
Wind turbines. In Figure 7 one can see the distribution, the 
number of units and their power for the generating units in 
West and East Denmark for 2008:

Figure 6 - Distribution of Wind Turbines across DK-West zone
(Source: Internet - http://europe.theoildrum.com)
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Figure 7 - Distribution of System Units across DK-West and DK-East in 2008
(Source: “Th e Power Market in Denmark”, Henning Parbo, Energinet.dk)

In the Figure 8 there is an analysis of the consumption 
and production development, with the production being 
for total, local CHPs and Wind Power production. Th e 
evolution of the Wind Power production and its share in 
the fi nal consumption is also visible. Of course these values 
depend, not just on the capacity installed, but most of all, 
on the wind throughout the year. Since there was a growth 
of almost 45% of the wind power produced from 2001 to 
2005, and this has an impact when looked at the share of 
wind power, a renewable energy, at the total consumption, 
Denmark is one of the countries in Europe where, not only 
this share is among the highest, but also where this values 
keep growing still today. Th is brings some concerns to 
the approach of the market and of course it infl uences the 
prices for the electricity in DK-West, which is what is going 
to be studied on this paper.

Figure 8 - Evolution of the Consumption and Production for DK-West
(Source: System Description Slides, Flemming Nissen)
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Introduction

Energy Market Description

1.3. Energy Market Description

Structure of an unbundled Energy Market:

Since the liberalization of the market there has been the 
need for the so called unbundling, meaning that there was 
a separation between the diff erent stages of electricity: 
Production, Transportation, Distribution and Consumer. 
Th erefore, a market structure like the one in fi gure 9, was 
created:

Th e Generation (G) and the Power Marketer (PM) 
confi gure the Production stage, the Schedule Coordinator 
(SC), Ancillary Services (AS), Market Operator (PX), 
Transmission Company (TP) and Independent System 
Operator (ISO) confi gure the Transmission stage and the 
Commercializer (RC) and Distributor (D) confi gure the 
Distribution stage.

Th e Market Operator is the company which ensures the 
communication between producers, consumers, distribution 

G - Generation
PM - Power Marketer
SC - Schedule Coordinator
AS - Ancillary Services
PX - Market Operator
TP - Transmission Company
ISO - Independent System Operator
ISO + TP -> TSO - Transmission System Operator
RC - Commercializer
D - Distributor

Figure 9 - Example of an Unbundled structure
(Source: “Mercados de Electricidade - Introdução”, João Tomé Saraiva, 
FEUP 2007)

companies and, of course, with the ISO. It is the company 
responsible for receiving all the bids for the spot market, for 
ancillary services, and to get a market price for every hour 
of the day. Th e Nordpool is the market operator for the 
Nordic countries. Th e ISO is responsible for guaranteeing 
that the ancillary services needed are available, and for 
maintaining the system stability (frequency and voltage) 
by controlling the equilibrium between production and 
consumption and bottlenecks. Whenever the ISO is the 
owner of the grid, then it means it is the Transmission 
Company too, and it is called the TSO, which for 
Denmark is the Energinet.dk, while some of the generation 
companies are Dong Energy and Energi Fyn.

Th e Pool Model:

Th e Pool is represented by the Market Operator and it is 
responsible for doing the dispatch based on the buying and 
selling of bids from the demand and supply respectively for 
each hour of the next day (It might do for each half an hour, 
but the hour model is more commonly used). Th ere are two 
models of Pool, the symmetric and the asymmetric pool. In 
both of them there will be a market price for each hour of 
the next day and all the energy traded in the pool for that 
specifi c hour will be paid at that hour’s price.

Th e asymmetric pool:

In this model the demand buys the energy at any cost. Th is 
implies that only the supply bids for the energy, and then 
the market only sees the market price corresponding to the 
capacity asked by demand. Th e supply bids on the market as 
normal, with a bid for a specifi c hour, a certain amount of 
energy (MWh) and the respective price per unit of energy 
($/MWh).



UNIVERSITY OF SOUTHERN DENMARK

ODENSE

Faculty of Engeneering

Electrical Power Engeneering Program

8

After receiving all the bids, at twelve o’clock the day before, 
the pool organizes the supply bids by price and creates 
the supply curve with which they can develop a fi gure like 
Figure 10 for each hour:

Figure 10 - Example of Supply Curve for an Asymmetric Pool System
(Based on: “Mercados de Electricidade - Introdução”, João Tomé Saraiva, 
FEUP 2007)

Figure 11 - Example of Supply and Demand Curve for a Symmetric Pool 
System
(Based on: “Mercados de Electricidade - Introdução”, João Tomé Saraiva, 
FEUP 2007)

As seen in Figure 10, as the load (demand) is inelastic the 
pool ony checks the price, which means that if the supply 
curve was the same for three diff erent hours of the next day, 
the result would be a graphic like the one above, where for 
each hour (hour 1, 2 or 3) there is an asked load from the 
demand (Q1, Q2 and Q3) and a corresponding price for 
that load (P1,P2 and P3), which will be the market price 
for that specifi c hour. In this type of pool the load is totally 
dispatched in the pool. Th is system was used in England 
and Wales from the beginning of the liberalization until 
October 2000. Th is model is also used at the Regulating 
Market where the demand has to be all dispatched in order 
to maintain the system’s stability.

Th e symmetric pool:

In the symmetric model both demand and supply send 
their bids to the pool. Th e bid system is the same as the 
asymmetric pool (Bids for a specifi c hour, energy and price 
per energy). When the pool market closes (at twelve o’clock 
the day before the operation day), the market operator 
gathers all the bids from demand and supply and builds up 
their respective curves on a fi gure similar to Figure 11:

Th e point where the two curves cross defi nes the market 
price (Price of market - Pm) and the correspondent 
quantity of energy (Qm) dealt in the pool market. Th is 
analysis is done for every hour of the following day 
separately, so there will be diff erent market prices for every 
hour. A certain amount of energy requested by the demand 
to the pool is not dispatched on the pool which means it 
has to be dealt in another market or the demand can avoid 
consuming this energy. Th ere are some consumers that, if 
the price paid is higher than a certain value, prefer not to 
consume during a specifi c hour. An example of this is the 
energy spent in Norway for melting the ice or snow on the 
sidewalks. If the price is too high, then people either take 
the snow away with a shovel, or wait for a cheaper energy 
period to turn on the heating system. Th e best example 
of a liberalized market, that uses this pool system, is the 
Nordpool.
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Nordpool Energy Market:

Th e Nordpool Energy Market is the market where all 
the Energy for the Nordic countries is traded. Th is 
includes Norway, Sweden, Finland and Denmark. All 
the companies that want to enter this market have to be 
Balance Responsible Players (BRP)1, where they agree with 
the TSO of their area to be responsible for fulfi lling their 
contracts as Producers (supply) or Consumers (demand).

Structure of the Nordpool Electricity Market:

Th e Electricity Market is divided into three diff erent sub-
markets:
Th e Elspot - Th e fi rst market for dealing energy, which is 
open until 12:00 of the day before the day of operation.
Th e Elbas -Th e market for adjustments, which is open from 
17:00 of the day before the day of operation until one hour 
before the hour of operation.
Th e Regulating Market - Th e market to guarantee the 
system’s stability, in which the bids are submitted until 45 
minutes before the hour of operation. Even though the 
trade of energy, if needed, will only take place during the 
hour of operation. Th ere is also a period of time (until 9:30 
a.m. the day before the day of operation) where plants can 
bid for availability of capacity for the reserves used in the 
regulating market (secondary and tertiary reserves) where 
they get paid, if accepted, for not bidding some capacity in 
the spot market and putting it available at the regulating 
market.

Parallel to the Nordpool market, the demand and supply 
are able to do some contracts between them directly 
without even going to the market. In order to do so, they 
just need to communicate these agreements to the TSO of 
their areas, so that this trades of energy are included in the 
TSO study of the grid for that hour to avoid bottlenecks. 
Th ese contracts are called Bilateral Contracts and can be 

done until the end of the Elbas market. Th ese contracts 
can be done on a long-term basis or in a short-term basis, 
parallel to the Nordpool. Th ese contracts are done between 
companies in order to avoid the transaction costs of trades 
done at the pool. Every transaction made at the pool has 
a small cost that goes to insurance funds. If some player A 
does not pay B (the other) for an energy transaction they 
both committed themslves to do at the pool market, B can 
ask the pool for insurance and have the money from those 
funds. However, in bilateral agreements, players do not have 
access to these insurance funds.

Th e Elspot:

Th e Elspot is a market based on the Symmetric Pool model, 
an open market for producers, as sellers, and consumers, 
as buyers. In this market every Balance Responsible Player 
(BRP) submit their its bids for a specifi c hour as a price 
(DKK/kWh) and a value for Energy (kWh)2. At twelve 
o’clock the day before, the Market Operator (Nordpool) 
gathers all the bids and builds the supply and demand 
curves for each specifi c hour of the next day, from the hour 
0 to 1 until the hour 23 to 24, and publishes the market 
price and energy dealt for each hour. In case of a bottleneck 
on a connection between the diff erent Nordpool Areas, 
Dk-west and Norway for example, the spot prices for both 
areas will be diff erent. After a bottleneck occurs, the area 
isolated by that bottleneck will not be able to use bids 
from producers of the other area, so the supply curves for 
each area, after the point where the bottleneck occurs, will 
diverge. Th e Figure 12 is a graphic created with consecutive 
values on the X axis, simulating a demand, and with 3 
curves representing the system price and the Dk-West 
price in case of a bottleneck formation at unit 46. Th e Dk-
West price is divided in two curves because one represents 
a bottleneck while exporting (Dk-West Price B-out) while 
the other represents a bottleneck while importing (Dk-West 
Price B-in). If the system has no bottleneck, the Dk-West 
price will be the same as the System price.

2 - For more information on how to bid in the Nordpool please 

consult the Regulation C2_Balancing Market from Energinet.dk

1 - For more information about BRP please consult the Regulation 

C2_Balancing Market from Energinet.dk
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Th ese bottlenecks occur when Dk-West is producing a 
big amount of wind power (bottleneck in exportation), or 
when the wind power production is low and Norway has 
high Hydro power production that has also low costs of 
production (bottleneck in importation).
As mentioned above, some energy will be needed by the 
consumers that will not be accepted by the Elspot because 
the price paid for it by the demand is lower than the price 
asked for the same energy by the supply, so it either has to 
be negotiated afterwards in the other markets, or has to be 
avoided by demand.

Th e Elbas:

Th e Elbas is a market for adjustments and is used for 
dealing the energy that was not accepted at the Elspot, 
the forced outages and the forecasting imbalances. In this 
market, the BRPs make their bids for the market and if 
some other BRP accepts it, then they both communicate 
this agreement to the TSO of their areas. Th is means that 
this market is done by the BRPs only, and that there are not 
curves for buying or selling; the BRPs merely make trades 
of energy between them at the price they both agree as a 
good price for what they want. Th e prices in this market are 
analyzed and stored as minimum, maximum and average 
price paid by unit of energy (DKK/MWh) for each hour of 
the day.

