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Abstract

The vast amount of research on the global climate are converging to more
homogeneous results and it becomes commonly accepted that the scientists’
warnings has to be taken into account. As a result, politicians set high goals
for the penetration of “green electricity”, trying to limit the global warming
by phasing out fossil fueled power plants.

The European Union has set the “20–20–20”-targets that aims to reduce
greenhouse gas emissions, increase the share of renewable energy and also
increase the efficiency of the energy use.
This has led to increases of wind power, solar power and other innovative
forms of Distributed Generation (DG) on the electricity grids. In order to
successfully integrate this power, the need for Balance power increases due
to the unreliability of forecasts of nature’s forces. In the Nordic countries,
there is abundant quantities of hydro-power to balance the system, but there
is a discussion on how much DG it can cover which has not lead yet to any
definite conclusions.

The rapid development of ICT has opened up a broad range of possibili-
ties for Smart Grid solutions. This thesis was conducted to evaluate the
technical and economic potential for an Aggregator to act on the Nordic
Control market. The Aggregator is an actor that pools consumers in order
to gather a significant amount of power and then use their flexibility for
different purposes. This thesis will deal with flexibility provided by Swedish
midsize industries.

Through a literature study, an understanding of the Nordic electricity sys-
tem and the market was acquired. Interesting electricity-heavy processes
were found within a few different branches by performing interviews and a
couple of study visits. But because of the limited time that was assigned to
the project, it was chosen to focus on freeze storages, that seemed like the
most promising load.

The study of the market and the chosen load led to the construction of
a few different mathematical models. First of all the Aggregator business
case was applied on deterministic data from the year 2012. The Aggregator
profit was maximized for the whole year, to give an approximation of the
magnitude of the profit. Then, a model that generated realistic, stochastic
scenarios of the relevant parameters in the system was constructed to enable
further analysis of the possibilities in different future scenarios.



The results showed that there is a profit to be made, without too extensive
investments. Though, due to the problematics of forecasting the Control
Market, the Aggregator needs to have a carefully worked through strategy
for its bidding on the Control Market. . .
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Sammanfattning

Resultaten av omfattande klimatforskning konvergerar alltmer mot ett ho-
mogent resultat och politikerna kan inte längre blunda för forskarnas var-
ningar. Som följd av detta sätter politikerna upp m̊al att uppn̊a en hög andel
“grön elektricitet” p̊a elnäten för att begränsa den globala uppvärmningen
och fasa ut de fossila kraftverken som fortfarande används.

Den Europeiska Unionen har satt upp de s̊a kallade “20-20-20”-m̊alen som
siktar p̊a att minska utsläppen av växthusgaser, öka andelen förnyelsebar
energi och att öka effektiviteten i energianvändandet.
Detta leder till en ökning av vindkraft, solkraft och annan sm̊askalig pro-
duktion. P̊a grund av den otillförlitliga kvalitén p̊a vind- och sol-prognoser
s̊a ökar behovet av balanskraft för att kunna lyckas integrera och effektivt
kunna ta tillvara p̊a denna ökande produktion. I de Nordiska länderna finns
det rikliga mängder av vattenkraft, som är väl lämpat för att balansera elsy-
stem. Men det diskuteras nu hur mycket vindkraft som vattenkraften klarar
av att balansera.

Den senaste tidens snabba utveckling av informations- och kommunikations-
teknik har öppnat upp ett brett spektrum av möjligheter för lösningar inom
Smarta Elnät. Den här uppsatsen genomfördes för att utvärdera de tekniska
och ekonomiska möjligheterna för en Aggregator att agera p̊a den Nordiska
Reglermarknaden. Aggregatorn är en aktör som sl̊ar samman konsumen-
ter för att samla ihop en mer omfattande och därför mer användbar volym
effekt. Flexibiliteten kan sedan användas för olika syften. I den här upp-
satsen kommer möjligheterna med flexibilitet fr̊an medelstora industier att
undersökas.

Genom en litteraturstudie förvärvades en först̊aelse för det Nordiska elsy-
stemet och marknaden. Intressanta el-intensiva processer lokaliserades inom
ett antal olika branscher genom att genomföra intervjuer och ett par stu-
diebesök. P̊a grund av den begränsade tiden för projektet s̊a beslöts det
efterhand att fokus skulle ligga p̊a större fryslager, eftersom det verkade va-
ra den mest lovande lasten.
Studierna av marknaden och den utvalda lasten ledde till att ett antal ma-
tematiska modeller konstruerades. Först testades att applicera Aggregator-
konceptet p̊a data fr̊an 2012. Den totala vinsten för ett år maximerades för
att ge en uppfattning om lönsamheten. Därefter konstruerades en modell
som genererade stokastiska, realistiska scenarier med de relevanta paramet-
rarna i systemet. Med denna modellen formades intressanta framtida scena-
rier som testades tillsammans med en Aggregator.



Resultaten visar att det finns pengar att tjäna, utan särskilt stora investe-
ringar. Men, p̊a grund av problematiken med att förutse riktning och pris
p̊a Reglermarknaden s̊a behöver Aggregatorn en väl genomarbetad strategi
för att bestämma sina bud. . .
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Terms and Definitions

Active Demand (AD) Part of DSM where the participating consumers
make their own decisions on whether to perform load management
or not. The opposite is called Remote Management, where a central
actor makes the decisions for the considered consumers.

Aggregator Player on electricity market who aggregates smaller loads into
a more significant load. The Aggregator will then perform load man-
agement with this load for some purpose.

Balance Responsible Party (BRP) Player on electricity market that is
financially responsible for the balance between production and con-
sumption in a specific electricity delivery.

Control Market (CM) A marketplace on which electricity is traded with
intention to keep an electricity network in physical balance.

Combined Heat and Power (CHP) Power plants combining production
of heat and electricity.

Demand Side Management (DSM) Load management made by the de-
mand side.

Distributed Generation (DG) Decentralized electricity generation. For
example wind power or solar power.

Distribution System Operator (DSO) Organization responsible for op-
erating, ensuring the maintenance, and if needed developing the elec-
tricity distribution grid.

Electricity grid The network for delivering electric energy from suppliers
to consumers.

ENTSO-E European Network of Transmission System Operators for Elec-
tricity. Association of Europe’s TSOs. Earlier there where a Nordic
cooperation Nordel.

Load Management Intentional increase or reduction in consumers’ power
load.

Load Shedding Performing load management by skipping planned elec-
tricity use.

Load Shifting Performing load management by shifting the time of a planned
electricity use.

Transmission System Operator (TSO) is an entity entrusted with dis-
tributing electrical power on a national or regional level. This com-
prises keeping physical balance on the grid.

8



Chapter 1

Introduction

1.1 Background

The electricity network needs to ensure constant supply to the consumers
and to maintain a high security level through the variations of the demand
and production sides. In order for this to work properly, there must be an
almost perfect energy balance at all times. If production does not match the
consumption, the system will face the risk of a blackout, which can result
in huge costs for the utilities, and the society as a whole.

It is a real challenge to fulfil this balance constraint due to the fact that
a lot of the activities in the power system are dependent on stochastic pro-
cesses (e.g. decisions made by individuals, outdoor temperatures, outage of
a big generator, etc.). Historically, the production has always been adapted
to follow the changes in the consumption. However, due to the increasing
penetration of wind power and expected growth in electricity consumption,
the demand side is expected to be more active when it comes to the energy
balance of power system.

The Transmission System Operator (TSO) Svenska Kraftnät (SvK) is
responsible for maintaining the frequency in Sweden. Most of the electricity
is traded on a day-ahead basis, so the actors have to try to forecast the pro-
duction or consumption they account for. To manage the imbalances caused
by prediction errors, the TSO procures control power resources through the
Control Market. These energy reserves can contribute with short term en-
ergy flexibility whenever it is needed and are nearly always activated to
some extent since perfect prediction is impossible. SvK has three different
types of reserve mechanisms at its disposal depending on the magnitude of
the frequency deviation, but one of them is planned to be decommissioned
within a few years. The actors providing balancing resources on the mar-
kets get an advantageous price for their electricity (whether they buy or sell
it) since they help the system with a necessary flexibility. These balancing
reserves will be investigated in this report, as well as the different players
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taking part in them.
Maintaining the energy balance is thus a well structured process which

is of a primordial importance, and we know that this will become a big issue
in the future. Therefore, a lot of focus has been directed to Smart Grid
solutions in recent years. A part of the Smart Grid concept is to enable the
possibility of making consumers more active on the energy markets. The
idea is that the customers will let some of their consumption be controllable
by some market actor and in exchange obtain a compensation, e.g. money
or a useful service. This business model already exists and contributes to
optimize some specific aspect of the system (e.g., minimize losses, increase
power quality and reliability). This is called the Demand Size Management
(DSM) or Active Demand (AD). Furthermore, to make the integration of
the active customers more efficient, an actor called Aggregator has been pro-
posed to centrally manage the consumers’ loads with extensive ICT systems.
Subsequently, the Aggregator will aim to maximize its profits on the differ-
ent energy markets by managing the demand resources. More background
information on the Aggregator role can be found in [10].

1.2 Purpose and Goals

The project’s main objective is to determine whether an Aggregator stand-
ing on the Control Market for mid-size consumers would be economically
profitable and technically feasible. A consumer is called a mid-size con-
sumer when its electricity consumption lies between 0.5 and 5 GWh/year.
The choice of this segment of consumers is driven by the fact that larger
consumers are already active on the markets, and that the system is not
yet mature for an efficient aggregation of smaller consumers. To achieve
this objective, some criteria will be identified to find the consumers with
the most appropriate loads. The load profiles and their relationships with
the system’s parameters will be modelled in quantitative simulations. The
simulations should enable us to determine if the costs associated to the im-
plementation of DSM won’t overweight the profits that an Aggregator can
rise.

The main goals with the project can be expressed as:

• Map and describe the loads from the midsize consumer domain that
can participate on the Control Markets (e.g., define industrial pro-
cesses and their suitability for load shifting from a technical and eco-
nomic perspective). The most suitable loads are chosen for further
studies (see bullet 2)

• The second goal is to construct quantitative models of the chosen loads,
i.e. express the loads from its endogenous and exogenous parameters.
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• Generate time series models of various variables influencing the busi-
ness case (e.g. temperatures, wind speed, market prices, etc.). By
doing so, it is possible to induce different future scenarios of the power
system, e.g. a wind power scenario, etc.

• The last goal of the project is to develop an optimization model that
can simulate the different business cases under various conditions and
scenarios

In the frame of this project, the Aggregator will use the load management
to act on the Control Market only, what means that the power managed will
be used to keep the electricity system in balance. We will look upon power
reserves as load reduction or load increase. Only small industry consumers
and commercial consumers will be considered (i.e., no residential or large
industry consumers)

1.3 Outline

In order to understand which kind of products an Aggregator can provide
that would be interesting on the Control Market, a broad literature study
will be conducted. The interest has been set on the Swedish electricity
market with focus on the control mechanisms and the corresponding Control
Market. This first study provided a preliminary overview of the interests to
implement DSM in the Swedish Market.

The focus of the second section of this project was the actual poten-
tial of mid-size consumers to take part in the balancing mechanism. The
goal will be to identify the loads from the mid-size consumers’ domain that
could participate on the Control Market from a technical and economical
perspective. The most suitable load profiles will be modelled in function of
the endogenous and exogenous parameters which have a relevant impact on
them.

Such parameters can be, e.g. outside temperature, wind power penetrat-
ing the system, market price, etc. These parameters will also be modelled,
using historical data to compute their pattern and the interactions between
them. This will lead, in a further step, to be able to generate different future
scenarios for the power system and to understand how the opportunities for
aggregation vary with the power system parameters.