Th e Regulating Market:

Th e regulating market is the market used to assure the 
system stability. In this market the consumers with variable 
load bid to up- or down-regulate the demand and the 
producers bid to up- or down-regulate the supply. Th ere 
will be a list of bids for up regulating power and a list of 

Figure 12 - Example of Curves for System price and Dk-West price with 
bottlenecks

bids to down regulating power ordered by price of bid 
with bids from both demand and supply (the bids from 
the demand are inverse, i.e. a bid done by a consumer to 
down regulate goes to the up regulation list and a bid to up 
regulate goes to the down regulation list). Th is list is called 
the NOIS (Nordic Operational Information System3). 
With the bids from the NOIS list the TSOs can build a 
curve for up- and down-regulation like the one in Figure 
13:

Figure 13 - Example of Up- and Down-Regulation Curves at the NOIS 
List
(Based on: System Description Slides, Flemming Nissen)

3 - Th e NOIS is a common platform with all the regulating power 

bids submitted by the suppliers in Norway, Sweden, Finland and 

Denmark

Th e “sell reg. power to TSO” curve is the curve for up-
regulation and the “buy reg. power from the TSO” is the 
curve for down-regulation. In Figure 13, as it happens in 
the spot supply and demand curves graphics, at the NOIS 
list curves there is also an amount of energy - which in 
this case is the need for balancing power (MWh) - and a 
price paid for each unit of that power (EUR/MWh). Th e 
diff erence to the spot market is that here there is only a 
supply curve, so it works based on the asymmetric pool 
model. Th e reason for this, is that, while in the Elspot there 
is no problem if the demand is not fully supplied, the rest 
of the demand can be dealt in other markets until the hour 
of operation; in the Regulating Market if the demand is 
not fully supplied the system will lose its stability. Because 
both demand and supply bid to this list, if the Nordic 
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electricity system has a need for up regulating, which means 
that the demand is higher than the supply, the TSO for 
the area that needs this regulation, goes to the NOIS list 
and choses the cheapest way possible (the TSO has to be 
sure that there are no bottlenecks preventing this energy 
trade) to compensate this imbalance of the grid, which 
can be by down regulating the consumption, reducing the 
demand, or by up regulating the production, increasing 
supply. Th e same happens for down regulation by the TSO, 
with the diff erence that the options will be up regulate the 
consumption or down regulate the production. Th e price 
for this market will be defi ned by the last bid accepted on 
the NOIS list for that area. If there is a bottleneck, then 
the area separated from the system by the bottleneck will 
have a diff erent price than the rest of the system. Th e limit 
for bid at this market is 45 minutes before the hour of 
operation and the activation of the bids is during the hour 
of operation, according to the system’s necessities, so it is 
possible to have both up and down regulation in the same 
hour of operation. Th ere is a phase of this market on the 
day before the day of operation until 9:30 a.m., where the 
interested producers can bid for capacity availability in the 
NOIS list. Th is takes place because each TSO choses the 
capacity they want to assure to be available at the regulating 
market, essentially meaning that companies bid the 
compensation they want for a certain capacity availability 
in the NOIS list. Th e companies usually use this market to 
make profi t and then they bid to the regulating market with 
their marginal costs of production, so, in the regulating 
market, they only receive what they spend producing the 
asked for regulation power. Th ere is a relationship between 
the availability compensation and the diff erence between 
the expected spot price and the marginal costs. Th is is 
because if they are risking not being asked to produce in the 
regulating market, because their bid is too high or because 
there was no need for regulating power for a specifi c hour, 
then they do not want to lose the profi t they could get over 
the Elspot if they bid that capacity on it.

Reserves:

Th e regulating power is divided in three reserves, the 
primary, secondary and tertiary. Sometimes there are two 
tertiary reserves but the way they work is the same as if 
there was only one.
Th e primary and secondary reserves are dealt with on a 
monthly basis, for now, but will probably start to be dealt 
with on a daily basis like the tertiary reserve, over the next 
year or so. Th e primary reserve is done automatically by 
the plants which are qualifi ed to do so, which means they 
have automatic power regulation capability, and react to 
frequency deviations. Th e secondary reserve is activated by 
the TSO remotely and it is also called automatic reserve or 
Low-Frequency Control (LFC). Th e tertiary reserve only 
start/stop producing, depending on if there is a necessity 
to up/down regulate, after the TSO sends a notifi cation 
to the plants saying the regulation they have to perform, 
regarding power and period. In Dk-west, this notifi cation 
is done through the operational schedules every 5 minutes 
and in Dk-east, a message is sent by the TSO to the plant, 
where the power, time for start and total time of operation 
is specifi ed.
In Figure 14 is represented an imbalance and the activation 
of bids to suppress it. Th e bids correspond to the tertiary 
reserve and the LFC is the secondary reserve.

Figure 14 - Activation of Bids for the Reserve Market
(Source: Henning Parbo Slides, Energinet.dk)
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Th e primary reserve is supposed to act within 5 seconds 
after the beginning of the imbalance and goes on until 5 
minutes after it. Th e secondary reserve begins 5 minutes, 
maximum, after the beginning of the imbalance and ends 
15 minutes later, so that is when the tertiary reserve has to 
be fully operational. Th e tertiary reserve can go on until one 
hour after the imbalance occurred. Figure 15 exemplifi es 
these timings for start and stop of the reserves.

Notifi cations:

Th e notifi cations are done either for production, 
consumption or a simple trade of energy between two 
Balance Responsible Players. Th ey are on a hourly basis and 
they describe the total energy that the Units/Power Plants 
should deliver for a specifi c hour. Th e way this energy is 
distributed within that hour is specifi ed on the operational 
power schedules. Every day one notifi cation is created 
works like like a time-series of all the hourly notifi cations 
for the next day (day of operation). Th ese hourly 
notifi cations can be adjusted until the hour of operation. 
All the adjustments to the hourly notifi cations have to be 
approved by the transmission system operator (Energinet.
dk, for DK) and will be attached to the original notifi cation 
(the one from the day before), so that the original cannot 
be changed. Th e notifi cations are divided in three types as 
followed:
Th e original notifi cation as a time series for all the hours 
of the next day (day of operation). Th ese notifi cations are 

Figure 15 - Time-line for start and stop of the Reserves
(Source: “Description of the required positive tertiary reserve energy”, Eva 
Marie Kurscheid)

submitted by the Balance Responsible Players until 3 p.m. 
of the day before and have to be accepted by the TSO 
(Energinet-dk). Th ese notifi cations cannot be changed.
Th e notifi cations for adjustments are notifi cations that can 
be submitted to the TSO (Energinet.dk) for adjustments 
to the original notifi cation until 45 minutes before the hour 
of operation. Th ese notifi cations, if accepted by the TSO, 
have to be indexed to the original notifi cation and under no 
circumstance can the original notifi cation be changed.
Th e operational power schedules are notifi cations that 
describe the energy or power that a certain Unit (if power 
superior than 10MW) or Plant (if power for each unit of 
this plant is lower than 10MW) is supposed to supply. In 
Eastern Denmark, the time series/power schedules are 
done as hourly notifi cations of energy for the next hour 
(MWh/h). In Western Denmark, the time series/power 
schedules, which are submitted by the West Danish BRPs 
for production and West Danish BRPs for consumption 
with adjustable consumption, are done on a fi ve minute 
basis (updated every 5 minutes) and include the power 
that the unit/plant will supply in the next fi ve minutes of 
operation (MW). Th e Operational Schedule is the set of 
power schedules for a specifi c unit/plant for the 24 hours 
of the day and it is indexed to the original notifi cation at 
the end of the day of operation. In Eastern Denmark, this 
operational schedule consists in a set of 24 hourly time 
series of energy (MWh/h) and in Western Denmark the set 
is for 5 minutes power schedules (MW) for the 24 hours 
of the day, which means there will be 288 power schedules 
indexed to the original notifi cation and the adjustments 
notifi cations for each unit/plant, every day.
Th e fi nal set of original notifi cation, plus adjustments 
notifi cations, plus the time series/power schedules are used 
the day after the day of operation for the settlement of 
power imbalances.

Settlement of balancing power:

Th e settlement of the balancing power is paid on a monthly 
basis on the 25th day of every month. However, if it is 
not a working day, it will be paid at the next working day 
after the 25th. Th e settlements are done separately to the 
production, consumption and trades.
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For balancing power pricing, for production, Energinet.dk 
uses the two-price model:
- If the imbalance of a BRP has the same direction of the 
system’s total imbalance, which means that it will increase 
the system’s total imbalance, it will be paid at the area’s 
Regulating Power price;
- If the imbalance of a BRP has the opposite direction of 
the system’s total imbalance, that means that it will decrease 
the system’s total imbalance, so it will help the system and it 
will be paid at the area’s electricity spot price.

For balancing power pricing, for consumption and trades, 
Energinet.dk uses the one-price model:
- Any imbalance, regardless of the direction, is settled at the 
area’s Regulating Price.

Settlement of power imbalances:

To settle the power imbalances in Denmark, the TSO 
(Energinet.dk) uses the power schedule values and the 
real (metered) values converted to quarter-hourly values. 
Th e power imbalances are the diff erence between these 
two values. Th e power imbalances are only settled if the 
diff erence between the sum of the quarter-hourly power 
schedules energy and the sum of the quarter-hourly 
metered values for all the balance responsible players 
exceeds 2.5 MWh/quarter-hour. Th is means that if the 
diff erence is lower than 2.5 MWh/quarter-hour the TSO 
accepts this imbalance and does not charge players for it. 
If the diff erence is higher than 2.5 MWh/quarter-hour 
the TSO will proceed to calculate the power imbalances 
for each balance responsible player and the correspondent 
amount they have to pay for these imbalances.

Settlement prices for the power imbalances:

To the settlement prices for power imbalances, two prices 
are used:
- A price for balancing power, either for up-regulating and 
down-regulating (BALup and BALdown respectively).
- A price for the automatic reserves power, again for up-
regulating and down-regulating (AUTup and AUTdown 
respectively).

Power imbalances are settled at diff erent prices according 
to the diff erences between notifi cation, power schedule 
and metered results for a given hour. As the metered 
results and the power schedules are in a quarter-hourly 
basis, these values have to be converted into hourly values 
before settling the prices for power imbalances. Th e way to 
calculate the prices, depending on variables above described 
is the following:

If Metered Result > Power Schedule > Notifi cation then:

 Price = (Metered Result - Power Schedule) *   

 (BALdown - AUTdown)

If Power Schedule > Metered Result > Notifi cation then:

 Price = (Metered Result - Power Schedule) *   

 (BALdown - AUTup)

If Metered Result > Notifi cation > Power Schedule then:

 Price = (Metered Result - Power Schedule) *   

 (BALup - BALdown)

If Notifi cation > Power Schedule > Metered Result then:

 Price = (Metered Result - Power Schedule) *   

 (BALup - AUTup)

If Notifi cation > Metered Result > Power Schedule then:

 Price = (Metered Result - Power Schedule) *   

 (BALup - AUTdown)

If Power Schedule > Notifi cation > Metered Result then:

 Price = (Metered Result - Power Schedule) *   

 (BALdown - BALup)

If the settlement prices (BALdown - AUTdown and 
AUTup - BALup) for a specifi c hour have a negative value, 
then they will assume the value 0 DKK/MWh. Th is means 
that if a player incurs in an imbalance, he either has to pay 
a cost or pay nothing for the settlement price, but never 
receives money for that imbalance.

As in the settlement for balancing power, the invoices for 
settlement prices are done in a monthly basis.

Introduction

Energy Market Description
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Timeline for the Nordpool Electricity Market:

Figure 16 - Timeline for the Nordpool Electricity Market
(Source: “Regulation C3_Handling of notifi cations and schedules”, 
Energinet.dk)

Introduction

Energy Market Description
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Variables’ Description

2. Variables’ Description

Th is chapter goes through some of the values for the 
variables that will be used in the models, in order for the 
readers to familiarize themselves with the terms. It shows 
the range of the variables and how they have evolved 
throughout the past year. All the data is shown on an hourly 
basis since the 1st of June 2008 until the 1st of June 2009. 
Some graphics that describe the relations between two 
variables, just as basic analysis, will aso be shown on this 
chapter, but further on, once going through the elaboration 
of the models, this analysis will be deeper.

 Graphic 1 - Evolution of the Consumption from the 1st of June 2008 till the 1st of June 2009

Th e fi rst graphic is the one for consumption. In Graphic 1, 
one can see the presence of week seasonlly consumption. 
Th at is why, latter on, at the creation of the model for 
consumption, the data will be divided in every weekday and 
worked separately creating this way seven diff erent models. 
Besides this, it also has the eff ect of seasons (Winter, 
Spring, Summer and Autumn) but this is easier to see when 
divided in weekdays. Th e unit used for consumption is 
MWh/h.
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Graphic 2 - Evolution of the Wind Power Production from the 1st of June 2008 till the 1st of June 2009

Graphic 3 - Evolution of the Wind Power Imbalances between forecasted and real production from the 1st of June 2008 till the 1st of June 2009

Graphic 4 - Evolution of the DK-West Spot Price from the 1st of June 2008 till the 1st of June 2009

Graphic 5 - Evolution of the Regulating Price for Up Regulation from the 1st of June 2008 till the 1st of June 2009

Variables’ Description
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Th e next variable analyzed is the Wind Power Production. 
Th is variable depends on the installed capacity of wind 
turbines, of course, but most importantly, it depends on the 
speed the wind has at the high of the rotor of the turbine. 
Th is is easily explained by the characteristic curve of power 
of this type of turbines (power versus wind speed), which is 
shown bellow:

Th e wind turbine will not work with a wind speed below 
3,5m/s and if the wind’s speed is higher than 25m/s the 
turbine has to stop working for security reasons. All in all, 
the range of wind’s speed in order for the wind turbine to be 
able to produce energy is between 3,5 and 25m/s. Graphics 
2 and 3 show the total wind power hourly production in 
West Denmark in MWh/h for the analyzed period, and 

Figure 17 - Curve of power versus wind speed for a wind turbine
(Source: Internet - http://www.wind-power-program.com)

also the imbalances between the forecasted and the real 
production. In the Nordpool system the Wind Power goes 
to the pool at a cost of zero, so it is right in the beginning 
of the supply curve, which means it is the fi rst to be 
dispatched. Th is implies that its instability and variations 
will be present in the price of energy, but more about that 
over the DK-West spot price modeling. Th e imbalances 
shown on Graphic 3 are useful to compare with need for 
Regulating Power and with the regulating prices.

As already mentioned, the DK-West spot price is very 
unstable, and because of that, it is very hard to model. Th is 
price depends on so many variables that even in consecutive 
hours the prices can change 100% or 200% easily, and 
sometimes varying much more than this. Graphic 4 shows 
this instability and its behaviour through out a year. Th e 
average price also changes.

Th e Regulating Market price for DK-West is similar to 
the Spot price in shape because it is directly indexed to the 
Spot price as explained above in the Regulating Market 
introduction. Graphics 5 and 6 describe the Regulating 
Power price for Up- and Down-Regulate, respectively.

One really important variable in the electricity market is 
the price of fuels, coal, oil and natural gas. As showed in the 
system description almost 70% of the installed capacity in 
western Denmark depends on these fuels, so their prices are 

Graphic 6 - Evolution of the Regulating Price for Down Regulation from the 1st of June 2008 till the 1st of June 2009
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Graphic 7 - Evolution of the Fuel Prices from the 1st of June 2008 till the 1st of June 2009

Graphic 8 - Relation between Reserves of capacity Price and Spot Price from the 1st of June 2008 till the 1st of June 2009

Graphic 9 - Relation between Elbas Average Price and Spot Price from the 1st of June 2008 till the 1st of June 2009

Graphic 10 - Relation between Regulating Price for Down Regulate and Spot Price from the 1st of June 2008 till the 1st of June 2009

Variables’ Description
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really important. Graphic 7 has the monthly average prices 
for each fuel in the markets that Europe usually buys from.

Beginning on Graphic 8, are shown the relationships 
between prices for reserve of capacity market (9:30a.m. day 
before operation), Elbas and Regulating market with the 
Dk-West Spot Price and between need for regulating power 
and wind imbalances.

In Graphic 8 there is a correlation between the reserve of 
capacity price and the spot price, which was expectable for 
the plants bid on this market the diff erence between the 
expected spot price and their marginal costs, explaining 
why, if the spot price is high, then the price for reserve of 
capacity for regulation also tends to increase. Of course, 
either the spot price or the marginal cost depend on the 
costs of fuels and other variables that are not common to 
both, so, even though the correlation is not linear, it is there.

On Graphic 9, it is easy to see that there is a correlation 
between the prices of almost one to one, which means that 

Graphic 11 - Relation between Regulating Price for Up Regulate and Spot Price from the 1st of June 2008 till the 1st of June 2009

the Elbas average price is near the spot price.

In Graphics 10 and 11 one can see the correlation between 
Regulating Prices for both Up- and Down-Regulation 
and DK-West Spot Prices. As it happened with the Elbas 
prices, these  prices tend to be equal to the spot price but in 
these two cases, the correlation is stronger and it is almost 
possible to draw a tendency line with a straight line. For 
62% of the time the relation between down regulation price 
and spot price is between 0.95-1.05 (down regulation price 
divided by the spot price) and for the up regulation price 
this value goes up to 77%. Th is is consistent with the theory 
of the regulating power being around the spot price - either 
going up or down for Up- or Down-regulation respectively 
- as explained in the introduction to the Regulating Market.

Acorrelation between the need for regulating power and the 
wind power imbalances was expected, but there is no visible 
correlation in Graphic 12. More of these studies will be 
shown latter on the modeling.

Graphic 12 - Relation between need for Regulating Power and Wind Imbalances from the 1st of June 2008 till the 1st of June 2009

Variables’ Description
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All in all, the prices for Dk-west spot depend on many 
variables, being one of them the forecasted Wind Power, 
which is one of the most important variables to explain the 
oscillations on this price. Th e fuel prices are also important 
because the costs of production to the fuel based plants are 
directly indexed to these prices but the production costs are 
not calculated on an hourly basis so the fuel prices are not 
responsible for the hourly variations. On the other hand, 
these prices, in particular, the price for Natural Gas, has a 
trend similar to the spot price trend. Th is can be explained 
by the fact that in Dk-West there is a big concentration of 
CHP Plants and these work on Natural Gas. A further 
issue is the correlation between the Dk-West Regulating 
prices and the spot price. Th is is the main reason why this 
report will focus its studies on the Dk-West spot price fi rst, 
and then on the Regulating Market.

Variables’ Description
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Models

Consumption

3. Models

3.1. Consumption

Because the Consumption is an entry for the models 
studied latter on, it will be an important variable to this 
study, so there is a necessity to study and forecast it in order 
to be able to include it in the market studies.
For this model in particular, it is easier to work with daily 
data instead of hourly data. Th is because this way, the 
week seasonly can be included in the model as well as 
the year seasonly. Th e data used was the data available at 
Energinet.dk webpage, which resumes to data from the 
1st of January 2000 until the 23rd of June 2009. After the 
forecast, the models’ results are converted again into hourly 
values. For that, a new study of the distribution of the 

consumption during the hours of the day was made. Th is 
study is also good to see that this distribution during the 
day has not changed in for the past 10 years, and it is good 
to understand how the distribution of consumption has to 
evolve in order to achieve an equilibrium of consumption 
during the day, which would minimize the need for extra 
plants to supply the consumption over the “full hours”. All 
these studies are explained in the Appendix. In the end, 
the MAPE error, which is the mean absolute percentage 
error, was 4,88% and Graphic 13 shows the real and the 
forecasted consumption for the period used for the models 
studied latter.

Graphic 13 - Real and Forecasted hourly consumption since 1st of June 2008 till 1st of June 2009
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3.2. Dk-West Spot Price

Models

Dk-West Spot Price

In the beginning, the objective of this part of the study was 
to create a model that would show the correlation between 
the Dk-West spot price and the Wind Power Forecasts. It 
was supposed to be a model that had the Wind forecast, the 
ones used by Energinet.dk, as an entry and the spot price as 
an output. Th e fi rst thing to do was to analyze the graphic 
that relate these two variables. Th e result was graphic 14, 
shown bellow.

Th e same correlation but for the system spot price instead 
of the Dk-West spot price, was also analyzed and the result 
is shown on graphic 15.

On both graphics, 14 and 15, a correlation between the two 
variables is not visible, but one can see that in the system 

Graphic 14 - Dk-West spot price vs. Wind Forecast

Graphic 15 - System spot price vs. Wind Forecast

price analysis the values are more concentrated and do not 
vary as much as in the Dk-West spot price. Th is is easily 
explained because for the system price, the demand, during 
a summer day, varies between 20000MW and 30000MW 
and for Dk-West, these values vary between 1000MW 
and 2000MW, almost twenty times less than the system 
demand, so, the injection of wind power in the Dk-West 
transmission grid has more impact in the Dk-West system 
than in the Nordpool system.

Th is idea of the Wind Power not having a direct correlation 
with the Dk-West price was theoretically wrong, so there 
was a need to fi nd what was “hiding” this correlation and 
the most obvious conclusion was demand. Th e problem is 
that for the same amount of Wind Power forecasted, there 
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Models

Dk-West Spot Price

was a huge disparity between values of demand, which 
would obviously aff ect the market price. Th e theory behind 
the market would explain exactly what does the Wind 
Power represent on the Electricity Market. As the Wind 
Power goes to the market with a zero cost, 0DKK/MWh, 
because this energy does not have any cost to produce, it is 
the fi rst energy to be dispatched and it will correspond to 
an amount of energy that appears in the supply curve with 
zero cost, so, overlapped to the “X” axis. Figure 18 shows 
this eff ect.

From fi gure 18 one can conclude that the injection of 
Wind Power on the system does not do anything more 
than to shift the supply curve a certain number of units 
(MWh), where this number is the amount of wind power 
forecasted. And, taking into account that the supply 
curves can be described by the exact same expression - just 
with the translation caused by the wind power - then, if 
instead of having the demand on the X axis there was the 
consumption minus forecasted wind power, the expression 
would be exactly the same as the supply curve without 
any wind power. Th is can be done, because, as this energy 
has a zero cost, then, it can be seen as negative demand. If 
the variable used in the X axis is only the demand, when 
modeling the supply curve, as the supply curve is always 
moving around with the forecasted wind power, it would 
be increadibly hard to get any reliable result. On the other 
hand, when the forecasted wind power is considered as a 
negative demand the variations on the supply curve caused 
by the wind power forecast are avoided so it is easier to 
see the supply curve. Th e variations on the price for each 
value of consumption minus forecasted wind power will 
only be caused by variations on the bids by each plant and 
not because of wind power production. Figure 19 shows 
another way of explaining the same. In the fi gure, Q1 is 

Figure 18 - Example of Supply Curves for an hour of operation with and 
without Wind Power

the demand, and the supply curve does not include the 
Wind Power. If the Wind Power was included as a negative 
demand then the initial demand (Q1) that had a price (P1) 
would be subtracted by the wind power getting this way a 
new demand (Q2) and a new price (P2). Th e wind power is 
nothing more than the diff erence between Q1 and Q2.

Th is means that, in fact, if a curve where the consumption 
was fi xed and the wind power forecast was variable could be 
done, the curve would be exactly the symmetric of this one. 
Figure 20 exemplifi es this. Q1 and Q2 are two diff erent 
amounts of forecasted wind power for the same hour which 
means the same demand, consumption.

Graphics 16 and 17 are computed based on the data 
received from Energinet.dk.