The final step will lead a conclusion on whether the business case of an
aggregator for mid-size consumers is economically sustainable or not.

1.4 Distribution of work

The work in the project was mostly clearly divided between Esther and Carl.
Regarding the writing for the report, the author for each section is declared

11



in table 1.1 and for two shared sections, a deeper declaration is following.
The two shared sections is 3.5 about the investigated branches and 5.2 which

Esther Carl

Acknowledgements Abstract

Introduction Sammanfattning

Electricity Market Terms and Definitions

Economical discussion Control Market

Suitable consumers Aggregator in Swedish Context

Crucial parameters Aggregator design

Freeze industry Stochastic model

Structure of model Future work

Optimization

Mathematical formulation

Reference case

Limits of the model

Conclusions

Table 1.1: Distribution of writing for this report

is describing the sensitivity analysis. In section 3.5, Carl wrote about the
chemical and rubber branch and the Steel and metal industry while Esther
wrote the rest. In section 5.2, Esther wrote about the bid size, available
capacity and integration with other smart components, while Carl wrote
the rest.

As for the construction of the different parts of the Matlab model, ta-
ble 1.2 presents the distribution of work in creating the stochastic parameter
generators. Esther wrote the model for the freeze storages, the diffent opti-

Esther Carl

Spot price model Temperature model

Balance price model System load model

Wind model

Table 1.2: Distribution of work regarding the construction of the model for
this project

mization models was mostly built by Carl with some assistance from Esther,
the bid price optimizing models were programmed by Carl.

12



Chapter 2

Literature Review of the
Swedish Electricity Market

2.1 Description of the Electricity Market

In 1995, Sweden opened its electricity market. One year after, in 1996, Nord
Pool market was created, resulting of the decision of Sweden and Norway to
have a common electricity market. Along the years, this entity has been the
object of important restructuration, and as a result the TSO’s of Norway,
Denmark, Finland, Sweden and Iceland were associated into the Nordel
to harmonize the Scandinavian electricity market. Since July 2009, the
Scandinavian group Nordel has also merged with ECTE, the group of the
TSO of continental Europe, to form the ENTSO-E, or European Network
of Transmission System Operator for Electricity. Nowadays, Sweden is one
of the most deregulated electricity market of the world, with nearly 90 %
of its volume exchanged on the Nord Pool as short-term products (average
of 70 % for the countries of the Nordic Market) [12]. The following quote
from [15] gives a good overview of how much volumes that are traded on
Nord Pool:

In 2011, 316 TWh were traded through Nord Pool Spot, repre-
senting a value of EUR 14.5 billion. 295 TWh were traded on
Elspot, the day-ahead market. In addition Elbas, the intraday
market, continues to play an essential role in creating the nec-
essary balance between supply and demand of power. In 2011,
the turnover on Elbas was 2.7 TWh.

The following part will present the Swedish electricity market in a broad
view, in order to understand its organizations and the functions of the dif-
ferent actors.
In the whole section the references [12, 1, 22, 2] have been used.
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2.1.1 The organization of the markets

The electricity market is composed of an electrical flow (physical) and a fi-
nancial flow. These flows transit between different players, who can basically
be divided into four archetypal categories :

Regulated players DSO (Distribution System Operator) and TSO. The
former is responsible for operating, ensuring the maintaining, and if
needed, developing the distribution system. The latter is responsible
for the safe operation of the power system, and technically responsible
for maintaining a constant balance between the energy generated and
consumed. Both of them should be independent from other players
not related to the distribution, such as producers or consumers.

Producers Supply electrical energy. They own and operate the power
plants, and sell their production to retailers, big-size consumers or
any kind of entity willing to buy power.

Intermediaries This category involves all the players who buy and sell
power without producing or consuming themselves. We will cite re-
tailers, aggregators or electricity traders. The retailers can provide
price insurances to consumers and they increase the competition on
the electricity market. The BalanceResponsibleP layers (BRP) falls
on this category. This concept will be developed later.

Consumers Consume electrical energy. They buy power from a retailer or
directly from a producer.

The electricity markets have the particularity that the products traded,
electrical power or energy, cannot be stored at any moment in an eco-
nomical viable way. There must consequently at all time be balance between
production and consumption. This responsibility falls on two different kinds
of players : the TSO is technically responsible for the balance, whereas the
BRPs, such as the retailers, are economically responsible for it. The main
challenge in this matter is the difficulty to predict how much electricity will
be consumed.

The ElSpot Market
On the Swedish market, most of the electricity is traded on the Day-ahead
Market on the day D−1 (day before the trading period). This means that
everyday at D−1, the retailer, which has contracts with a certain amount of
end-consumers, must predict how much power these consumers will consume
the day after (trading day D), for each hour. The retailer then submits an
offer to the market, called bid, specifying how much power it wants to buy
(MWh) at what time (trading period), and how much it is willing to pay
for it (€/MWh). The producers also submit bids on the market, specifying
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how much power they are willing to produce (MWh), at what time (trading
period) and the minimal price for sale (€/MWh). These bids are submitted
on the Nord Pool spot market, called ElSpot, along with all the other bids
from the Nord Pool market players. At the market closure at 12 (noon) on
D−1, the bids are accepted or refused according to a price cross, and the
price is determined, by the same way, according to a marginal pricing pro-
cess. This determines how much electricity has been traded for each hour
of the trading day D.

The ElBas Market
Since the demand and supply bids traded on Elspot are based on forecasts,
adjustments can be made until an hour prior the delivery. This trading is
called the Real-time market, or Intra-day market. The bids corresponding
to this market are traded on Elbas. For instance, it can be necessary for a
producer to review its production plan if a technical problem occurs in one
of its production units. If it cannot for some reason produce the energy it
has sold on Elspot, then it can buy the missing electricity on Elbas. This
also allows players whose bids have been refused at the closure of Elspot to
trade them on Elbas instead.

During each trading period on day D (one trading period is one hour
on the Nordic Market), the physical exchange of the electricity traded in
D−1 on ElSpot and in day D on Elbas takes place. Meanwhile, the Control
Market accounts for keeping the balance between production and consump-
tion. Indeed, even though the exact same amounts of produced energy and
consumed energy are traded on ElSpot and Elbas, the physical reality is
that the forecasts are never accurate (how could they be?) and there is need
for constant regulation of the traded electricity. The rules of the Control
Market will be the object of the following part of this report.

The Financial Market
It is important to understand here that Elspot and Elbas are physical mar-
kets, where the trading results in short term contracts between the players
on volumes to be sold. The price of trading is fixed on the Elspot and can
vary greatly from hour to hour. There is a parallel financial market re-
lated to electricity trading, where players can hedge themselves against the
price volatility on Elspot. Financial trading is direct contracts between the
players, and are not reported to the TSOs. A typical contract can be an
‘Option’ or a ‘Future’. An ‘Option’ is when two players A and B agree on
a price X e/MWh for a given time. Player A then buys power from the
spot market at a price Y e/MWh. If price Y exceeds price X, then player
B pays player A for the difference. Player A pays a contract to player B
for this security. A ‘Future’ is the same kind of contract, but player A does
not pay a fixed contract: it pays player B the difference of price in the case
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where the sport price Y is cheaper than the agreed price X. This financial
market will not be investigated further in this report.

2.1.2 The different products traded on the market

The previous section described in a simple way the basic function of the mar-
ket. There are actually many more different ways to trade energy, through
various kind of contracts. The different products available on the Swedish
market are summarized in Table 2.1 extracted from reference [12]

2.1.3 The energy mix on the Swedish Market

The electricity production in Sweden is composed of a mix of different power
plants with different characteristics. The total production is usually around
150 TWh/year. The production system lies on four major pillars, all neces-
sary and depending of each-others, as highlighted in [17].

The Base load This represents 90 % of the total load and is supplied
thanks to the following production : nuclear power, part of the hy-
dro power and CHP (Combined Heat and Power)

The Regulating Power It corresponds to the part of the hydro power
that can be stored in the water storage infrastructures. This power
absorbs the seasonal variations of the load, as well as its really short-
term variations: it is used for daily, hourly and nearly instantaneous
adjustment to the load.

The Complementary Power This is the production which cannot really
be planned, such as the wind power or other forms of renewable energy.

The Transmission infrastructure This is the link between the produc-
tion sites and the consumers. Its development and maintenance ensure
a stable and efficient supply of electricity in Sweden.

The hydro power represents usually around 65 TWh per year. However,
this resource is strongly dependent of the precipitations as rain and snow.
A so called ‘dry year’ is when the hydro production is less than 50 TWh,
whereas the production can exceed 75 TWh during a ‘wet year’. The usual
way to dispose of hydro resources is to store the water resulting of spring
rains and melting snow over the summer, so that it can be used during
the following winter when the electricity demand is at its highest. This of
course does not mean that the whole hydro reserve is used during the winter
season: hydro power accounts for a significant part of the production during
the whole year. The main issue with hydro power is that most of the power
plants are situated in the north of Sweden, whereas the electricity is mainly
consumed in the south.
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The nuclear power in Sweden is produced by 10 reactors which provide
between 65 and 70 TWh per year. They are located in the southern half of
Sweden and are mainly used during the autumn, winter and spring seasons.
During the summer period, most of the reactors are closed for maintenance
and refueling.

The rest of the production comes from CHP and an increasing part of
wind power. The installed wind power capacity in Sweden is 3000 MW. In
2011, wind power production was of 6.1 TWh. This represents nearly 4 % of
the electricity consumption. The national forecast hopes for a production of
30 TWh in 2020. The Swedish energy mix for 2011 can be seen in figure 2.1
(figures to generate the graphic are taken from [19])

48% 

41% 

7% 

4% 
0.1% 

Energy Mix in Sweden, 2011 

Hydro 

Nuclear 

CHP 

Wind 

Gas turbine & diesel 

Figure 2.1: The Energy Mix in Sweden in 2011

As can be seen in this part, the electricity in Sweden is mainly produced
thanks to power plants free from greenhouse gas exhausts (referring here
to the actual time of production, and not including construction or main-
tenance of the plants). This is indeed the case for 96 % of the Swedish
power plants. This results in a relatively clean industry, releasing only
20 g CO2/kWh ([17]). As a comparison, this value is 100 g CO2/kWh in
average for the Nordic countries production and 415 g CO2/kWh for the
European electricity production.
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Presentation of Electricity Market in Sweden                    (CET hours) 

 Spot Market Long Term Out of market TSO intern Market 

Name Nord Pool  Nasdaq OMX 

Futures/forward/ 

CfD/Options  
OTC market 

(Over The 

Counter) 

Direct supplying 

from producer 

to its supplying 

entity 

Balancing Mechanism 
(only 3

rd
 level) Elspot Elbas Base 

(24hr/24 

7d/7) 

Peak 

(08:00-

20:00 in 

weekdays) 

Payment 
At the Marginal Cost 

At the Market 

Clearing 

Price (MCP) 

At the bid price (Spot 

price + cleared price) 

At the bid 

price 

At the contract 

price 

At the Marginal Cost 

 

Kind of product 

D-1 by hours or blocks 
Intraday by 

hours or blocks 

Long term contracts 

secured by a clearing 

mechanism 

Direct 

contract (or 

via a broker) 

between a 

producer and 

a consumer 

Defined by the 

contract 
Hourly offers 

Offers selection 

Merit Order Merit Order 
Stock market 

(anonymous actors) 

Contract 

between 

actors 

contract 

between actors 
Merit Order  

Minimum Volume 0.1MW 1MW 1MW 

Defined by 

the contract 

Defined by the 

contract 

10MW  

Minimum size 

increment 
0.1MW 1MW 1MW - 

Minimum price 

increment 

0.01€ 

/MWh 

0.01€ 

/MWh 

0.01€ 

/MWh 
- 

Underlying 
Trade in D-1 for 

delivery in D in 24hr 

intervals 

Trade in D-1 or 

D for delivery in 

D and partly 

D+1 

  

Trade from 

D-14 until  

H-30mn in 24hr 

intervals  

Trading Hours 

Gate closure at 12:00 

CET, result at 12:30-

45CET in D-1 

Continue, Up to 

1hr before 

delivery. Start 

at 14:00CET in 

D-1 for the 

coming 10 to 

38hrs 

08:00-15:30CET 

 up to D-1 for delivery in 

D 

Up to D-1 - 

Up to 30min before 

operation hour.  