Figure 19 - Example of Supply Curve for demand without wind power
(Based on: “Mercados de Electricidade - Introdução”, João Tomé Saraiva, 
FEUP 2007)

Figure 20 - Example of Dk-West spot price in function of wind power
(Based on: “Mercados de Electricidade - Introdução”, João Tomé Saraiva, 
FEUP 2007)
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Graphics 16 and 17 show the diff erence between calculating 
the Dk-West spot price with only the demand or with 
the consumption minus wind power. In Graphic 16 the 
demand starts around 1250-1300MWh/h, which means 
that this was the lowest demand over the period of 1st of 
June 2008 to 1st of June 2009, probably a day of summer, 
and ends with the highest demand around 3600MWh/h, 
most likely, on a cold day of winter. For an analysis of 
consumption, this is probably a good choice of graphic 
analysis, but, if the variable to study is the price, then in 
Graphic 16, as explained above, the wind power infl uences 
the price and it is not quantifi ed so the viewer of the graphic 
receives the wrong impression of the market supply curves 
done by the other sources of energy external to wind 
power. Th e problem is that, in Graphic 16, if a random 

Graphic 16 - Dk-West spot price vs. Demand

Graphic 17 - Dk-West spot price vs. Demand - Wind Forecast

number of consumption is picked up, 1500MWh/h for 
example, there is no way, looking at the graphic, to know if 
the wind power was 0MWh/h or 1500MWh/h and that 
variation has a big infl uence on the price of energy because 
the energy needed to be produced by the fuel based plants 
- which is equal to demand minus wind power - can be 
1500MWh/h or 0MWh/h, respectively, and obviously 
the costs for producing these two amounts of energy are 
diff erent. Of course, variations on capacity of energy supply 
also happen in the fuel based plants but they are not so 
signifi cant in value and they do not happen that frequently, 
but these explain the fact that on Graphic 17, even with the 
wind power infl uence avoided, there is not a perfect curve 
but an accumulate of values for each diff erent value for 
consumption minus wind power. Another reason for this 

Models

Dk-West Spot Price
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to happen are the bottlenecks that aff ect a lot the supply 
curves, as explained above in the market discription chapter 
in spot market analysis, and the price of fuels and politics 
around the energy market - fees for the CO2 emissions and 
subsidies, for example. All in all, with the translation done 
from Graphic 16 to 17, it is possible to work the data and 
get the average supply curve for fuel based plants. Th is was 
the fi rst analysis to be done.

For this analysis, the corrected hourly demand, 
consumption minus wind power, was divided in intervals 
of 100MWh, and then calculated the average corrected 
demand values and the respective prices for each of those 
intervals. Th is analysis was made for System, Dk-West and 
EEX spot prices. Th e results are shown on table 1.

Th ere are three things that are worth focusing on Graphic 
19. Th e fi rst one is the fact that there are negative values for 
the corrected demand, which means that the wind power 

Table 1 - Spot Prices Dk-West, System and EEX - Average model

Graphic 18 - Spot Prices Dk-West, System and EEX - Average model

Graphic 19 - Average Dk-West spot price based on average values for the corrected demand - Average model

for some hours is higher than the consumption and then the 
price for this values is diff erent from zero and positive. On 
a fi rst look this seems strange because, as the wind power is 
sold in the market at a zero cost, it would be expected that 
the spot price would be zero. Th e problem is that, stopping 
a big coal plant for only one or a few hours has huge costs 
implied and sometimes it is not even possible, so the big 
energy companies like Dong Energy and Vattenfall buy 
energy on the Dk-West spot market and then they sell it on 

Models

Dk-West Spot Price
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EEX market. Th is way they can pull up the market price 
on Dk-West and receive some money instead of off ering 
energy at zero cost to the market or having the costs of 
stopping the plants. Th e second thing to talk about is that 
some steps appear on the Dk-West spot price values when 
moving around the corrected demand. Th ese steps are 
caused by the diff erent techniques of producing energy. 
Th e coal plants, for example, vary their prices between 
them, but they all use the same fuel, they have the same 
costs with it, so these variations are small and explained by 
the diff erences on the used technologies to produce energy 
from coal, because these vary in effi  ciency. Th e third point 
worth talking about is the behavior of the curve in the last 
values for corrected demand, higher than 3000MWh/h. In 
this part of the supply curve, shown by the average prices, 
there is a huge drop on the price of energy paid for these 
high values. Th is can be explained by looking at the graphic 
that shows the price for Dk-West spot price as a function 
of the consumption minus wind power. In this graphic it 
is visible that the prices for corrected demands higher than 
3000MWh/h are more stable. In this period the prices 
vary from 300DKK/MWh till 600DKK/MWh and in 
the values lower than 3000MWH/h and higher than 
1250MWh/h, the prices fl oat between 200-800DKK/
MWh. Th ese diff erences are explained by the technologies 
of the plants present in the Nordpool electrical system. 
Th e supply curve, as mentioned above is built in a crescent 
fashion since the cheapest plants, usually the hydro plants, 
if the wind power is considered as negative demand and 
not as supply, until the most expensive ones, the oil and 
natural gas plants. Th e hydro plants have constant costs and 
their production varies with the water available to create 

energy. When they lack capacity to produce, then the coal 
and nuclear plants start producing and after these two, the 
oil and the natural gas plants start. Th e Uranium price is 
cheaper than the coal price so this energy comes fi rst. Th e 
coal prices vary a lot so that is why the prices vary so much 
on the middle part of the supply curve. Th e last part of this 
curve is fulfi lled by the natural gas plants and this fuel is 
dealt in very long term contracts, usually 20 years’ contracts, 
so that is why the variations on the natural gas price do not 
aff ect the price on the supply curve on a short term, and 
that is the reason why it is more stable in the end than in 
the rest of the curve. On the other hand, the variations on 
the Natural Gas prices are corrected in a long term which 
will provoke a trend on the market prices.

To create the model to represent Graphic 19, the easier way 
was to draw a trend line on the graphic and check which 
function would better represent the values. Th e result 
for this model was a sixth degree polynomial function. 
(Graphic 20)

Now it was time to use the expression of a sixth degree 
polynomial function and calculate the constants on it to 
create the model:
Y (x) = δ + ø1.x + ø2.x

2 + ø3.x
3 + ø4.x

4 + ø5.x
5 + ø5.x

6

Where:
Y (x) - Dk-West Spot price for corrected demand (x)
x - value of average corrected demand (Consumption - 
Wind Power)
ø1, ø2, ø3, ø4, ø5, ø6 - model constants

Graphic 20 - Average Dk-West spot price based on average values for the corrected demand with a trend line - Average model
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Th e way to proceed to calculate the constants is to calculate 
the error and the quadratic error for each value of “x” and 
then calculate the square root of the average quadratic error 
(RMSE). Th e application solver was the application used 
to minimize this error by modifying the constants of the 
model. Th e results were:

Table 2 - Model parameters - Average model

Table 3 - Model errors - Average model

Table 4 - Errors for the model applied to hourly values - Average model

Graphic 21 - Dk-West spot price and forecasted spot price - Average model

Graphic 22 - Dk-West hourly spot price and forecasted hourly spot price - Average model

After calculated, the model was applied to the hourly data 
and the results were:

Models

Dk-West Spot Price
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As this model is based on average values and not on the 
real values, instead of using only one function to represent 
the comportment of the supply curve, it can be divided it in 
four parts:
- Lower than 500MWh/h;
- Between 500 and 1250MWh/h;
- Between 1250 and 3000MWh/h;
- Higher than 3000MWh/h.

Th e results for each part, in the average values, are 
represented on Graphic 23.

Models

Dk-West Spot Price

Graphic 23 - Dk-West spot price and forecasted spot price - Average model 2

Table 5 - Errors for the model applied to hourly values - Average model 2

Graphic 24 - Dk-West hourly spot price and forecasted hourly spot price - Average model 2

After applying this model to the hourly data, the results 
were:

As seen above the errors for these models were huge. Th e 
reason for this was that the model calculates the average 
values,even though the market price is very unstable with 
a high amplitude of values meaning that the average price 
is not a good approximation. For this reason, the model to 
represent the market price had to include more variables 
than just the wind power. Th e variables that might be 
important and infl uence the modeling of the spot market 
price are:

- Consumption;
- Wind Forecast;
- Consumption minus Wind forecast;
- Bottlenecks;
- Price of fuels;
- Day of the week;
- Weather;
- Capacity available on the hydro plants on Nordpool;
- Holidays.
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Th e fi rst model created was a Neural Network using 
Matlab. Th e entries for the model were:
- Year;
- Month;
- Day;
- Hour;
- Weekday (numerical, 1 to Sunday, 2 to Monday, etc...);
- Wind Forecast;
- Consumption;
- Consumption - Wind Forecast.

In this model the price of fuels was not used because by this 
time there was no data for that yet. Th e results were:

Models

Dk-West Spot Price

From all of these variables the Bottlenecks had to be taken 
away, because it is really hard to predict if there is going 
to be or not a bottleneck; Weather, because there was no 
available data for the weather in the last year, but, this 
variable is already included in the consumption forecast 
so there is not a need to consider it again; Hydro power 
capacity available, also because there is not data available of 
this variable to study; and Holidays because their infl uence 
is in the consumption so they should be already included in 
the demand forecast. All in all, the only variables available 
were:
- Consumption;
- Wind Forecast;
- Consumption minus Wind forecast;
- Price of fuels;
- Day of the week.

Th e variable time (year, month, day and hour) was added to 
the model to introduce a trend eff ect on it. Table 6 - Train and Test Errors - Matlab model for Dk-West Spot 

without fuel prices

Graphic 25 - Dk-west real and forecasted spot price - Matlab model for Dk-West Spot without fuel prices

Th is model reduced almost 30% of the error from the 
average values model, but still had a high error on the Test 
group of data and most of all, it does not respond right in 
the transition from the Train group of data (from hour 1 till 
hour 7991) to the Test group of data (from hour 7992 till 
hour 8783).

When the data for the fuel costs was available, it was 
created a new Neural Network now with the fuel costs 

included. Th e data for fuel prices found was only on a 
monthly basis. Th e results for this new model are shown 
bellow.

Table 7 - Train and Test Errors - Matlab model for Dk-West Spot 
with fuel prices



UNIVERSITY OF SOUTHERN DENMARK

ODENSE

Faculty of Engeneering

Electrical Power Engeneering Program

30

Models

Dk-West Spot Price

As one can see by the results’ analysis of this two models, 
the introduction of the fuel prices yields worse results than 
without these values. Th is can be explained by the values 
used, which were monthly average values. If these values 
were on a daily basis, the results would most likely be better. 
Another thing that can be seen is that the Neural Networks 
has some problems at the beginning of the Test group of 
data.

After the Neural Networks, it was time to try a Regressive 
model. Th ese models are usually used for long term 
forecastings because they are really best at describing 
trends. Some models were created using diff erent variables 
and then the results were compared. Here is the model that 
had better results.

Th e variables used in this model were:
- Year;
- Month;
- Day;
- Hour;
- Wind Forecast;
- Consumption;
- Consumption - Wind Forecast.

Graphic 26 - Dk-west real and forecasted spot price - Matlab model for Dk-West Spot with fuel prices

Th e model expression was:
Dk-West Spot = δ + ø1.Year + ø2.Month + ø3.Day + ø4.Hour 

+ ø5.Wind + ø6.Cons. + ø7.(Cons. - Wind)

Where:
Wind - Wind Forecast
Cons. - Consumption
(Cons. - Wind) - Consumption minus forecasted wind 
power
ø1, ø2, ø3, ø4, ø5, ø6, ø7 - model constants

Th e way to calculate the regressive model parameters is the 
same as the one used in the model for average values. Th e 
results were:

Table 8 - Model Parameters - Regressive model for Dk-West Spot without 
fuel prices

Table 9 - Train and Test Errors - Regressive model for Dk-West Spot 
without fuel prices
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Graphic 27 - Dk-west real and forecasted spot price - Regressive model for Dk-West Spot without fuel prices

In this case, the model, as predicted, represents very well 
the long term trend but is not able to forecast all the 
variations on the price yielding a big error on the Train 
group of data because it has more fl uctuations of the price, 
while in the Test group of data, as it is more stable, it had 
better results than the Matlab model. One of the models 
also tried to included the fuel costs as a variable, but once 
again the results were worse with the fuel prices included 
than without them. Th at model’s results are shown in the 
Appendix.

At this stage, there is a model that forecasts the fl uctuations 
of the price well, but loses a little in long term trend and 
has some problems with the short term forecast, that 
corresponds to the fi rst values of the Test group of data; 
and there is another model that refl ects well the trend of the 
spot price but misses the fl uctuations of the price.

Th e best models to short term forecasting are the 
autoregressive models so an autoregressive model was also 
studied. In order for this model to be done, the fi rst thing 
to do was to analyze on SPSS if the variable Dk-West spot 
price had an auto-correlation, and if it did, in which degree.

Figure 21 - Autocorrelation Graphic for Dk-West spot price Figure 22 - Partial Autocorrelation Graphic for Dk-West spot price
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Th e ARIMA model for Dk-West spot price will be an 
ARIMA (1,0,0) model with seasonly of 24, defi ned by:
(1 - ø1.B

1).(1 - Ø1.B
24).Xt = δ

Which after developed stays like:
Xt = δ + ø1.Xt-1 + Ø1.Xt-24 - ø1. Ø1.Xt-25

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-24 - Value of the variable 24 times before the value to 
calculate
Xt-25 -Value of the variable 25 times before the value to 
calculate

Table 10 - Model Parameters - Dk-West Spot ARIMA (1,0,0) model

Table 11 - Train and Test Errors - Dk-West Spot ARIMA (1,0,0) model

Graphic 28 - Dk-west real and forecasted spot price - Dk-West Spot ARIMA (1,0,0) model

Th e procedure is again using solver and minimizing the 
RMSE.

Th is model was by far the worst, even though it behaves 
well until the test zone where its values, instead of 
depending on the past spot prices, start depending on the 
past forecasted values for Dk-West. Th e model was also 
tested without the seasonly and the results were essentially 
the same, a little bit more on the MAPE error but almost 
the same. Although the SPSS acf and pacf showed a good 
auto-correlation, as seen in Figures 21 and 22 respectively, 
the auto-regressive model cannot be used with this variable 
because it was not able to return a decent result.

Th e last thing to do is to mix the best Neural Network 
model with the best regressive model in order to obtain 
the best of both models, the good forecast of the price 
fl uctuations by the neural network and the long term 
forecast trend from the Regressive model. In theory the 

autoregressive model would produce a good short term 
forecast so it would be used also on this mix of models to 
suppress the errors on the beginning of the test data seen in 
the neural network model.

All in all, the last model will be a new Neural Network that 
has as entries the results from the best of the fi rst neural 
networks, the one without the fuel prices, and the results 
from the regressive model presented above.

So, the entries for the model are:
- Dk-West forecast from fi rst Matlab model
- Dk-West forecast from Regressive model

Th e results were:

Models

Dk-West Spot Price
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After all this manipulation of data and all the models 
created and tested, the best result achieved was this last 
model. For the Test group of data the MAPE is solely 
higher than on the just regressive model because of the 
errors on the short term forecasting provoked by the 
fi rst neural network model, errors that the autoregressive 
would suppress, but the Train part has almost half the 
error than the regressive model and in general lines, this 

Table 12 - Train and Test Errors - Dk-West  fi nal model

Graphic 29 - Dk-west real and forecasted spot price - Dk-West spot fi nal model

last model behavior is more similar to the real behavior 
than the regressive model. Unfortunately, the best results 
were a MAPE of 28,70% and 39,90%, for Train and Test 
respectively. Th is is explained by the lack of more precise 
data that was not found, or available, and to the high 
diffi  culty of forecasting such an unstable variable.

All in all, the Dk-West spot price is very hard to model 
because of its instability and the big amplitude of values it 
has. Th e Wind Power aff ects its price but to be studied it 
has to be transformed to avoid the infl uence of the demand 
variations or both variables have to be included in the 
model so the model can do its own transformation. Th is 
way it can be studied like a new variable of demand.

Models

Dk-West Spot Price
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Th e model for the Regulating Market was the main 
objective of this study. Th is part of the study is trying to 
characterize the regulating market, trying to understand 
what is really important to its price and what is not. 
Energinek.dk supplied the values for the forecasted wind 
power which, when subtracted to the real values of wind 
power produced, available on Energinet.dk’s web page, 
would give the imbalances of the forecasts for wind power. 
Th ese imbalances between the forecasted values and the 
real values can be used in the model for regulating market 
price. Similar to the Wind imbalances, there are some other 
variables that infl uence the Dk-West regulating price and 
this is what is represented in Figure 23.

Th is scheme is the same for both up- and down-regulation, 
the only diff erence being the supply curve. Th ere are 
more variables that aff ect the spot price as seen in its 
modeling, but if Dk-West spot price is included, then 
it already includes those variables, and the bottlenecks 
include bottlenecks to Norway, Sweden and Germany.
Unfortunately, there are no data or information for “Forced 
Outages” of for “Consumption Imbalances”. Th e Spot price’s 
importance cannot be understated because the regulating 
curves for up- and down-regulate are directly correlated 

Figure 23 - Regulating Market scheme for variables

to this price, because they start at the spot price. Th e need 
for regulating power depends on Forced Outages, Wind 
Imbalances and Consumption Imbalances, and from these 
three only the values for Wind Imbalances are available. 
Th e bottlenecks can be studied by their history divided 
by interconnection. And the last variable is the supply 
curve that will be diff erent for up- and down-regulation 
and that corresponds to the NOIS list. Th is, of course, 
varies with the plants available for regulation so it depends 
on the consumption minus wind forecast variable. Th e 
Bottlenecks had to be taken away because is is increadibly 
hard to forecast them. Th e Fuel prices were also taken 
away because, as it had happened in the Dk-West spot 
modeling, the fuel prices were not helping the model for 
being monthly values. SPSS was once again used, this time 
to check the cross-correlations between the Regulating 
Price and for the last four variables available: Dk-West 
spot; Wind Imbalances; Need for Regulating Power; and, 
Consumption minus demand. Th e data was divided in two 
separate analysis, one four up-regulate and one for down-
regulate. For each, the SPSS graphics were computed using 
the entire data, 8760 hours, and using only the hours where 
there was a need of the regulation studied, to see if it would 
make any diff erence in the correlation between variables. 

3.3. Dk-West Regulating Price
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Down Regulation

3.3.1. Down Regulation

Figure 24 - Cross-correlation between Price for Down Regulate and Dk-
West Spot Price - Full Data

Figure 25 - Cross-correlation between Price for Down Regulate and Dk-
West Spot Price - Limited Data

Figure 27 - Cross-correlation between Price for Down Regulate and Wind 
Imbalances - Limited Data

Figure 26 - Cross-correlation between Price for Down Regulate and Wind 
Imbalances - Full Data

Th e fi rst variable studied was the Down-regulation.
For Figure 24 and 25, in the full data analysis there is a 
strong correlation between the present values but not so 
strong with the last and next values. In the limited data, the 
strong correlation between present values stills there but the 
correlations with the last and next values have grown a little. 
Th e reason for this is because on the limited data used, only 
the data where there was a need for Down-regulate was 
selected and in the full data the hours that didn not need 
any regulation, or at least not down-regulation, were also 
included. Other than this, they are very similae and they 

both show a good correlation between the two variables.

Th e Figures 26 and 27 are the cross-correlation graphics 
between Down Regulation price and Wind Imbalances, but 
there is not a high correlation. By looking at the graphics, 
one would normally not use this variable, but since this 
report is about the Wind Power impact on the market, 
its imbalances will also be included, so, studies with and 
without this variable will be conducted and then the results 
compared.
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Th e results for the consumption minus wind power are 
reasonable and they show a good correlation so this variable 
will be included in the model.

Th ere is a reasonably high correlation of the price for down 
regulation with the need for down regulation. Th is variable 
corresponds to the demand so a correlation with the price 
was expected, because the supply depends on the demand.

Figure 28 - Cross-correlation between Price for Down Regulate and 
Consumption minus Wind Power - Full Data

Figure 29 - Cross-correlation between Price for Down Regulate and 
Consumption minus Wind Power - Limited Data

Figure 30 - Cross-correlation between Price for Down Regulate and the 
need for down regulation - Full Data

Figure 31 - Cross-correlation between Price for Down Regulate and the 
need for down regulation - Limited Data

Once the graphics with all the data or with the limited data 
are similar, all the data will be used.

For modeling the regulating price for down regulation a 
Regressive model was used where the entries were the four 
variables described above, plus the date:
- Year;
- Month;
- Day;
- Hour;

Models

Dk-West Regulating Price

Down Regulation
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- Dk-West spot price;
- Wind Imbalances;
- Consumption minus wind power;
- Need for down regulating energy (DR demand).

Th e model expression was:
Dk-West RM DR = δ + ø1.Year + ø2.Month + ø3.Day + 

ø4.Hour + ø5.Dk-West spot + ø6.Wind Imb. + ø7.(Cons. - 

Wind) + ø8.DR Demand

Where:
Dk-West RM DR - Dk-West Regulating Market price for 
Down Regulation
Dk-West spot - Dk-West spot price
Wind Imb. - Wind Imbalances
(Cons. - Wind) - Consumption minus forecasted wind 

Table 13 - Model Parameters - Dk-West Down Regulation price - full 
data

Table 14 - Train and Test Errors - Dk-West Down Regulation price - full 
data

Graphic 30 - Dk-West real and forecasted Down Regulate price - full data

power
DR Demand - Down Regulation Demand
ø1, ø2, ø3, ø4, ø5, ø6, ø7, ø8 - model constants

Th e results were:

Th e results for this model were not as good as they could 
have been becauseof the presence of some outliers. Th e 
outliers are values that do not represent the normal 
functioning of the variable and infl uence the model towards 
the skewed values. For this reason, values that were lower 
than negative four hundred or higher than twelve hundred 
were taken out of the data and the model was simulated 
again. Th ese 63 out of the 8783 values represent only 0,72% 
of the total amount values, and as mentioned, they do not 
represent the normal functioning of the variable so they 
can be taken away without harming the model veracity. Th e 
results are shown below:

Table 15 - Model Parameters - Dk-West Down Regulation price - w/o 
outliers

Table 16 - Train and Test Errors - Dk-West Down Regulation price 
- w/o outliers

Models

Dk-West Regulating Price

Down Regulation
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Th e decision of not including the outliers reduces the 
MAPE error in almost 50%, from 39,32% to 22,65%. Th is 
is still a big error but, by looking at Graphic 31, the model 
has a good approximation of the real values and the trend 
of the variable modeled is very well represented in the 
forecasted values.

Now the model is the same but without the Wind 
Imbalances variable once the SPSS results were that there 
was almost no correlation between this variable and the 
Dk-West regulating price for Down Regulate. Th e model 
expression is the same just without the Wind imbalances.