 

Dates 1time/day 

365days/year 

24hr/24 

365days/year 

08:00-15:30CET  

- 
- - 

24hr/24 

365days/year 

Characteristics for 

offers 
Hours: 

 

Offer per hour from 

00:00 CET in D 
 

Execution 

restrictions:  

(IOC), “Fill-or-

kill” (FOK), “All-

or-none” 

Futures: 

day/week, 
 

Forward: 

month/ 

quarter/ 

year, 
 

European 

Options, 
 

Contracts for 

differences 

(CfD) 

 

Futures: 

week, 
 

Forward: 

month/ 

quarter/ 

year, 

 

- 

Defined by the 

contract. 

 

Only hourly offers 

Flexible Hours: 

Sells at any non-

specific delivery hours 

in D 

Blocks: 
 

 2hrs or more, in (FOK) 

“All-or-none” 

(<500MW) 

Price range (€/MWh) 
[-200; +2000] - - - - 

Tertiary < 

5000€/MWh 

Physical real 

[Financial real] 

volumes 2010 
(TWh) 

131.5 

[ ] 

0.706 

[ ] 
 [ ]  

0.62 up 

0.98 down 

Physical [financial] 

Share 
89.5% [  %] 0.5% [  %] % [%]  % [ %] up % [ %]down 

Total Physical Volume through Swedish Grid: 147 TWh consumed.  

Grey values: information to be confirmed 

 

Table 2.1: The products of the Swedish Electricity Market [12]
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2.1.4 The Swedish Price Areas

Since November 1, 2011, the Swedish electricity market has been divided
into four distinct prices area. They can be seen in Figure 2.2. This decision

Figure 2.2: The Swedish Price Areas

was made because a large part of the electricity is produced in the north
of Sweden (through hydro power), but consumption is mainly located in
the south of the country. As a consequence, electricity has to transit across
Sweden, resulting in bottlenecks and energy losses in the lines. Bottlenecks
occur when the consumption in the south is too high, e.g. in the winter
season. Since hydro power (situated mainly in the north) has low production
costs, the hydro plants are the first to be solicited to meet the demand.
Then it can happen that the transmission needed to send the electricity
to the southern consumers overflows the capacity of the lines. This is a
bottleneck. When Sweden consisted of one price area, the electricity market
could not reflect the actual demand and supply mismatches between the
different geographical areas.

However, the bidding areas will not always result in different prices in
the four zones. As long as the transmission capacity between two neighbour
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zones is not constrained, the prices will be the same in these two zones.
However, a period with high consumption in the south of Sweden can result
in higher prices for the consumers (in comparison to the north of Sweden).
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2.2 Control Market

As mentioned in the previous section, the electricity system always has to be
in balance. At every moment, the amount of generated electricity must cor-
respond to the load level plus the losses in the transmission system. When
the production is not equal to the load, the frequency is lowered or raised
depending on the case. When the frequency drops below the nominal fre-
quency in the Nordic power system (50 Hz), increase of generation is needed
and vice versa. It can also be solved by adjusting the consumption in the
opposite direction, this is more clearly displayed in figure 2.3 below.
If the imbalance would be too comprising there would be fatal consequences
for the system and all devices connected to it. To avoid this unpleasant
scenario, Swedish law specifies that every electricity delivery must have a
BRP [6]. The BRP is economically responsible for keeping its electricity
deliveries in balance. SvK as the Swedish TSO requires every BRP to place
at least one bid with balancing power per type of power they deliver and
per price area. The BRP role is more investigated in next section.
According to a German report [13], imbalances between generation and de-
mand occur due to five generic reasons. These five reasons will all induce
need for regulating power. The reasons are:

Unplanned production unit disruptions Sudden, not planned opera-
tional trouble with scheduled production units.

Load prediction errors Deviations in the actual load compared to the
predicted load.

Load noise Irregularities within the hours from the predictions and hence
the produced quantities.

DG Deviations For example difference between wind and solar forecasts
and the outcome. The increment of this post is resulting in an increas-
ing need for balancing power.

Schedule jumps E.g. a power plant may start or stop dispensing power
onto the grid too early or too late.

2.2.1 Partitioning of the Control Market

So there is a need for balancing power, and this section aims to present the
structure of the Swedish Control Market and the relevant rules concerned.
As the delivery hour H arrives, the TSO has a few tools at its disposal to
keep the system in balance:

Primary Control The primary control is automatically activated if the
frequency deviates from 50 Hz. It is divided into:
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Figure 2.3: Illustration of the control system frequency. [10]

Frequency Normal Reserve (FNR) For deviations ± 0.1 Hz. In
other words when the frequency is between 49.9–50.1 Hz.

Frequency Disturbance Reserve (FDR) For deviations -(0.1–0.5) Hz.
In other words within 49.5–49.9 Hz.

The purpose of the primary control is to stop the frequency from drift-
ing further away from 50 Hz. The actors here are paid for capacity
and energy in case of activation.

Secondary Control In many systems there is also a secondary control
which works parallel with the primary control. In Sweden there is no
secondary control, in that sence. But there are plans to develop such
a control, called FRR. FRR will respond to a signal sent from SvK
rather than being activated by making a telephone call like the tertiary
control.

Tertiary Control What in Sweden is referred to as secondary control is
internationally normally called tertiary control. The objective of
this control is to restore the frequency to 50 Hz. The actors here are
not paid for capacity, only for the energy delivered.

Effektreserven The Peak Power Reserve is a power reserve for extreme
situations. This can for example be during a very cold winter day
and/or when having trouble with a big production unit in the system.
It is only used less than 10 hours per year historically [12]. Therefore,
the actors are both paid for capacity and for the energy in case of
activation.

The different controls are summarized in table 2.2 below.
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Power reserve Short description Demand

Primary frequency con-
trol (split into FNR and
FDR)

This is an automatic control, and its
main purpose is to stabilize the fre-
quency due to quick (seconds) vari-
ations.

FNR: 250 MW,
FDR: 350 MW

Secondary frequency
control (=tertiary in
continental Europe)

The tertiary control is activated
manually and its main purpose is
to restore the primary control and
bring the frequency back to its nom-
inal value (i.e. 50 Hz).

1200 MW

Peak power reserve The two previous mentioned re-
serves are bought by SvK on ten-
dering markets. In addition, SvK
is procuring control power resources
that can manage occasions of in-
sufficient production capacities, i.e.
times of extreme demand. The
peak power reserve is contracted di-
rectly between SvK and the resource
owner.

2000 MW

Table 2.2: The different parts of the Control Market

2.2.2 Rules of the Control Market

The Nordic countries have an integrated Control Market which means that
the bids are sorted only by price, and not depending on location, as long as
there are no bottlenecks in the transmission system. If there are bottlenecks,
the considered TSO will activate the cheapest bid in the area where it is
needed. Since the Swedish market, in November 2011 was divided into four
different price areas, this is also applied within Sweden.
There are some rules and requirements on the Control Market that needs to
be met in order to act on it. Some of them are common for the the different
controls, like that there is an upper price limit at 5000 e/MW [19], and some
of them differ between the different parts of the Control Market. Below a
digest of the most important rules on the Control Market is presented.

Primary Frequency Control

Because the frequency is the same in the Nordic countries, the responsibil-
ity for keeping an amount of primary control power lies on the respective
TSO for each country. The amount for which each TSO is responsible is
proportional to the country’s consumption. The need for the entire Nordic
system is 600 MW of FNR and 1000 MW FDR [1]. The size of the FDR
corresponds to the largest production unit in the Nordic network, which is
a Swedish nuclear unit. The part of the total FNR and FDR with which
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Swedish actors have to contribute is approximately 250 MW respectively
400 MW [1].
The energy price for activated bids on the Primary Control is set by the
Tertiary Market price. If no Tertiary Regulation price is set for one hour,
then the price will be the spot price from Elspot.
Those who want to act on the Swedish Primary Control Market will have
to meet the following requirements [19]:

• To be an actor, you have to be a BRP.

• You need to have a frequency measurement device installed at the
location of your entity, with a certain level of accuracy.

• The offered capacity must be symmetric, i.e. both negative and posi-
tive regulation.

• Smallest bid size in Sweden is 10 MW/Hz. This corresponds to about
1 MW

• The actor must specify if the bid is placed for FNR or for FDR control

• An FNR capacity bid must be able to be delivered at 63% within
60 seconds and at 100% in 3 minutes, while FDR must be activated
at 50% in 5 seconds and 100% in 30 seconds.

The last condition, makes it hard for an Aggregator to act with Primary
Control power and this report will not further investigate the possibilities
for an Aggregator to act on it.

Secondary Frequency Control

As mentioned above, Sweden does not have a secondary frequency control,
though there are plans for such a mechanism in the future.

Tertiary Frequency Control

The total demand for tertiary control in Sweden, that SvK needs to procure,
is 375 MW [1].
The price on the Tertiary Market is set by the most expensive activated
bid in case of up-regulation or the lowest activated bid in case of down-
regulation. This price setting method is called Marginal Pricing, and is the
same method as on the Spot market.
Bids can be submitted to the market at the earliest fourteen days before
and at the latest one hour before each hour. A schedule has to be reported
to SvK at D-1 at 16:00, but can and has to be updated at every change.
SvK freezes the schedule 45 minutes before H and then it becomes binding.
However if both parts agree, this time can be reduced [19].
For producers who want to act on this market there are some rules [1, 19]:
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• Just like on the primary Control Market, the actor has to be a BRP.

• The minimum bid for price area SE1, SE2 and SE3 is 10 MW and for
SE4 it is 5 MW. Note, SvK can activate part of bids if the concerned
BRP agrees.

• BRPs must be able to deliver the whole bid within 15 minutes.

• A telephone line is required, because the power request comes through
a phone-call.

Peak Power Reserve

Swedish law states that SvK, in the role as the Swedish TSO, is respon-
sible for obtaining the Peak Power Reserve to ensure a safe and uninter-
rupted power supply during the winter period. The procurement ranges
from November 16 to March 15.
The reserve must not exceed 2000 MW and at the April 20, 2010, the Swedish
parliament decided that SvK, at March 16, 2011, has to start decreasing
the size of the Peak Power Reserve and finally terminate it at March 15,
2020 [19].
In 2011, SvK made a revision of the handling of the power reserve. They
decided that, contrary to the previous years, that the procurement of power
reduction entities shall comprise the Control Market [19]. In other words the
bids shall also be available on the Control Market. Furthermore, SvK will
allow production owners to place bids for power reductions on the Elspot
market, which, if not activated, may remain at disposal on the balancing
market [19].

2.2.3 Balance Responsible Party

Anybody could sign a contract with SvK to be a BRP, but it is usually a
retailer or a producer. The financial responsibility for the balance is placed
on the BRP while the physical balance responsibility rests on the TSO at the
time for delivery. The TSO then uses the bids on “Reglerlistan” to either up
or down regulation in order to keep the system in balance. Since the BRPs
have the financial responsibility, they will have to pay for the respective
imbalances caused in the deliveries for which they are responsible. In case
the imbalance is caused by deviations at the production side, a two-price
payment system is used to trade power with the TSO and if imbalances is
caused by deviations at the consumption side, a one-price system is used.
The prices for each case are presented in table table 2.3. The financial set-
tlement is handled subsequently every 14th day between the BRPs and the
TSO. To minimize these costs, the BRPs put much effort in trying to pre-
dict its customers’ demand as accurate as possible. Then, if the BRP is a
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Trend of the market

Trend of the player Up-regulation Down-Regulation

Producing more
than planned

Helping the system,
selling its surplus of
power at the Spot
price

Not helping the sys-
tem, selling its sur-
plus of power at the
Down-Regulation
price

Producing less than
planned

Not helping the sys-
tem, buying extra
power at the Up-
regulation price

Helping the system,
buying extra power
at the Spot price

Consuming more
than planned

Not helping the sys-
tem, buying extra
power at the Up-
regulation price

Helping the sys-
tem, buying extra
power at the Down-
Regulation price

Consuming less than
planned

Helping the system,
selling its surplus of
power at the Up-
regulation price

Not helping the sys-
tem, selling its sur-
plus of power at the
Down-regulation
price

Table 2.3: The two-price and one-price payment systems on the Control
Market, for deviations on production and consumption sides

producer, it produces according to this prediction and if it is a retailer, the
BRP buys the amount of power needed from the producers on the Elspot
and Elbas markets.

Fees and rules for BRP

There are of course numerous rules for becoming and being a BRP. These
rules are properly defined in the Balance Agreement [19], but for example
the company has to:

• Have system for electronic reporting through Ediel1 or sign a contract
with an agent that has such equipment.

• Be registered at the Swedish authorities to be able to pay energy tax.

• Pay a monthly fee of 1850 SEK to the TSO.

1Ediel is the Electricity and natural gas-bransch’s EDI-system (Electronic Data Inter-
change) that is used for information exchange between actors on the Nordic energy market.
All the information that is not real time is reported here. E.g. reporting consumption
measurement and trading values.
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Then of course in the monthly settlement between BRP and TSO, the reg-
ulation power used by the BRP is payed by the BRP.
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2.3 Integration of Aggregators in the Swedish con-
text

In Sweden, there has earlier been “Time of Use” (ToU) tariffs. It meant that
it was a lower price for electricity between 10 p.m. and 6 a.m. The ToUs
where introduced to help the nuclear power situation in Sweden. Because
the nuclear power plants always run at the same level, there was a surplus
of electricity in the night time. The ToU tariffs made people use electricity
more evenly over the day. It was for example common to run washing ma-
chines and use electric heating only in the night time when the price and
consumption was lower. These tariffs where removed by the retailers incre-
mentally after the deregulation. Partly because the deregulation made it
more complicated to keep track of which households that had meeters that
supported hourly values. There are still countries that are less deregulated
than Sweden and which uses ToU.
When it comes to modern DSM, Sweden is, like most other countries, not
particularly developed, even though the possibilities are growing. There
exists pilot projects like Smart Grid Gotland [23], that is planned to be
completed in December 2015, that comprise DSM, but this is for Gotland
only.
The idea behind this report is to sell aggregated DSM-capacity on the Con-
trol Market. In other words, some end-users would give their consent to an
Aggregator, that would manage the consumption of this cluster of voluntary
members in the optimal way based on the maximization of the profits and
respecting the constraints imposed by each individual consumer.
The total yearly value of the Control Market in Sweden is approximately
22.5 million e [1], and it is considered growing in size due to the increas-
ing share of DG electricity in the network. The growing DG share demands
more balance power to maintain the frequency of the grid, due to the volatile
and unpredictable nature of most DG. So this means that the volumes on
the Control Market are increasing, and the extra demand will have to be
covered by either conventional power plants or by power from more non
conventional sources such as DSM. There are also many other ideas of how
to solve the emerging balance power deficit, like large stationary batteries
or CAES2, but none of these seem promising enough (at least not from an
economical perspective).
Historically, the demand on the Control Market has been covered mostly by
hydropower, but the Swedish hydropower can only balance so much imbal-
ances. Hence, it seems righteous to ask: How much intermittent electricity
production can the Nordic power system absorb without endanger a safe

2CAES, Compressed Air Energy Storage is one example of methods to try to store
electrical energy. The electric energy is transformed into compressed air. One of the
biggest challenges here is to store the heat generated in the compression phase to use later
in the decompression phase.
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and reliable operation?

2.3.1 Hydropower as Control Power

In the Nordic countries (except Denmark) there are really favorable prereq-
uisites for hydropower. The production levels of hydropower is easy and
cheap to adjust almost instantaneously, which makes it optimal for Control
power. Therefore, the Swedish Control Market is totally dominated by hy-
dropower. But because the suitable water flows are mainly located in the
north of Sweden, SE1 and SE2, there are also thermal plants in the south
of Sweden that sometimes are activated in case of congestions or in extreme
load situations.
Recently different results on whether the hydropower will be enough the
coming years to cover the needs on the Control Market or not has been
published. In a report from SvK in 2008 [18], the conclusion is that the
hydropower regulation capacity today is at a stressed level. The Swedish
energy agency also investigated this in a report [7] the same year and meant
that the hydropower’s possibilities to be used as Control power is already
fully developed. Also, the demand from other north European countries for
Nordic hydropower is expected to increase, which would make it even more
critical to aquire more balance power in Sweden.
On the contrary, KTH professor Lennart Söder and KTH doctor Mikael
Amelin in a report [5] from 2009, delivers the result that the Swedish hy-
dropower can cover the balance power need for as much as 30 TWh of wind
power located in SE1 and SE2. 30 TWh wind power just happens to be the
goal set from the Swedish energy authority for the year 2020. So, if Lennart
Söder and Mikael Amelin are correct, the situation would not be as stressful
as SvK’s and the Energy Authority’s calculations states. But on the other
hand, if they are wrong, the need is more urgent.

2.3.2 Aggregation versus Active Demand

From the consumers’ point of view, the main service provided by the Aggre-
gator is taking the decisions on load management and being the link to the
balance market customer, i.e. SvK. The consumers could actually decide
to act as stand-alone actors and thus take directly part in Active Demand
(AD). But there are other reasons that makes it easier to go through an
Aggregator. In this section, some of these reasons, compared with AD, are
highlighted.
One of the main reasons to prefer chosing an aggregator is simply that big-
ger is better. For example the aggregator, as a big actor in DSM, will have
more competence in the field. The aggregator would therefore likely be bet-
ter at maximizing profits and doing so in a smoother manner. A few other
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advantages are:

• There are rules that needs to be met in order to submit bids on the
Control Market. These constraints are presented in section 2.2.2, and
imply that:

– The players placing bids on the Control Market (or any of the
other electricity markets) have to be BRP. It would be a really
big hinder to become BRP, just to sell a few MWhs p.a.

– When it comes to the size of the bids, it can be tough for smaller
companies acting alone to reach minimum bid levels. The tertiary
market, which is considered in this report, requires a minimum
bid-size of 10 MW in SE3 and 5 MW in SE4. 10 MW is a level
that is impossible for most customers to reach.

• An Aggregator would manage the risk to perform DSM, i.e. the risks
connected to the physical delivery of the power. A stand-alone actor
that, for any given reason, would be unable to deliver a contracted
power reduction, would have to pay a fee for not delivering. But if this
actor sells its product to an Aggregator instead, this is the Aggregator
who takes the responsibility for the delivery. Also, an Aggregator can
try to solve such problems by using more power flexibility from its
other consumers.

For most consumers, it seems better to use an Aggregator. The exception is
large consumers, that consumes a great amount of energy in a flexible way.
These consumers can possibly profit from performing AD themselves.

2.3.3 Power provider incentives

The intended power providers for the Aggregator in this report is profit-
driven industries aiming to optimize their economical profitability. They
will not participate in this kind of activity, that likely would directly reduce
their productivity, unless they can be convinced with the right types of
incentives. An Aggregator would have to present to them, benefits of taking
part in DSM, that on the bottom line would generate more money for them.
Below, the four most basic incentives for participating in an Aggregator
services are listed:

Economical The Aggregator can somehow pay the contributors when they
are activated. How to remunerate a consumers from such an activa-
tion has not yet been defined. If the Aggregator would be the same
company that provides electricity for the customer, the economical
incentive can be a reduced energy bill. The economical incentive is in-
disputably the crucial parameter, especially when dealing with larger
companies.
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Environmental Many companies try to keep an “environmentally aware”
profile to, among other reasons, maintain good public relations. Par-
ticipating in DSM would definitely be a step in that direction. Partly
because the power reduction can directly replace power from peak
power-units, which are generally high polluting units. And partly be-
cause it opens up for a higher concentration of DG by contributing
with more tertiary power, that is needed as the DG share is increas-
ing.

Social The social benefits come hand in hand with the environmental ones.
The participants will contribute making the society more sustainable
and the earth an inhabitable place for a few more generations. This
could also be highlighted and engender more good will.

Technical The consumers would receive some kind of technical equipment
like “smart meters” or “energy boxes” to enable them and the aggre-
gator to see their consumption in real-time. This could give interesting
information and help learning about their electricity consumption of
the aggregated processes. Learning about them makes it possible to
affect them, i.e. reduce electricity costs. Also there could be some kind
of computer software where settings and statistics etc. could be dis-
played. This incentive would be the most interesting one for smaller
domestic customers as companies tend to already be more aware of
their electricity usage.

2.3.4 Aggregator and DSM issues

Being an Aggregator is not as simple as just turning off a power-switch for
a few customers. Several different players will be involved and there will be
numerous things that can go wrong. As written in the Address 1.1 report:
“The actions performed by Aggregators through the management of their
customers’ portfolio have an impact on the power flows and voltages on the
lines and other network equipment”[2]. The implementation of a fairly new
actor as the Aggregator is not free from risks. Some of the potential risks
will be investigated below.

Congestions

In the future there might be some situations when the Aggregators’ actions
will violate network constraints. So the TSO and the different DSOs will
need to continuously keep an eye on prospective Aggregator developments.
If Aggregators would grow in scale and number, SvK and the DSOs would
have to demand more information from Aggregators. This information can
be, e.g. about the comprised power and also the locations of the reductions.
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Then they could take the proper measures when needed.

The payback effect

There is a known adverse phenomenon on the grid caused by Aggregators
called the payback effect . As the name suggests, the aggregated units will
need to catch up the lost load after an intermission. You can se an example
of this in figure 2.4, where the aggregated power consumption of multiple
water heaters has been simulated. Figure 2.4 clearly shows the Payback

Figure 2.4: The Payback Effect when aggregating water heaters without any
anti-payback measures [? ].

effect. The extreme peak at about 22:00–23:00 o’clock (red curve) is due to
the water heaters’ need to catch up. The water in the heaters has cooled off
during the preceding intermission. As soon as the heaters are turned back
on, all of them will run at full power and thus create a very high peak. The
amplitude of the peak is about 3 times the amplitude of the peak without
control action (blue curve). However, it lasts a rather short time, and can
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be limited by taking certain precautions.
Worth mentioning is that the effect will not always come directly after the
Aggregator action, it can be delayed or even precede the action. The latter
can for example occur if the Aggregator is about to pause an industrial
process by using a buffer depository. Then the process might need to run at
a slightly higher power level to build a buffer before the Aggregator action.
But there are of course solutions to this type of complications. One method
to eliminate the problem is to combine the aggregated participants into
equally sized clusters. Then when a bid is called, the clusters are shut
down in shifts. Hence, the peak of the payback effect is smoothed. Though
it reduces the size of the available effect since they are not all turned off
simultaneously.
One could also conceive some kind of limitation of the maximum effect in
the devices after an interruption.