Graphic 31 - Dk-West real and forecasted Down Regulate price - w/o outliers

Models

Dk-West Regulating Price

Down Regulation

Dk-West RM DR = δ + ø1.Year + ø2.Month + ø3.Day + 

ø4.Hour + ø5.Dk-West spot + ø6.(Cons. - Wind) + ø7.DR 

Demand

Where:
Dk-West RM DR - Dk-West Regulating Market price for 
Down Regulation
Dk-West spot - Dk-West spot price
(Cons. - Wind) - Consumption minus forecasted wind 
power
DR Demand - Down Regulation Demand
ø1, ø2, ø3, ø4, ø5, ø6, ø7 - model constants

Th e results were:

Table 17 - Model Parameters - Dk-West Down Regulation price - w/o 
outliers and w/o Wind Imbalances

Table 18 - Train and Test Errors - Dk-West Down Regulation price - w/
o outliers and w/o Wind Imbalances
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Graphic 32 - Dk-West real and forecasted Down Regulate price - w/o outliers and w/o Wind Imbalances

Figure 32 - Cross-correlation between Need for Down Regulate and Wind 
Imbalances - Full Data

After analyzing these new results, the similarity between 
the models can be seen in their graphics of results, which 
means that the variable Wind Imbalances has a really small 
correlation, and proves what was already seen in the SPSS 
Figures 26 and 27. Th e small correlation it has with the 
price is due to a reasonable correlation with the variable 
“Need for Regulating Power, Down Regulation”, however, 
even with this variable the correlation is not as strong as it is 
visible in the SPSS Figure 32.
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As mentioned in the beginning of the regulating prices 
study, the variables that infl uence the prices for up-
regulation are the same that infl uence the prices for down-
regulate so the study turned to the SPSS graphics that 
explain the correlations between the price for up-regulation 
and the other variables. As well as for down-regulation, the 
correlations were done for the full data and for only the 
hours where there was a need for up-regulation.

3.3.2. Up Regulation

From these two variables’s analysis, the results were 
similar to the down-regulate results, as expected. Th e only 
diff erence is that the correlation between the price and the 
Wind Imbalances is even lower in this case,(Figures 35 and 
36). Th erefore it can be concluded that the wind power 
forecast usually returns values lower than the real values 
so its imbalances are usually positive and not negative. 
Th e prices for Up-regulation depend on the need for this 

Figure 33 - Cross-correlation between Price for Up-Regulate and Dk-West 
Spot Price - Full Data

Figure 34 - Cross-correlation between Price for Up-Regulate and Dk-West 
Spot Price - Limited Data

Figure 35 - Cross-correlation between Price for Up-Regulate and Wind 
Imbalances - Full Data

Figure 36 - Cross-correlation between Price for Up-Regulate and Wind 
Imbalances - Limited Data
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regulation and this need depends on the wind imbalances. 
Th e negative imbalances will increase the need for up-
regulating power and the positive imbalances will decrease 
it.

For the consumption minus forecasted wind power and 
the need for up-regulation the results were the same as in 
the down-regulation studies. As the correlations are, as 
expected, all similar to the down regulation, the studies 
done for the up-regulation prices were exactly the same as 

the ones done for the down-regulation prices. Here are only 
shown the results of the last study and the rest can be seen 
in the appendix. For the Up-Regulating model the outliers 
were the values with prices above 2000DKK/MWh/h, 
which corresponded to 43 of the 8783 hours (0,49%). 
Th ese values appeared, most likely, because of problems 
in the transmission lines during or after the upgrading of 
the interconnections with other countries, hence creating 
bottlenecks at low capacity.

Figure 37 - Cross-correlation between Price for Up-Regulate and 
Consumption - Wind Energy - Full Data

Figure 38 - Cross-correlation between Price for Up-Regulate and 
Consumption - Wind Power - Limited Data

Figure 39 - Cross-correlation between Price for Up-Regulate and Need for 
Up-Regulation- Full Data

Figure 40 - Cross-correlation between Price for Up-Regulate and Need for 
Up-Regulation - Limited Data
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Th e model expression was:
Dk-West RM UR = δ + ø1.Year + ø2.Month + ø3.Day + 

ø4.Hour + ø5.Dk-West spot + ø6.(Cons. - Wind) + ø7.UR 

Demand

Where:
Dk-West RM DR - Dk-West Regulating Market price for 
Down Regulation
Dk-West spot - Dk-West spot price
(Cons. - Wind) - Consumption minus forecasted wind 
power
DR Demand - Down Regulation Demand
ø1, ø2, ø3, ø4, ø5, ø6, ø7 - model constants Table 20 - Train and Test Errors - Dk-West Up Regulation price - w/o 

outliers and w/o Wind Imbalances

Graphic 33 - Dk-West real and forecasted Up Regulate price - w/o outliers and w/o Wind Imbalances

Table 19 - Model Parameters - Dk-West Up Regulation price - w/o 
outliers and w/o Wind Imbalances

And the results were:

Similarly to the model for Down Regulation the model 
yields better results in the Test group of data without using 
the variable Wind Imbalances proving, once again, that 
these imbalances do not aff ect the price of the Regulating 
Market either for up- or down-regulate.

By modeling the Regulating Market this study concluded 
that the Wind Imbalances do not aff ect this market. In fact, 
one expected a correlation between these two variables, 
but the market models return better results without the 

wind imbalances variable included then with it included. 
In theory, this variable should aff ect the regulating price 
through the need for regulating power, but the correlation 
graphics show that in the real values available - from the 
last year - the need for the regulating power is correlated 
with this imbalances, but this correlation is not strong, 
explaining that this correlation dilutes with the rest of the 
other variables when calculating the Regulating Market 
prices. On the other hand, the imbalances on consumption 
forecasts and the forced outages counter-balance the wind 

Models

Dk-West Regulating Price

Up Regulation
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imbalances, which also helps to reduce the impact of the 
wind imbalances on the regulating price.

Even though the models show that the wind imbalances 
do not aff ect the price for regulating power, a small study 
was done regarding the impact of dealing the wind power 
imbalances in the Elbas, reducing this way the imbalances 
in the regulating market. For this, the model used was 
a persistence model for the wind forecast. Th is model 
consists in the wind power companies assuming that the 
wind power produced in a certain hour of operation would 
be equal to the energy produced two hours before. Th is 
way they still have one hour of the Elbas market to deal 
the diff erences between the wind forecast done for the 
spot market and the wind produced two hours before the 
hour of operation, avoiding thus higher imbalances in the 
regulating market. Th is strategy, if adopted by the wind 
power companies, would reduce the need for regulating 
power in approximately 60%. Th e imbalances that had the 
same direction as the need for regulation were taken into 
account and used as negative need because they help to 
avoid more regulation. Th e calculations for the reduction 
of the imbalances by using the persistency model and the 
reduction of need for regulating power will be included in 
the appendix.
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Conclusions

4. Conclusions

Th e objective of this report was to study the infl uence of 
the Wind Power on the Electricity markets, especially the 
Regulating Market. One important thing to mention about 
this study is that it uses the Forecasted Wind Power and 
also the Real Wind Power. Th e Forecasted Wind Power 
will be used on the studies for the day-a-head market and 
the imbalances between the forecasted and real values will 
be used for the real-time market. Th ere were two major 
points studied:
- Th e infl uence of the wind power forecasts in the price for 

the spot market, day-a-head market;
- Th e infl uence of the wind power forecasts imbalances, 

diff erences between real and forecasted values, in 
the Regulating Market, real time market for system 
regulation.

Th eoretical conclusions:

Th e fi rst part of this report was to describe the entire 
system and its functioning and then to analyze the role of 
the wind power forecasts in the system, which already gives 
some conclusions of what should, in theory, happen.

Th e fi rst conclusion drawn from this theoretical analysis 
was that the price for regulation is highly correlated to the 
day-a-head market price and that this correlation is not 
aff ected by the wind power on the system. 

Seconly, that the Wind Power, as it is put on the market at a 
cost of 0DKK/MWh/h, can be seen as a negative demand 
when calculating the Spot Market price. Th is means that 
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the market price will be exactly the same if it is calculated 
including the wind power zero cost bids in the supply curve, 
and not considering this energy as negative demand, so, 
using the total demand, or if it is calculated excluding the 
wind power from the supply curve, and subtracting its value 
to the total demand.

Finally, that in theory, the price for regulation on Dk-West 
had to be correlated with wind power imbalances. Th is 
is explained because the Regulating price depends on the 
demand needed for regulation and this demand depends 
on the wind imbalances. Of course the wind imbalances are 
not the only cause for the need for regulating energy, but as 
part of it, it would be expected that this imbalances were 
correlated with the regulating price. Th is theory was proven 
to be wrong in the practical part of this report.

Practical conclusions:

After the theoretical part of the report, comes the part 
where all the data available was studied and modeled. Some 
of these studies prove what was expected in theory but 
others did not.

Th e fi rst studies concluded were about the forecasted 
wind power and the day-a-head market. Th e objective of 
these studies was to test how the wind power aff ects the 
price of the market and one concluded that there is a good 
correlation between these two variables.

Similarly to what was concluded in the theoretical part 
of this study, the analysis of the data proved that with 
the transformation of the demand from total demand to 
the total consumption minus forecasted wind power, the 
graphic that correlates the spot price with this new demand 
yielded better results explaining this price than the graphic 
with the total demand.
As for the studies regarding the spot price, it was shown 
that the inclusion of the wind power in the spot price 
models is indispensable to have good results in its forecast.

Th e studies for the regulating market initially showed 
that it is the same to study this variable with all the data, 

including all the hours where there was not any need for 
regulation, implying that this price will be the same as the 
spot market, or to do it only for the hours where there was a 
need for regulation.
As the data used for the studies was the full data and not 
only data where there was need for regulation, and as the 
regulating price for an hour without regulation is the same 
as the spot price, a big share of the values used had the 
regulating price equal to spot price, whih could provoke that 
the model would give all the importancy to this price an 
none to the other variables. 
To prove that this did not happened with the models 
created, the studies were compared with the solution 
assuming that the regulating price would always be the 
same as the spot market, and the results achieved were 
better with the other models created.
In the end, the studies concluded that the wind imbalances 
are not important to the regulating price with the models 
that exclude these imbalances, giving even better results 
than the models which included the imbalances. Th is 
result is unlike the theory had predicted, which says that 
there should be a correlation between the imbalances and 
the price for regulation. However, this lack of correlation 
is understandable after a deep analysis of the wind 
imbalances. Th e last study was created to explain both this 
issue and the fact that the wind imbalances can be reduced 
if dealt during the Elbas. In this study the imbalances were 
analyzed to see when they had, or not, the same sign as the 
need for regulating market. In the end, the conclusion was 
that the imbalances, in the period tested, from 1st June 2008 
until 1st June 2009, increased the need for regulating power 
in 592534MWh and decreased this need in 545522MWh, 
which means that the fi nal yearly result was merely 
47032MWh of prejudicial imbalances when the total need 
for regulation was 214010MWh. Also the distribution 
of the imbalances for helping or not the system is 41,23% 
and 58,77%. Th is means that the imbalances in the 
consumption and the forced outages also have a big share of 
resposability in the need for regulating power and that most 
of the times the wind imbalances are compensated by the 
consumption imbalances, or vice-versa.
Th e other part of this study proved that, if the wind 
forecast was corrected on the Elbas using a persistency 

Conclusions



MASTER OF SCIENCE THESIS

DANISH ENERGY MARKET

The Regulating Market & Renewable Energies

47

model two hours before the hour of operation, the fi nal 
yearly result for prejudicial imbalances would be of 
18582MWh which is a reduction of 60,49% to the value 
using the spot forecasts for wind power.

In the future, the wind power production will increase, 
and the analysis of how this will aff ect the prices has to be 
divided in 3 situations:
- Bottlenecks importing;
- No Bottlenecks on the system;
- Bottlenecks exporting.

If one assumes that the need for regulation stays constant 
regardless of the increase in the wind power:
If the increase in the wind power is low and there are still 
some bottlenecks importing energy, then both spot and 
regulating prices will decrease but not that much because of 
the high cost plants in Dk-West which still have to work.
If the increase in the wind power is enough to remove the 
bottlenecks importing energy but not enough to create 
bottlenecks exporting, then both spot and regulating prices 
will decrease and stay with the same prices as the rest of the 
system price which is lower than the prices with bottlenecks 
importing.
In a limit situation, there can be a problem of over-
exportation and bottlenecks in the exportation caused 
by over-production of wind power. Of course this would 
imply a huge production of wind power, which does not 
even make sense to have that capacity in the system and not 
having the transmission capacity to supply it. However, if 
this limit situation is achieved, this means that there will 
be more wind power on the system than the capacity of 
the system to spend this energy. In this situation, the prices 
increase because of the costs to spend this extra energy.