Other problems

Bid size issue
One obstacle for the Aggregator is the minimum bid size for bids in Sweden.
It is currently 10 MWs for SE1–SE3 and 5 MWs for SE4. These levels are set
somewhat high and later in the report it is discovered that it is hard for an
Aggregator to reach them if it only uses one type of load. Combining several
types of loads into one bid makes it much more complex. Indeed, different
type of consumers may have different activation time or different technical
requirements. Moreover, the Aggregator is responsible for contacting all
of them (if this is not automatized) and ensuring that each of them will
actually perform the load reduction demanded. In the future, the secondary
or FRR control 2.2.1 may require less bid volume, but for now the problem
remains.

AD prediction
Another unpleasant issue that might arise lies within the predictions a pro-

ducer (or a retailer) makes for its customers, if the Aggregator is not the
retailer itself. In the future, depending on how the Aggregator role will be
designed, various problem will arise for the BRP concerning forecasts on
DSM actions.
For example; if one actor is a BRP for a group of consumers that are ag-
gregated by a third party Aggregator, the BRP might in the future try to
foresee the DSM actions and adapt its production accordingly, resulting in
that there would be a lack of energy (in case of load reduction). The BRP
could also resell the energy not used by its customers or buy a counteracting
DSM product (load increase) from another Aggregator.
The problem would then be, the physical energy would be counted twice
since the same load reduction is claimed to be done by both the BRP and
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the Aggregator. [2]
Though the issue with AD prediction is not expected to emerge quite yet, it
lies in the future when there likely will be bigger volumes and the services
are more developed and therefore easier to predict.

Settlement risk
A risk concerning the Aggregator and its load providers when performing
load shedding, i.e. totally cancelling a process instead of catching up the
process after (or before) a reduction. It is not possible to measure exactly the
amount of energy saved per customer even if the best equipment were used.
This is beacuse it is not possible to know which processes the consumers
would have used if it were not for the Aggregators actions. The smaller the
aggregated consumers are, the more critical this issue becomes. E.g. with
households, it is not trivial to know if the washing machine should have
been activated at one specific moment or no,t and if the Aggregator has
influenced its running schedule. With larger consumers such as industrial
ones, there are more routine and thus a better knowledge of which processes
will be activated at what time of the day.
Though this can be solved like the French company Voltalis has done, by
just simply not economically remunerate the load providers. [12]
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Chapter 3

Study of the potential DSM
in Sweden

3.1 Design of the Aggregator in the Swedish con-
text

In DSM, there are two main branches: Active Demand and Remote Man-
agement. In AD, the consumer itself actively takes the decision whether to
perform a reduction or not at any given time, but in Remote Management
the consumer has given its consent to an external entity to take the decisions
of participation. Contracting with an Aggregator falls under the the latter
category of DSM, Remote Management.

The concept of an Aggregator is fairly new, so there are no conventional
business model design that can be used. Therefore an explanation of how
the Aggregator concerned in this project is designed, is needed. One can
imagine many different designs using different business models and different
dependencies and ownerships. In this project though, it has been chosen
to elaborate two different designs. They will be defined in the following
subsections.
First the internal Aggregator will be explained, which needs to be BRP and
retailer. Then the external Aggregator, which does not need to be retailer
and may be a third party actor, will be elaborated.

3.1.1 Internal Aggregator

The internal Aggregator is internal in the sense that it is not only an Ag-
gregator but also a retailer and only aggregates its own customers. It can
produce its own energy or buy energy from Nordpool, as long as it has its
own end-customers.
Figure 3.1 is a simplified visual representation of an activation of an inter-
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nal Aggregator effect reduction. The figure shows the involved actors, and
three different flows: cash flow, energy flow and information flow. Below,
an explanation of the different flows, are listed chronologically.

Figure 3.1: Description of an internal Aggregator’s load management acti-
vation process.

0. The first arrows that are marked with a zero, shows a simplified version
of the normal energy flow. From the power plants through transmis-
sion grid and finally to the end consumers.

1. This arrow represents the Aggregator extracting necessary information
to calculate its bids’ specifications, from the aggregated consumers. It
also collects a lot of other relevant parameters needed, such as weather
and wind forecasts and market indications.

2. At D-1, 16:00 every day, there is a deadline to place control power bids
to SvK. Balance power bids at SvK can be updated until H-00:45.

3. SvK needs to call of a bid, so it contacts the Aggregator by telephone.

4. The Aggregator informs the concerned consumers about the load man-
agement. Preferably through some fast ICT system. When the infor-
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mation is sent, the responsibility lies at the aggregated consumers’ to
act on the signal.

5. This arrow represents the response from the customers to the Aggre-
gator, when they confirm that they have received the information.

6. The load management is performed and delivered by decreasing or
increasing the load on SvK’s grid.

Step 3–6 should all be implemented and completed within a 15 minutes time
frame since this is the time that SvK gives for activating a bid, starting the
clock when SvK has informed the Aggregator by telephone.

7. Every 14th day, there is a settlement between SvK and all the BRPs.
Here the Aggregator (as a BRP) will receive remuneration for the
performed load management.

8. Finally either a pre-decided fixed reward can be paid to the customers
or they could be remunerated based on the time of activated reduc-
tions.

3.1.2 External Aggregator

The external Aggregator, unlike the internal, is not limited to only aggregate
its own customers. It is thought to either use both its own and other’s end-
consumers, or it can aggregate exclusively others’ customers. It is therefore
theoretically possible for an external Aggregator to actually not be a retailer,
though it must be BRP because of the rules of SvK (at least for now).
It is for this type of Aggregators that the AD prediction risk in section 2.3.4,
may arise. Solutions for that will be further investigated in the following
subsection.
The visual representation of an activation in figure 3.1 is almost valid in this
case as well. But there are a few differences, and the main ones are in the
following steps:

1. The Aggregator would also need to extract data from consumers that
are not its own electricity customers.
. . .

7. It is in this step that the big difference lies. When SvK calculates
the resulting balance power delivered by the BRPs every 14th day,
the result from the reductions made by the Aggregator via external
customers will appear on their BRPs’ settlements. In other words the
BRPs of the aggregated external customers will be remunerated for
reductions not ordered by themselves but by the Aggregator.
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Competition for customers
Point number seven above in the external Aggregator case is a hinder for
the Aggregator. It implies that the “wrong” actor will be rewarded by SvK
for the reductions, a reward that the Aggregator should have received for its
ordered load managements. As for now, the money will go to the respective
BRP for each aggregated consumer. This can be dealt with in different
ways.
One of the plausible solutions would be for the Aggregator to reach an
agreement with other BRPs, enabling it to aggregate their customers. The
Aggregator must be able to prove that the reductions have actually occurred.
It would require a monthly settlement between the Aggregator and other
BRPs, where the Aggregator proves the reductions it has made.
The French pioneer Aggregator company Voltalis, uses another solution,
developed together with the French TSO. When a power bid is called of, it
will remunerate the BRP, just like it would in Sweden. But Voltalis in the
role as Aggregator, will also receive the same amount of money from the
TSO. So the TSO pays double, but this is a special case for Voltalis, just
like some other rules are tweaked, to let Voltalis as a pioneer try the concept
of an Aggregator on a real market.
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3.2 Economical Discussion about DSM Implemen-
tation

The study of the prices on the electricity markets showed that there is a
possibility to implement DSM with respect to the actual rules of the markets.
However, the business case has to be economically sustainable in order to
be interesting.

3.2.1 The prices on Elspot

As has been mentioned in section 2.1, there is a great price volatility on the
Elspot market. In the objective of implementing DSM in the context of high
electricity price, one key factor is that the spot price becomes sufficiently
high often enough for consumers to be willing to take part in the business.
The project has conducted a study of the price behaviour on Elspot for the
last year. Historical data about the different products traded on The Nord
Pool can be found on [15]. Figure 3.2 shows the electricity price variations
for the market price area of Stockholm (price area 3), during the last 11
months from November 2011 to October 2012. Hourly based prices have
been used to compute the figure.

Figure 3.2: Elspot Prices - November 2011 to October 2012

As can be observed, the price shows great irregularity both on a short
term basis with a really dented curve and on a long term basis with sea-
sonal tendencies. The average price for the year was 282,18 SEK/MWh.
During the four cold months November to February, the average price was
369,38 SEK/MWh whereas it was only of 193,26 SEK/MWh during the
three summer months June to August. What is actually needed to make
the business case of an Aggregator interesting is to have a relatively high
price on the market during a significant amount of hours. The figure 3.3
shows the amount and prices of the most expensive hours between November
2011 and October 2012.
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Figure 3.3: Hours with high Elspot Price - November 2011 to October 2012

It can be observed that, as expected, high prices occur more frequently
in the south of Sweden (price areas 3 & 4) than in the North (price areas
1 & 2). However, there are also a few occurrences of extremely high prices
in the areas 1 and 2. It can be mentioned that the prices in SE1 and SE2
never exceed the price in SE3 and SE4.

The hours of the day when the high prices usually occur can also be
observed. In the figures 3.4 and 3.5, we see that the usual morning peak-time
is between 7 am and 10 am and the evening peak-time occurs between 5 pm
and 7 pm. This corresponds to the time of the day when people are at home
and awake, have full heating and lighting in the house, cooking and using
other electronic appliances. The data used to compute these graphs also
show that all these hours with an Elspot price higher than 700 SEK/MWh
occurred exclusively during the winter months from November to February.

Figure 3.4: Hours with high Elspot Price in Area 3 according to the time of
the day - November 2011 to October 2012
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Figure 3.5: Hours with high Elspot Price in Area 4 according to the time of
the day - November 2011 to October 2012

It would be during these daily peaks that load reductions would be most
beneficial for the system. However, in the frame of this project, it is not only
the spot price which is interesting but also the difference between the spot
price and the balancing prices since the idea would be to sell the electricity
”not consumed” as balance power on the Control Market. The Control
Market will be the object of the next section and we will then analyse the
prices of the control power.

In the following part of the project, the sensibility of the consumers to
the price variations will be studied in order to evaluate the opportunities for
the Aggregator business case.

3.2.2 The prices on the Control Market

In the frame of our study, the load reduction performed by the Aggregator
should allow it to sell the electricity ”not consumed” as up-regulation power
on the Secondary Market. In order for the Aggregator to get benefits, the
up-regulation price must be higher than the Spot price. A high price on
the Spot Market provides an incentive for the consumers to reduce their
load and a high price difference between up-regulation price and spot price
provides benefits for the Aggregator. For this reason and as a complement
of the analysis presented above in section 3.2.1 , a study of the control prices
during the last year has been conducted. The study period covers from the
beginning of November, 2011 to the end of October, 2012.

The prices have been investigated in price Areas 3 and 4 only, from the
reference [15]. The following figures 3.6 and 3.7 present, for Elspot prices
higher than 500 SEK/MWh, the number of hours in the year for each range
of prices, the number of these hours which had up-regulation, the average
difference between spot and control price and the sum of all these price
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differences.