Limitations of the report:

Both price models, but most of all, the model for Dk-West, 
were increadibly hard to forecast and a lot of models had 
to be created and tested to reach conclusions and get to the 
best result possible.
During this study there were some limitations in accessing 
the needed data for modeling. Th e two more important 

were: the hourly based fuel prices, or at least daily prices; 
and the capacity available in the hydro plants on Nordpool. 
For the capacity of hydropower, the weather conditions 
like precipitation also help the modeling. Th ere were also 
diffi  culties in the modeling, which most likely the missing 
variables would have helped to avoid. In adiction, there 
was not a forecast for consumption available so a model 
had to be created and, again, there were important missing 
variables which made modeling harder and not as rigorous. 
When studying the regulating market, there was a need 
to use the variable “Need for regulating power” to model 
the price for this market and this variable is impossible to 
forecast. If it was possible, then the values would be used in 
the day-a-head market so there would not be any need for 
regulating market and the price would always be the spot 
price. Th e regulating market is the response of the system 
to this need, so it is not possible to forecast the price for 
regulating, and this report studies which variables aff ect this 
market.

Future research:

Based on this report, a study for forecasting the regulating 
price can be done if the need for regulating market is 
assumed before it happens. For example, if in the study, 
the entries of need for regulation are the maximum values 
expected for that variable then the model can return a 
maximum price for regulating market. All in all, these 
models can be used to forecast average or maximum prices 
expected for the regulating market. It is important to 
refer that, for the technical reasons explained above, the 
model for Dk-West does not return reliable values and the 
Regulating market model depends on the Dk-West values 
as an entry to work, so in case of forecasting, it would be 
better to create a more reliable model for Dk-West.
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Appendix

Appendix

Th e objective of creating this model is that if the 
consumption will be an entry point for DK-West Spot and 
Regulating Market prices, then it has to be forecasted. For 
consumption model, the daily consumption was used and, 
in the end, a study for the distribution of the consumption 
during the day was undertaken. As the demand is in daily 
values, and it does not depend on the wind forecast that 
is the only data which is limited for the last year, the data 
used was the one available in the Energinet.dk web-page. 
Th is resumes in data since the 1st of January 2000 until the 
23rd of June 2009. Unfortunately, there is no data for daily 
temperatures and humidity or the consumption divided in 
industrial, commercial and domestic consumption because 
if there was, a regressive model could be created, which 
would have been better for a long term forecasting and 
usually yields more accurate results. Just the consumption 
divided by industrial, commercial and domestic 

consumption, makes a huge diff erence in the models’ results 
because it is easier to calculate each one of these three and 
then merely sum them, in comparison to calculating the full 
consumption, because this increases immensely the number 
of variables which can aff ect consumption. For example, 
the temperature aff ects the usage of Air conditioning, 
but the way this usage aff ects the industrial consumption 
is diff erent from the way it aff ects the commercial and 
domestic consumption, and in a total consumption 
analysis, these eff ects of some of the variables are disguised 
ultimately creating bigger errors in the end.

Th e Graphics 34 and 35 show the daily values for all the 
data; Graphic 34 from 1st of January 2000 until the 23rd 
of June 2009; and the daily values for the past year and an 
half - from 1st of January 2008 until the 23rd June 2009, on 
Graphic 35.

Consumption Forecast Modeling
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In Graphic 34 a seasonly year is visible, the behaviour of 
the demand during the year repeats year after year, while 
Graphic 35 has a week seasonly, meaning that besides the 
yearly repetition, the consumption on the weekdays is 

Graphic 34 - Evolution of the Consumption from the 1st of January 2000  until the 1st of June 2009

Graphic 35 - Evolution of the Consumption from the 1st of January 2008 until the 23rd of June 2009

related to the same weekday of the week before. In order to 
have this into account it is better to divide the consumption 
in weekdays and then create a model for each weekday. Th is 
way both year and week seasonly can be used in the model.

Graphic 36 - Evolution of the demand divided in weekdays from the 1st of January 2008 until the 23rd of June 2009
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After the consumption was divided in weekdays, it was 
entered into SPSS to see the Autocorrelation (ACF) and 
Partial Autocorrelation (PACF) graphics. Th is program 
shows the degree and what type of ARIMA model should 
be used. Th e ACF graphic tells if the variable is suitable for 
an Autoregressive model and the PACF tells the degree of 
the model. Because of the seasonly present on the demand 
and the results on the ACFs graphics, the ARIMA models 
are expected to work reasonably well with this variable.

Th e general expression for an ARIMA (p,d,q) model is:
(1 - B)d.(1 - ø1.B

1 - ... - Φp.B
p).(1 - Ø1.B

s).Xt = δ + at.(1 - θ1.B
1 

- ... - θq.B
q).(1 - Θ1.B

s)

Where the “p” is the autoregressive degree, the “d” is for 
diff erential, the “q” is for the movable average degree and the 
“s” is for its seasonly.

For all the weekdays, the data was divided in two groups 
of data: train and test. For the training group it was used 
the data from the fi rst week until week 399 and for the test 
group from week 400 until the end. To the train values, 
the values used as late values are the real consumption, 
while for the test part the ones used were the real values 

until when possible, this means these values had to be until 
week 399. If the value the model is using is from a week 
after week 399 then it will use the value it has forecasted 
before. Th is means that the model will forecast based on 
already forecasted values increasing this way the possibility 
of errors, however, it also means that it is simulated as a real 
situation, as if there is a need to forecast the future so there 
are not any real values to use. Th is way it is exactly the same 
thing as forecasting the demand for the next trimester and 
then at the end of the trimester go back and check the error 
on the forecast done three months before.
Th e errors used are:

- Square root of the Average Quadratic Error 
(RMSE);

- Average Absolute Error (MAE);
- Mean Absolute Error in percentage (MAPE).

Note: Th e MAPE error is the average of all the absolute 
errors in percentage, which is not the same as summing all 
the absolute errors and all the real values and then divide 
the total errors by the total real values and multiply it by 
100 to get a percentage. Th e MAPE error usually yields 
errors signifi cantly higher than this error.

Mondays

Graphic 37 - Evolution of the Consumption for Mondays from the 1st of January 2000 until the 23rd of June 2009

As mentioned above there is a year seasonly present on 
the consumption that is also visible in Graphic 37. Th e 
numbers on the “X” axis are the week numbers from 

the 1st Monday of 2000. Th e drops that appear on the 
graphic are Holidays and that is why there is a drop in the 
consumption.
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As one can see in the ACF graphic and PACF graphic, 
Figures 41 and 42 respectively, this ARIMA will be an 
ARIMA (1,0,0), which means it is autoregressive in the 
fi rst degree and it does not have movable average.

So for Monday’s model the expression will be:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Which after developed stays like:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Because the value to forecast depends on the past, more 
precisely fi fty-three weeks before, the model starts in the 
fi fty-fourth week.

To calculate the constants of the model, “δ”, “ø1” and 

Figure 41 - Autocorrelation Graphic for Mondays Data Figure 42 - Partial Autocorrelation Graphic for Mondays Data

“Ø1”, the program used was Excell, with the help of the 
Solver application. Th e model calculates the error, then 
the quadratic error, and then the Solver minimizes the 
square root of the average quadratic error by changing the 
constants values. Th e results from this computation were 
the following:

Constants:

Errors:

Table 22 - Train and Test Errors - ARIMA model for Mondays

Table 21 - Model Parameters - ARIMA model for Mondays
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Data:
  
  Train

Table 23 - Some Data from the train group of values for the ARIMA 
model for Mondays Table 24 - Some Data from the test group of values for the ARIMA 

model for Mondays

Graphic 38 - real and forecasted Consumption - ARIMA model for Mondays

  Test

Graphic:

Graphic 38 shows the series of values for Real Demand and 
Forecasted Demand. Th e model was able to adapt itself to 
the seasonly and to retrieve values very similar to the real 
ones ending up with only a 4.55% of average absolute error 

on the test group of values. Th is means that on average, 
the model gives a value 4.55% lower or higher than the real 
value, which in terms of energy is 2660 MWh of error on 
an average demand of around 60000 MWh.

Graphic 39 - Evolution of the Consumption for Tuesdays from the 1st of January 2000 until the 23rd of June 2009

Tuesdays
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Once again there is a year seasonly which is visible in the 

Figure 43 - Autocorrelation Graphic for Tuesdays Data Figure 44 - Partial Autocorrelation Graphic for Tuesdays Data

History for the demand on Tuesdays, Graphic 39.

Once more, the ARIMA model will be an ARIMA (1,0,0) 
which means its expression will be:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Which after developing the expression stays like:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Th e results for the Tuesdays model were:
Constants:

Errors:

Table 25 - Model Parameters - ARIMA model for Tuesdays

Table 26 - Train and Test Errors - ARIMA model for Tuesdays

Data:  

  Train

  Test

Table 27 - Some Data from the train group of values for the ARIMA 
model for Tuesdays

Table 28 - Some Data from the test group of values for the ARIMA 
model for Tuesdays
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Graphic 40 - real and forecasted Consumption - ARIMA model for Tuesdays

Graphic:

Th e model for the demand on Tuesdays adapted itself well 
to the series as the one for Mondays did, and it had better 

Graphic 41 - Evolution of the Consumption for Wednesdays from the 1st of January 2000 until the 23rd of June 2009

results than the one for Monday ending up with a test 
MAPE error of 3,17%.

Wednesdays

Th e year seasonly is present in the History for the demand on Wednesdays as expected and one can see above.

Figure 45 - Autocorrelation Graphic for  Wednesdays Data Figure 46 - Partial Autocorrelation Graphic for Wednesdays Data
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Data:
  
  Train

  Test

Th e ARIMA model will be an ARIMA (1,0,0) defi ned by:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Which after developing the expression stays like:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Th e model results for Wednesdays were:

Constants:

Errors:

Table 29 - Model Parameters - ARIMA model for Wednesdays

Table 30 - Train and Test Errors - ARIMA model for Wednesdays

Table 31 - Some Data from the train group of values for the ARIMA 
model for Wednesdays

Table 32 - Some Data from the test group of values for the ARIMA 
model for Wednesdays

Graphic:

Graphic 42 - real and forecasted Consumption - ARIMA model for Wednesdays

Th e Wednesdays’ model in the end has a small deviation 
with a maximum error of 10,46%, however it still has a test 

MAPE error of 3,66%, which is a very satisfactory value.
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Th ursdays

Graphic 43 - Evolution of the Consumption for Th ursdays from the 1st of January 2000 until the 23rd of June 2009

Similarly to other weekdays already analyzed, the year seasonly is present in the History for the demand on 
Th ursdays.

Th e ARIMA model will, again, be an ARIMA (1,0,0) 
defi ned by:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Once the expression is developed it yields:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Figure 47 - Autocorrelation Graphic for  Th ursdays Data Figure 48 - Partial Autocorrelation Graphic for Th ursdays Data

Th e results for Th ursdays were:

Constants:

Errors:

Table 33 - Model Parameters - ARIMA model for Th ursdays

Table 34 - Train and Test Errors - ARIMA model for Th ursdays
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Data:  
  Train

Table 35 - Some Data from the train group of values for the ARIMA 
model for Th ursdays

Table 36 - Some Data from the test group of values for the ARIMA 
model for Th ursdays

Graphic 44 - real and forecasted Consumption - ARIMA model for Th ursdays

  Test

Graphic:

Once again the model had some diffi  culties in forecasting 
the Holiday brakes on consumption in the end of the test 
group of data, having an error of 33,56% and 33,92% 

for the last two brakes which one can see on Graphic 44, 
the highest values for this error, even though it still has a 
reasonable MAPE Test error of 5,14%.