Figure 3.6: Study of Up-regulation price for hours with high Elspot Price
in Area 3

Figure 3.7: Study of Up-regulation price for hours with high Elspot Price
in Area 4

We observe here that it is NOT during the most expensive hours on
Elspot that the average price difference will be the highest. A high price on
Elspot doesn’t imply a high up-regulation price, so it does not necessarily
increase the benefits for the Aggregator for each MWh sold back on the
Secondary Market. Moreover, there are more occurrences of hours with
medium prices (around 500 SEK/MWh) than with really high prices, so
the Aggregator would make much higher benefits by selling 1 MWh for
each up-regulation hour with medium price on Elspot than by waiting for
high Elspot prices to act (the blue curve actually shows the raw benefits
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for the Aggregator in each price range, if it sells 1 MWh during each up-
regulation hour). The data ([15]) shows that it is for Elspot prices higher
than 400 SEK/MWh that the price difference between regulation and spot
begins to be of the kind of the ones displayed in the previous graphs. It was
however not possible to compute the price range 400-500 SEK/MWh on the
same figure as the others since the occurrence of these prices was too high
and created scale problems. But it is actually this really high occurrence
which also makes it profitable for the Aggregator to act directly for prices
higher that 400 SEK/MWh.
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3.3 Finding suitable consumers for DSM

An Aggregator who wants to sell regulating power on the Control Market
must have a certain amount of consumers ready to provide load flexibility
when needed. As mentioned previously, an Aggregator acting on the Control
Market can be in need of two different products: positive margins or negative
margins. Positive margins are needed when the imbalance is created by a
lack of production. In this case, the Aggregator can sell the flexibility of
its consumers ready to decrease their load. This can prevent the startup of
expensive production units for instance. As mentioned earlier in the report,
SvK must get rid of the peak-load reserve units by 2020, which implies that
DSM will have to play an important role in case of very high load. At the
opposite, negative margins are called when the consumption is really low, at
night for instance. For technical and economical reasons, some production
units cannot be shut down for such a short period of time and there is thus
a surplus of production. Negative margins can absorb this power.

This section aims to explain how the project tackled the matter of choos-
ing appropriate customers whose load could be aggregated. This part will
also expose the expected obstacles in the implementation of DSM.

3.3.1 DSM for households

Previous studies already investigated the technical and economical outcome
in the case where dwelling houses would be aggregated. The potential for
DSM in households comes from electrical heaters (e.g. heat pumps). This
is a positive point since electrical heating are expected to operate during
peak-load hours (usually linked to cold temperatures outside) and could ac-
tually provide positive margin during these occurrences. Moreover, heating
is usually run at low level during the night and could therefore provide neg-
ative margins during these periods. Since most of the Swedish population
lives in the price areas 3 and 4 (for more information about the areas, see
section 2.1.4 on page 19), the flexible load would be situated where most of
the global load is situated, which is a good point.

Reference [12] exposes the case of the Aggregator Voltalis in France,
which has a economically viable activity. This shows that DSM for household
is possible, even though the business model needs to be adapted to the
specificities of each country. A Swedish study ([11]), focused on the case
of Gotland, showed that some more advanced models have to be computed
before any conclusion can be drawn on the specific case of Sweden.
This possibility will not be studied further in this project, for more material
on the subject, refer to the documents mentioned above.
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3.3.2 DSM for mid-size consumers

In this report, the focus will be to investigate mid-size industries, commer-
cial, public utilities or trade and service utilities that present the best suit-
ability to be aggregated for DSM. The choice of mid-size consumers is driven
by the fact that big consumer are already active on the Control Markets and
that, as has been mentioned previously, the system is not yet mature for an
efficient integration of DSM for small consumers such as households. The
matter of using industry’s power adjustments to sell regulation bids was al-
ready actual in 2002 ([20]). It was estimated that the total potential for con-
sumption flexibility within the industrial sector was at least 1600 MW. After
conducting interviews with around 30 industrial companies, a load reduction
potential of 1300 MW was judged reachable, with bids between 1 MW and
400 MW (an significant part of the bids have a capacity below 50 MW). The
report estimated that the capacity offered increased continuously between
a spot market price from 500 SEK/MWh to 10000 SEK/MWh, and that a
price of 13000 SEK/MWh was needed in order to reach full capacity. Since
the typical prices on the sport market have deeply changed since this time,
the bid characteristics should also have changed drastically. The idea here
is to study the load pattern of some industrial branches and the character-
istics of their consumption, to understand if there is any possibility of load
management.
In the case of the industries, load management can concern the process of
production. The two main options offered by an industrial load are to shift
or shed the production of goods or services. However, production shifting
will only be possible if the utilization level is below 100 %, otherwise the
production will have to be shedded (which means not produced at all).
Production shifting is a really good opportunity for an Aggregator since it
can provide both positive and negative margins on the market. However,
this is not only conditioned by the utilization level, but also e.g. by the
ability to store the product at some point of its development if only one
part of the process is shifted. Moreover, some costs will be associated with
load shifting, to remunerate night-work of the industries’ employees or to
proceed to a cold start after a long intermission for instance.
In the case where the load re-profiling induces a loss of production (load-
shedding), the Aggregator must compensate the consumer for the loss of
load. It is then more profitable here to treat the industries who use a high
amount of electricity to produce one unit of a product. Indeed, these indus-
tries will also see an advantage in not producing when the electricity price
is really high, since the costs raised by their electricity consumption make
it less profitable to produce.
Both load-shifting and load-shedding present a severe risk for the industy.
Indeed, delay in delivery of the product or inability to honour a contract
with a client can lead to the loss of the concerned clients. Thus, it is possible
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that the industrial customers ask for a relatively high compensation for their
flexibility, or simply refuse to take part in DSM.
In the case of the commercial sector, public utilities or trade & service utili-
ties’ loads, we can identify several processes which can be managed: heating,
cooling, fans and lighting in extreme cases. . . Figure 3.8 shows the estimate
repartition of the consumption in the Trade & Service sector.

Figure 3.8: Energy consumption in Trade & Service utilities, specifying
final-use object: kWh/m2/year

Here, there are no industrial production to be though of, but a com-
fort standard regarding the people impacted (shops’ clients in a commercial
gallery, employees in an office, children in a school. . . ). The case of the
commercial and utilities is in this way a bit similar to the households busi-
ness case mentioned above. The main obstacle in this business case is that
there is not always a centralised control of the different processes to be man-
aged. Indeed, in the optimal scenario, each property has a device allowing
remote control of the processes (communication from the Aggregator to the
customer) and measurement chips, or captors, allowing the Aggregator to
maintain the standards specified by the client (minimal and maximal tem-
perature, air quality...). This can result in high investment costs for the
Aggregator.
Moreover, contrarily to the industries’ production processes, the processes
concerned here are not energy greedy and thus only a small economical win
for the consumer is generated when they are shut down. Hence, there is no
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real incentive for the consumers to provide flexibility, and the Aggregator
will probably have to offer a complementary compensation to gather a sig-
nificant amount of DSM capacity.
However, [9] states that if lighting and ventilation were better optimized, an
aggregated amount of energy of 2.3-2.5 TWh/year could be saved in offices,
schools, care- and sport-centres. This shows that there is actually an energy
reserve to be exploited by increasing the energy efficiency, but it would not
be exploitable by an Agregator because no load-shifting can be performed
in this case. Another possibility is also to consider the processes mentioned
above as a potential for load reduction in the industrial sector. We then
have the same obstacles as with the other utilities.

Some characteristics making the load suitable for DSM has been men-
tioned in this part. The following section will focus more deeply on the
parameters to be considered when selecting appropriate branches for DSM.

47



3.4 Define the crucial parameters for a successful
AD

There are, on the paper, many industry branches whose processes could
be interesting for an Aggregator. Their production processes can be easily
switched on/off, or they do not have to run at full capacity so that the load
could be easily shifted. In the trade & service sector, it seems that some
easy load shedding could be done. However, for several reasons, it is in
reality much more complicated. A first insight of the constraints from the
demand side has been exposed in the previous section. There are also some
load characteristics that the Aggregator will put forward when gathering
the flexible consumers.

This project aims to select a few appropriate consumers for further study.
It is thus important to identify the most crucial parameters that will make
a consumer likely to actually take part in DSM. Four (4) criteria have been
considered to evaluate the branches’ suitability, that will be described fur-
ther.

These parameters will lead to a first rough selection of several industry
branches.

3.4.1 Total electricity demand

This is the percentage of the total electricity consumption of the industrial
sector that a specific branch accounts for. If the industrial sector consumes
X TWh a year and the specific branch under study consumes Y TWh a
year, then this parameter is equal to Y/X. This criteria will be expressed
in %. This parameter is important in the sense that it is preferable for
an Aggregator to account for a few big consumers than for numerous small
consumers. References [16, 9] provide data on this matter. Figure 3.9 shows
the share of the principal branches in the total electricity consumption for
the industry, for the time period between August 2011 and July 2012.

Figure 3.10 shows the variation of the consumption through the years
from 2009 to July 2012 for the 9 most electricity demanding industries.
Here, we see that the consumption does not present any important or sudden
variation in a one year time frame.

The two previous figures are of good help to make a first rough selection
of the interesting branches.

3.4.2 Electricity value

This criteria represents how important the electricity is in the production
process, or in other words the electricity contribution to the total cost of
production. It is expressed in a percentage (%) of the total cost. An industry
for whom electricity price has a big impact on the product value has an
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Figure 3.9: Electricity Consumption in the Industry, share per branch.
August 2011 to July 2012

Figure 3.10: Tendency of the Electricity Consumption in the Industry per
branch.
Years 2009 to 2012

intrinsic incentive to adapt its load to the market needs. This parameters
cannot be deeply investigated in a large scale but requires a case to case
study. However, an intuitive idea on the industries can allow to divide
them in “electricity-intensive” branches, for whom the production has an
important contribution to the electricity consumption, and “non electricity-
intensive” branches.
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3.4.3 Utilization level

This criteria is expressed in % and represent the intensity of utilization
of a process. It is calculated in the following way: the percentage of the
production capacity that is used multiplied by the number of hours of use in
a week, divided by the number of hours per week. This information enables
the Aggregator to know if there is a possibility for load shifting. An industry
who produces at full capacity 24 hours a day and 7 days a week, will not be
eager to take part in DSM. However, an industry who only uses 50% of its
production capacity can easily catch up with the missed production after an
eventual load shifting.

3.4.4 Load position

This parameter is of a different sort: this is the geographical position of the
load. As was shown in Section 3.2.1, high prices occur more often in the price
area 3 and 4 than in the price areas 1 and 2. When prices differ between
northern and southern Sweden, this is a sign that there are congestions on
the transmission lines. In this case, DSM is needed in the zones 3 and 4
where high prices occur.

3.5 Study of the most promising branches

This report was somewhat limited by time and means, resulting in that the
scope of the study had to be narrowed. One of the limitations was that all
the industrial branches could not be investigated and therefore a selection
had to be made. Because of this, a seeding was made where the best and
most appropriate branches were selected.
The methodology used to conduct this research was inspired from a report
from the Swedish organization Elforsk [4]. The report is called ”Studie av
effektreduktioner hos mellanstora elkunder” and investigates opportunities
for power reduction for middle-sized consumers.
In figure 3.9 the largest electricity consumers are shown. From these, pulp
and paper industry (seen as one common branch) was sorted out, even
though having great possibilities. Indeed, thanks to previous studies, there
is already a good knowledge of this branch which does not justify further
research. The different metal and steel branches were pooled into “Steel &
Metal”. Finally, commercial premises were added as a category as it was
regarded to have potential.
With help from the Elforsk report and keeping in mind the observations and
conclusions from section 3.3 and 3.4, six branches, that was considered the
most interesting, were selected in a first screening for further investigation.
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3.5.1 Manufacturing of chemicals and rubber and chemical
processes

With 12.5% of the total industrial electricity consumption, this is one of
the larger Swedish branches. 12.5% of the total 150 TWh represents ap-
proximately 6.2 TWh [16, 9] for the year 2012. This is a large branch
which consumes a lot of electricity and this of course makes it an interesting
branch. But the core production of the companies in this branch is really
heterogeneous, which implies that their production consist of very different
processes presenting more or less interest from an Aggregator point of view.
Performing load shaving is most often not seen as a good possibility due to
a continuous production and high use of the production capacity. But there
are companies with overcapacity that could be interesting [4]. The overca-
pacity would make it possible to stop some processes for a short period of
time and then catch up pretty fast by producing more than usual. There
is naturally more overcapacity during an economical recession period than
during prosperity. The possibilities for DSM develop proportionally inverse
to the economical conjuncture.

A few promising processes are:

• Electrolysis

• Electro ovens

• Air compressors

The Elforsk report [4], that investigated the branch, states that due to
overcapacity, some of the companies have possibility for load reductions.
Though, one company declared that they had a relatively high personal in-
tensity in their production. This would induce high costs if the lag were to
be caught up in a weekend. This company would probably not be interested
in doing any reduction unless it is an economical recession period. Another
company had a process involving two air compressors working in parallel
and at times with low load, they already had a routine for turning off one
of them. This is a suitable measure in several other ways too: the turning
off of the compressor only concerns two people, there are overcapacity both
in recession and prosperity and also they have some storage possibilities.
Another company has two electrical ovens, 12 MW respectively 24 MW. One
of them is already today shut down when the price is considered too high. It
is not interesting for them to shut this unit down at other occasions and the
other oven is only used at times of high production and is neither interest-
ing for load reduction. Production loss would cost to much. However, there
could be other companies with similar set-ups that could be interested.
Another option which was investigated is the possibility to adapt the time
of maintenance stops. It would consist in shifting the maintenance to a time
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where load reduction is needed hence cancelling the normal scheduled time
for maintenance. This idea was judged not interesting because it would im-
ply too high costs to pause the potential processes at the wrong time.
Being such a small part of the total electricity consumption, ventilation is
not seen as a beneficial load to reduce. Some facilities have requirements on
the quality of the air, making the potential for reduction small.
As for storage opportunities, none of the companies could see it in any large
enough scale to make it interesting.

By means of SCBs statistics, it is estimated in the Elforsk paper that the
total potential for load reduction is around 10 MW during prosperity and
about 20 MW in recession [4].
To summarize, the potential of the chemical industry lies at the companies
with overcapacity in the production process. They have the possibility to
catch-up with the lag induced by stops of production processes and thus do
not have to cover high costs due to loss of production.
This branch was evaluated interesting enough to be further investigated.
However, the strong heterogeneity of this industry makes it really compli-
cated when it comes to building a model of the electricity consumption. The
capacity for load reduction is dispatched in several processes which presents
different characteristics: time needed to shut down, time to start up af-
ter a performed reduction, personal intensity, cost of lagging production
. . . Moreover, some of these parameters are hard to evaluate and building a
model of this branch would imply to conduct a close study on each process
highlighted as interesting. The too short time imparted for our project did
not make it possible for us to model this industry and thus draw conclusions
on its suitability for the Aggregator model.

3.5.2 Steel and metal industry

Steel and metal industry consumes around 7,58 TWh electricity per year,
what is about 15,3% of total industry power consumption in Sweden (data
for year 2012, see [16, 9]). This is the second largest branch in term of
consumption in Sweden. There is a predominance of the iron and steel
industry in the branch, which represents 4,23 TWh per year what is in
itself 8,3% of total industry power consumption. Metal industry involves
foundries’ work, which is mainly making a mould and a core, melting the
metal, pouring it into the mould and finally removing the mould and the
core and finishing the product ([21]). The following processes have been
identified as promising load for DSM:

• The melting process involves the use of furnaces, for instance electric-
arc furnaces. Melting is a short and electricity intense process.

• Heat-treatment comprises bell-furnace heating. Furnaces run accord-
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ing to charge, and are used in shifts where they are loaded and used a
certain amount of hours.

• The mechanical process refers to work like cutting, grinding...

• Chroming is often a final step in the process. But the chroming pro-
cess is not made in all the factories, it is often made at another loca-
tion. However, in the factories where the chroming is performed, that
process accounts for around 70% of those factories’ total electricity
consumption [4].

A previous study [4] has investigated the processes within the steal and
metal industry. The importance of each process in the electricity consump-
tion has not really been evaluated. All of them are power-intensive: produc-
tion stands for 70 to 100% of the total power-consumption in the branch.
Production is relatively continous through the days and years. Though, dif-
ferent installations may have different process effect and production flow,
since they have different product-focus. The furnaces are power-intense and
requires only few personnel, which is a good point for shifting opportunities.
On the contrary, the mechanical processes are highly personnel-intense. The
chroming process is subject for high competition and therefore has full-time
production. Any alteration in this process generates a loss of competitive-
ness, and it is therefore not interesting for the chroming industry to take
part in DSM.

Finally, only the furnaces seem, from an economical aspect, to give an
opportunity for load management. However, foundries produce under com-
mand, which sets the condition that the delivery must not be delayed, and
that shedding the load will not be considered. Also, for the factories which
do not already use night-shift, it is not considered profitable to shift the
production to non-working hours (night or weekend for instance) since it
would require high investment costs. Concerning the melting process, it has
been judged that the whole process could be shifted if a maintenance stop
is planned more that 24 hours in advance. Melting is often carried out in
one or two shifts during a day, and it has been estimated that the process
start could be delayed no more than 1-2 hours in the case of low business
period. In case of really high electricity prices, some factories would judge it
profitable to shut down one oven for one hour: this low flexibility shows how
close from maximal capacity the usual production lies and thus the difficul-
ties to catch up with lost production. The furnaces for the heat-treatment
process are also used in shift and it has therefore been judged that during
low business, shifting the start of 3 to 5 hours could be possible. However,
some of them are used both days and nights, and do not permit any flexibil-
ity since any change in the process would affect the time of delivery to the
clients. It seems that the foundries’ production processes are near their up-
per capacity limt and that the possibilities for shifting the production will
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be site-dependant, according to the working-shift habits and the furnace
capacity of the factory.

All in all, the Steel & Metal industry presents promising conditions for
DSM implementation. However, the strong site-dependency of the process
characteristics makes it a bit laborious to elaborate a model of the electricity
consumption. Like the case with the chemical branch, due to lack of time,
this branch will not be the object of deeper investigation and modelling in
this project.

3.5.3 Mining and mineral extraction industry

Mining industry accounts for about 6,8% of the total industry electricity
consumption in Sweden, which was around 3,44 TWh in 2012 ([16, 9]).
Mining is carried out all around the world and involves highly electricity
demanding processes. In Sweden, mining and mineral extraction industry is
the fourth most electricity consuming branch. Among the electricity intense
processes, the following actions can be found [3]:

• Digging and drilling processes that make use of compressed air drills,
water drills, pumps...

• Grinding done in mills

• The transfer of material requires excavator, drag chains...

• The mineral preparation and separation involves personal and ma-
chines to cut, crush, pulverize, powder...

The particularity of mining is that the processes are highly inter-dependent:
as long as drilling is carried out, the pumping of water in the underground
cannot be stopped. All the same, as soon as a product is extracted, it must
be transferred someplace else. In the chain of the processes, some of them
are highly personnel intense, like preparation of the minerals for instance.
The shifting of one process could imply the shifting of a whole chain, which
would results in high personnel costs since workers would have to be paid to
wait during the shifting time. A solution to this would be to create buffer:
after excavation for instance, the rocks could be piled up to create a stock
that would provide minerals for preparation and separation even though
digging is in standby during a load shifting. However, the mining industry
is a really heterogeneous branch where the electricity consumption is not
due to one big process but to numerous smaller processes. This makes the
branch hard to investigate concerning the possible implementation of DSM.
For this reason, and due to the fact that no promising process have really
been identified, the mining industry will not be the object of further research
in this project.
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3.5.4 Food, beverage and tobacco industry

Food, beverage and tobacco industry represented a consumption of 2,48 TWh
in 2012 in Sweden, that is around 4,9% of total industry electricity consump-
tion [16, 9]. Most of the electricity is consumed through the electrical motors
used in the cooling and freezing machines, but also in other processes like
grinding and mixing or fans and pumps.

A previous study [4] investigated the DSM possibility provided by freez-
ers. Indeed, thanks to thermal inertia, freezers can be shut down or used at
low regime for 3 to 6 hours before the temperature of the air inside reaches
a critical temperature. Also, a freezer can be “loaded” with cold, i.e. cooled
down under the usual temperature so that it can be shut down even longer
afterwards. This load management has a really low cost: the only con-
straint comes from the fact that the motors used for freezers are usually
controlled under a program and that this program has to be overridden,
or that a cluster of machines running under the same controller has to be
sectioned. Otherwise, no loss of production is induced and the personnel
can keep working as usual if the load reduction does not last too long.

The power needed to keep the freeze storages at low temperature depends
on many parameters: how much food is loaded everyday, the temperature
of the food when arriving, the number of people working in the storage and
how intensive they work, the outside temperature, the lighting intensity, the
ventilation... Whereas the daily variations depend mostly on the loading and
working process, the mean capacity depends on the outdoor temperature:
the colder outside, the longer the freezer can remain turned off. But at the
same time, the freezers consume more power when it is warm, which makes
the available flexible capacity in terms of power higher during the summer.

The freezing process in the food industry presents interesting character-
istics in the scope of DSM implementation. This will be the object of further
work in this project.

3.5.5 Wood and wood product industry, except furniture

The wood industry accounts for about 3.9% of the total industrial electric-
ity consumption, which means about 2 TWh [16, 9]. This is thus a small
branch, but there are still a couple of energy demanding processes. The pro-
cess that uses the most energy in a lumber mill is the drying of the boards
[14]. So this process was in focus, but also the sawing process and a few
other treatments performed by electrical machines.

The most promising processes which have been identified are:

• Lumber mill saw

• Lumber mill board dryer
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After a brief reading on lumber mills, the drying process seemed promising
because it was the most energy intensive one. The drying of the boards is
made after the sawing and afterwards, the boards are sorted. A few dif-
ferent methods are used, with the common denominator that they all are
energy intensive. But, the process showed out to almost entirely be fueled
by their own biofuels yielded from the saw and other treatment machines.
Sometimes, the heat from the mills is bought by other nearby industries or
by municipal heating plants. The use of electric heat, though, is negligible.
The smaller processes in the mills, such as planing, cleavage and sheet piling
are judged to be too intermittent and heterogeneous to be of any interest
for an Aggregator.
The sawing itself turned out to be the most interesting process. However the
capacity of Swedish lumber mill saws is limited compared to other branches
which were valued higher in this report.

The wood branch was finally not considered particularly interesting com-
pared to other branches, even though the technical feasibility would prob-
ably not be the hinder. But in size it is a small electricity consumer and
there are more interesting loads.

3.5.6 Commercial premises

The potential of commercial or public buildings for DSM has been the object
of study in [4, 12, 8]. In this project, the focus has been set on commercial
premises and public building such as schools or offices will not be mentioned
any more. Commercial premises can be divided in three groups:

Food stores : These are buildings where the majority of the surface is
occupied by food premises.

Galleries exclusive food stores : These are buildings in which several
premises (which are not food stores) open on a commonly warmed area.

Other commercials : Buildings where the majority of the surface is
occupied by non-food stores.