Fridays

Graphic 45  - Evolution of the Consumption for Fridays from the 1st of January 2000 until the 23rd of June 2009

Similarly to the other weekdays aready analyzed, the year seasonly is present in the History for the demand on 
Fridays.
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Th e ARIMA model for Fridays could be an ARIMA 
(2,0,0) because the second column on the PACF graphic, 
fi gure 50, is almost half of the fi rst one, but it is only 
because the fi rst one is not as strong as usual and it is still 
below the 0.5 value. Furthermore, both models were studied 
- the ARIMA (1,0,0), the ARIMA (2,0,0) - and since 
the ARIMA (1,0,0) had better results, it will be the one 
presented here. Its expression is:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Once the expression is developed, it yields the following:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Figure 49 - Autocorrelation Graphic for  Fridays Data Figure 50 - Partial Autocorrelation Graphic for Fridays Data

Th e results were:

Constants:

Errors:

Table 37 - Model Parameters - ARIMA model for Fridays

Table 38 - Train and Test Errors - ARIMA model for Fridays
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Table 39 - Some Data from the train group of values for the ARIMA 
model for Fridays Table 40 - Some Data from the test group of values for the ARIMA 

model for Fridays

Graphic 46 - real and forecasted Consumption - ARIMA model for Fridays

Data:  
  Train   Test

Graphic:

On Graphic 46 the diffi  culties of the model to forecast 
variations to the normal curve of the variable are visible. In 
the end of this model’s Test group of data, there is a portion 

of small drops on the consumption that the model almost 
does not react to, and even with that, has a MAPE error of 
only 4,91%.

Saturdays

Graphic 47 - Evolution of the Consumption for Saturdays from the 1st of January 2000 until the 23rd of June 2009

Similarly to other weekdays analyzed above, the year seasonly is present in the History for the demand on 
Saturdays.
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Th e ARIMA model for Saturdays will be the ARIMA 
(1,0,0) model defi ned by:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

Which after the expression is developed stays like:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

Th e results for Saturday were:
Constants:

Errors:

Figure 51 - Autocorrelation Graphic for  Saturdays Data Figure 52 - Partial Autocorrelation Graphic for Saturdays Data

Table 41 - Model Parameters - ARIMA model for Saturdays

Table 42 - Train and Test Errors - ARIMA model for Saturdays

Data: 
 
  Train

  Test

Table 43 - Some Data from the train group of values for the ARIMA 
model for Saturdays

Table 44 - Some Data from the test group of values for the ARIMA 
model for Saturdays
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Graphic:

Graphic 48 - real and forecasted Consumption - ARIMA model for Saturdays

Because of the tendency of the consumption for Saturdays 
to balance its values along the year, the model fi nishes the 

forecast with errors of around 13%, however, it still yields a 
Test MAPE error of only 4,55%.

Sundays

Graphic 49 - Evolution of the Consumption for Sundays from the 1st of January 2000 until the 23rd of June 2009

Figure 53 - Autocorrelation Graphic for  Sundays Data Figure 54 - Partial Autocorrelation Graphic for Sundays Data

Similarly to other weekdays analyzed above, the year seasonly is present in the History for the demand on 
Sundays.
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Data:  

  Train

  Test

Th e ARIMA model for Sundays will be the ARIMA 
(1,0,0) model defi ned by:
(1 - ø1.B

1).(1 - Ø1.B
52).Xt = δ

After the above expression is developed, it yields the 
following:
Xt = δ + ø1.Xt-1 + Ø1.Xt-52 - ø1. Ø1.Xt-53

Where:
Xt -  Value to calculate
Xt-1 - Last Value of the variable to calculate
Xt-52 - Value of the variable 52 times before the value to 
calculate
Xt-53 -Value of the variable 53 times before the value to 
calculate

And the results were:
Constants:

Errors:

Table 45 - Model Parameters - ARIMA model for Sundays

Table 46 - Train and Test Errors - ARIMA model for Sundays

Table 47 - Some Data from the train group of values for the ARIMA 
model for Sundays

Table 48 - Some Data from the test group of values for the ARIMA 
model for Sundays

Graphic:

Graphic 50 - real and forecasted Consumption - ARIMA model for Sundays
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In the model for Sundays, the same happens as on the 
Saturdays’ model, but this time not as strongly. Th e MAPE 
error for the Test group of data was of 4,34%.

Although the autoregressive models are not the best choice 
to a long term forecasting, the results were reasonably 
good, the errors were around 4% which is not that high. 
Of course, the objective here is to minimize the error and 
the best way to do it would be to get more data about daily 
atmospheric conditions, money generated in the country, 
exportations, level of life in the country, etc..., for there 
are a lot of factors that infl uence consumption. As already 
mentioned an additional signifi cant help would be to have 

Table 49 - Average distribution of the consumption during the day

Graphic 51 - Average distribution of the consumption during the day

a separated consumption for industrial, commercial and 
domestic consumptions.

After having the daily forecasts a study was conducted 
around the average distribution of the consumption 
during a day, so that the daily consumptions could be 
transformed in hourly consumptions. For this study, all the 
consumptions for each hour were separated and then their 
average consumption was calculated. Th is was done for 
all the years fi rst, and then to the two years fi le to analyze 
if this distribution has changed for the past 10 years. Th e 
results were:

By looking at the table of values, or at the graphic abova, 
one can see that, the distribution of consumption during 
the day has been almost constant for the past 10 years. 
After computing these hourly coeffi  cients for every hour, 
they were multiplied by the forecasted daily consumption 
to get the forecasted hourly consumption needed to the 
models for DK-West spot and regulating market prices:

Consumption (Day x; Hour y) = Coeffi  cient (Hour y) * 
Consumption (Day x)

After all the model errors and all the approximations and 
errors done by using the coeffi  cient for distribution of the 
consumption during the day based on average values, the 
MAPE error for the period 1st of June 2008 to 1st of June 
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2009 was of 4,88%. It is important to refer that the MAPE 
error is an absolute error, so the negative errors do not 
balance with the positive ones because all the errors are 
modifi ed to absolute before computing their average. On 
Table 50 one can see all the errors represented while on 
Graphic 52 the real and forecasted hourly values: Table 50 - Errors - Hourly consumption since 1st of June 2008 until 1st of 

June 2009

Graphic 52 - real and forecasted Consumption - Hourly consumption since 1st of June 2008 until 1st of June 2009

Th e Regressive model done for the spot price model will 
be looked at here, but including now the fuel prices so the 
reader has an idea of what happened to the model when the 
fuel prices were included.

Th e model expression was:
Dk-West Spot = δ + ø1.Year + ø2.Month + ø3.Day + ø4.Hour 

+ ø5.Wind + ø6.Cons. + ø7.(Cons. - Wind) + ø8.CoalAU + 

ø9.CoalSA + ø10.NGasEU + ø11.NGasJP. + ø12.NgasUS+ 

ø13.OilBrent

Spot Market Modeling

Th e Results were:

Table 52 - Train and Test Errors - Regressive model for Dk-West Spot 
with fuel prices

Table 51 - Model Parameters - Regressive model for Dk-West Spot with fuel prices
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Graphic 53 - Dk-west real and forecasted spot price - Regressive model for Dk-West Spot with fuel prices

Up regulation

Th e results from the two models used for up regulation, 
which were not put on the modeling part of the report, will 
be looked at here. Th ere were many more models conducted 
but the ones presented below are only the ones which were 
also made to down regulate and that have their results 
shown in the down regulation modeling part of the report.

First model’s expression:
Dk-West RM UR = δ + ø1.Year + ø2.Month + ø3.Day + 

ø4.Hour + ø5.Dk-West spot + ø6.Wind Imb. + ø7.(Cons. - 

Wind) + ø8.UR Demand

Regulating Market Modeling

Table 53 - Model Parameters - Dk-West Up Regulation price - full data

Table 54 - Train and Test Errors - Dk-West Up Regulation price - full 
data

Graphic 54 - Dk-West real and forecasted Up Regulate price - full data

And the results were:
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Th e second model is the same as the fi rst one, merely 
changing the data and taking the outliers out:

Dk-West RM UR = δ + ø1.Year + ø2.Month + ø3.Day + 

ø4.Hour + ø5.Dk-West spot + ø6.Wind Imb. + ø7.(Cons. - 

Wind) + ø8.UR Demand

Th e results were the following:

Graphic 55 - Dk-West real and forecasted Up Regulate price - w/o outliers

Table 55- Model Parameters - Dk-West Up Regulation price - w/o 
outliers

Table 56 - Train and Test Errors - Dk-West Up Regulation price - w/o 
outliers

Th is study was conducted to see if the imbalances on 
the wind power forecasts can be reduced. For this, the 
persistence model was adapted. Th is model claims that 
the values after a chosen point will all have the same value 
as that point. Th e way to put this together with reducing 
the imbalances is to use the Elbas market and set the wind 
power for a certain hour of operation to the same value it 
had 2 hours before. Th is way companies that have wind 
turbines will use the energy for the last hour as the forecast 
to the energy they will produce two hours later. After the Table 57 - Forecast Errors - Spot and Persistence Models

calculations were done the results for the errors on both 
forecasts were:

Persistence Modeling
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As one cas see on Table 57, the MAPE error using the 
persistence model is almost half of the MAPE error using 
only the spot forecast and not correcting the imbalances 
during the Elbas. Th e next study was to see how much this 
would have been saved in need for regulating energy if this 
persistence model was used on the last year. Th e imbalances 
that have the same sign as the need for regulation4 for 
that hour5, are computed as negative values, because in 
this situations the imbalances were actually helping the 
system by decreasing the need for regulating power, and 
the imbalances that have the opposite sign of the need for 
regulation are computed as positive values. If the sum of 
positive and negative values is negative it means that this 
imbalances help more the system than they harm it. If this 
sum is positive it means that the imbalances harm more the 
system then they help it.

Th e study is assuming the imbalances that helped the 
system would be paid to the wind companies at the same 
price of the imbalances that were against the system so the 
sum of the imbalances with the corrected signs as described 
above returns the total need for regulating power and in 
practice these values are paid at spot price so the savings 
would be even higher. 

Th e results were:

One can conclude that in this one year period, the usage of 
the persistence model to correct the forecast would reduce 
60,49% in the need for regulation because of the wind 
imbalances. Th is means that if the regulating price was the 
same as spot price and the average spot price for this period 
was 384,17DKK/MWh and the average Elbas price was 
344,86DKK/Mwh, this model could save in this period 
around 1.118.210DKK.

Table 58 - Errors of Spot and Persistence forecasts from 1st of June 2008 
and 1st of June 2009 - Energy values

4 - (positive imbalance and positive need for regulation or negative 

imbalance and negative need for regulation) 

5 - (this is the sum of both positive and negative need for regulation 

so they are the total for the hour)

Money Saved = (Average Dk-West Spot Price - Average 
Elbas Price) * Diff erence between Total Imbalances

Money Saved = (384,17 - 344,86) * 28.449,40 = 
1.118.210DKK

 A simple correction on the forecasts over the Elbas market 
would save to all the companies with wind turbines around 
1MDKK every year.

Th e study also concluded that without the corrections 
on the imbalances made over Elbas, 48,02% of the hours 
studied the imbalances are actually helping the system, 
meaning, 51,98% of the hours, the summed regulation for 
that hour, has the opposite way of the imbalances, meaning 
the imbalances are harming the system. In the case of the 
corrections on the imbalances over the Elbas, the results 
would be of 49,53% and 50,47% respectively.
All in all, this persistence model is not only better to reduce 
the total yearly need for regulation caused by the wind 
imbalances, as it also has more hours of the year helping 
the system in the regulation than the model using the spot 
forecasts.
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