The electricity consumption is mainly due to food cooling, ventilation
and lighting, with different proportions depending on the type of premise
under study. The main idea would be to use ventilation and air-conditioning
for DSM by reducing its effect or stopping it when load reduction is needed.
Table 3.1 displays the electricity consumption in the commercial premises
in Sweden, according to the type of premise and the final use of electricity.

Ventilation accounts in average for 12% of the electricity consumption,
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kWh/m2 All premises Food premises Other premises Galleries

Electrical heating
including warm-
ing pumps

6,6 12,1 5,2 1,5

Air conditioning 5,5 3,8 5,8 7,3

Pumps 6,4 11,7 3,7 6,7

Ventilation 21,2 23,9 19,1 23,7

Other build-
ing electricity
consumption

4,6 9 2,1 5,3

Food cooling 45,6 144,5 8,4 1,1

Lighting 71,4 89,5 58,7 84,4

Other opera-
tion electricity
consumption

12,8 19,7 9,1 13,5

Other 4,1 6,9 2,3 5,4

Total 178,2 321,4 114,4 148,9

Table 3.1: Electricity consumption in commercial premises by type of
premise and final use, year 2010

and air-conditioning for 3%. It has been estimated that ventilation has a
time of use of approximately 4877 hours per year. It thus represents a consid-
erable capacity for load management. However, this capacity is dispatched
on multiple sites all around Sweden and no common control can be though
of. Concerning the galleries, warming, ventilation and air-conditioning of
common areas are usually specified in the contract between the tenants and
the owner [4]. Managing them through DSM would then imply that a spe-
cific clause has to be negotiated and added to all the renting contracts. The
time-frame to carry out such a change is of several years. Furthermore,
each shop-owner in a gallery also owns an individual contract for electric-
ity purchase to cover its own needs beside the basic building consumption.
Therefore it is really complicated to evaluate the available DSM capacity,
and DSM implementation would moreover imply that negotiations has to
be carried out with each individual shop owner.

The lack of homogeneity in commercial premises makes the study of their
potential for DSM time-consuming and hard. The time will not be taken in
this project to investigate this opportunity more deeply. A closer study can
be found in [8].
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3.6 Focus on the case of the freeze industry

The freeze storage branch was chosen for further investigation in this project.
A close study of the consumption pattern for freeze storages was conducted
through mathematical calculations, study trips on-site and further literature
research, in order to get a model so close to the reality as possible.

3.6.1 The parameters describing the freezers

The electricity consumption of a freeze storage is directly related to the need
of cold, which is exactly equal to the quantity of heat coming into the room.
The heat or the cold are also called thermal power and they are of opposite
signs.
In the freeze storages, the cold is provided by compressors. The character-
istics of these compressors enable us to get the relation between the electric
power drawn by a compressor and the thermal power it provides. We thus
only need to calculate the needs in terms of thermal power in order to get
the electricity consumption pattern for these machines. The thermal power
needed to keep the room at a constant temperature can be clarified by study-
ing all sources of heat in such a storage. These sources have been identified
and described in ?? and are the following for a storage maintained at a
negative temperature:

Heat coming from conduction through the walls This quantity is de-
pendent of the difference between the outside and the inside temper-
atures. It also depends on the surface of the walls, roof and floor and
of the thermal transmission coefficient of the materials used to build
them.

Heat coming from the food loaded in This quantity is the most im-
portant source of heat. It depends on the temperature difference be-
tween the food when loaded in and the heart-temperature that the
food is intended to be stored at. Also, it depends on the quantity of
food loaded in and of what kind of food it is since each type of food
has different specific heat (energy needed to make the temperature of
one kilo of food change one degree of Celsius.)

Heat coming from the air change This is the heat coming in by infil-
tration or when the doors open. It depends on the volume of the room,
the enthalpy difference between the inside and the outside the room,
the air density, and the frequency of the doors openings.

Heat coming from the personnel working in the room This quantity
depends on the number of people working in the storage room and on
the intensity of their work.
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Heat coming from the lighting This quantity should depend on the type
of lights installed in the storage room but since it makes it really com-
plicated to handle, it has been standardized and can be calculated
based only on the area of the room.

Heat coming from the ventilation system of the evaporator All the
same as for the lighting, this quantity has been standardized to sim-
plify calculations and now only depends on the area of the room.

3.6.2 Study of the parameters

In the frame of this project, the model was specifically built for the case of
the central freezers, what means big volumes of storage.

Some interviews with professionals from the freeze storage branch as well
as a study-trip enabled us to estimate the parameters defining the quantities
above and to calculate them. The calculation was made for a freeze unit
with 10000 m2.

For this, information was gathered concerning scheduling of the loading
of the food and the human work and also the temperatures of food and air...
The real-time electricity consumption of such a storage entity was observed
during the study trip and compared to the calculations.
Thus the pattern of the electricity consumption for a storage of 10000 m2

was obtained and could then be scaled to the total aggregated capacity of
the central freezers in the Swedish price areas 3 and 4. These patterns
were used to build the optimization model aiming to estimate the possible
profitability of an Aggregator on the Nordic markets.
Figures 3.11 and 3.12 display the total consumption profile for freeze storages
in the Swedish price area 3. It can be seen that the loading of the food in
the morning has a great impact on the consumption of electricity. During
the whole day, thermal power is needed to lower down the food temperature
and compensate the different sources of thermal power mentioned above.

It is as well observed that the total mean consumption is higher in sum-
mer than in winter, due to the increase of the temperature gradient between
inside and outside the room. The curves displayed in figures 3.11 and 3.12
will be used in the model as the available capacity that can be managed by
the Aggregator.

Based on the observations performed during the study-trip, the global
installed capacity was estimated to 17 MW in price areas 3 and 4.

Initially, the idea of building a similar model for the smaller freezer units
usually integrated in big supermarkets was also considered. However, after
a closer study and some visits to such freeze storages, it appeared that
these freezers were too sensitive to be interesting in the Aggregator case.
Their smaller size makes the temperature vary too fast. If the power was
temporarily shut down, it would imply that the doors should stay closed
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Figure 3.11: Consumption of the freeze Storage in Sweden SE3, Winter day

Figure 3.12: Consumption of the freeze Storage in Sweden SE3, Summer
day

during the whole time of load reduction. With regard to the organization
of big supermarkets, it is hard to believe that one could impose to keep the
freezer closed during a whole hour. The solution would be to cluster these
small freezers into several groups and consecutively disconnect each group
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only 10 or 15 minutes. The time imparted to this project did not allow us
to investigate this possibility any further.
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Chapter 4

Model for the Business Case

4.1 Structure of the model

The Aggregator has to perform the load-management service, for which it
is intended, wisely. As has been stated previously, the conjuncture and the
conditions on the electricity markets will have a great influence on the suc-
cess of the Aggregator business. Also, in order to determine if the market is
mature for the implementation of the Aggregator business model, numerical
simulation has been performed. The concept of the model and its structure
will be further described in this part.

4.1.1 Concept of the model

Section 3.5 presented a description of the most promising industrial branches
in the frame of our study. The analysis of the suitability of each of them,
put in the perspective of the time and means allocated to our project, led us
to the conclusion that the focus would be set on the freeze storage industry.
The description of this branch was the subject of section 3.6. In our simu-
lation model, the load management will concern the generators used to cool
down the freezing rooms in the food industry. Thus, the model is designed
specifically for the case of the freezers’ load in the Swedish price areas 3 and
4 but can be adapted to other kinds of loads in eventual further studies.

The project objective is to determine whether an Aggre-
gator standing for midsize customers would be econom-
ically profitable and technically feasible, depending on
certain parameters that will be identified.

Indeed, the goal of the model is to assess the profitability of the Agrega-
tor’s business on the Swedish market. The Aggregator will perform load
management for the freeze storage branch with the objective to make ben-
efits. The program will optimize the profits of the Aggregator under the
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constraints highlighted by the technical study of the load and the markets.
The key-parameters affecting the output were:

• Outdoor temperature

• Wind power penetrating the system

• System’s load

• Spot price

• Balancing price

• Available capacity of the freeze storage industry

These parameters were modelled using a combination of empiric and
stochastic methods. Simplifications and assumptions has been made in order
to be able to compute the model. This will be explained in the next section,
as well as the methods used to model each parameter and the interactions
between them.

4.1.2 Parameters of the model

The structure of the program will be explained by clarifying the model lying
behind each variable. All the variables obtained from the program should
reflect the reality of the system in the best way possible. Figure 4.1 gives
an overview of the interdependencies between the variables.

Temperature The temperature is the first parameter modelled by the pro-
gram. It has a clear influence on the spot price, and consequently
on the balancing price. Moreover, the aggregated load is strongly
temperature-dependant since much less power is needed to cool down
the freeze storages if it is cold outside.
The historical temperature data from 1997 to 2012 were used to com-
pute, for each month of the year, a mean value and a standard devi-
ation of the temperature for a typical day. A one year temperature
vector is then stochastically generated hour per hour, using the ap-
propriate mean value and standard deviation, and also a deterministic
dependency between consecutive hours.

Wind The wind power penetrating the system has been modelled in two
parts. The first part is generated in the same way as the temperature,
with a stochastic value based on historical data and a dependency
between consecutive wind values. The historical data for the wind
power is composed of the years 2007 to 2012. In order to take into
account that the installed power increases every year, the years previ-
ous to 2012 have been modified to increase their mean value up to the
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mean value of wind power in 2012. Additionally, a non-linear regres-
sion model based on historical values has been computed between the
temperature and the wind power penetrating the system. The second
part of the wind power model is computed with this regression model
applied to the stochastic temperature vector obtained by the program.
In this way, a one-year vector of wind power values is obtained, partly
stochastic and including a dependency to the temperature.

System’s load The load was modelled in two parts, exactly the same way
as the wind. The historical data used in the stochastic part is from
the years 2007 to 2012. As for the wind and the temperature, each
hourly value is partly dependent of the preceding hour. A regression
model between the load and the temperature was also computed and
used with the stochastic temperature vector to obtain the second part
of the load model. We thus compute a one-year vector of the sys-
tem’s load values, partly stochastic and including a dependency to the
temperature.

Spot price The spot price mainly results of a multi-variable non-linear re-
gression model from the wind power, the temperature and the system’s
load. This regression model was then applied to the wind, tempera-
ture and load data computed by the program. Then an additional
part was added to model the occasional and unpredictable peak prices
occurring on the market. This peak generator is stochastic and the
frequency and value of the peaks, correlated with the time of the year
and the hour of the day of occurrence, are based on historical data.
The output is a one-year vector of the spot-price values including a de-
pendency to the temperature, the wind and the load, with stochastic
peaks.

Balancing price On the markets, the balancing price is calculated based
on the spot price. To the spot price is added a supplementary amount
reflecting the balancing market pressure. It is actually this price dif-
ference between the balancing market and the spot market that will
be modelled. The price difference was modelled in two parts. The
first part results of a multi-variable non-linear regression model from
the temperature and the wind power penetrating the system. The
second part is based on the spot price and stochastically models the
probability of occurrence of up-regulation with dependency to the spot
price and generates a stochastic price difference. The output is a one-
year vector of the balancing-price values including a dependency to the
temperature, the wind and the spot price, with stochastic occurrence
of up-regulation.

Load available The load available is the power consumed by the freeze
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branch. It has been seen in the part 3.6 that the consumption curve
for a freeze storage depends on various factors which have been identi-
fied and estimated. The capacity available is calculated based on the
temperature and a one-year vector is obtained.

Figure 4.1: Interdependencies between the model’s variables

65



4.2 The optimization model

4.2.1 The process

In order to understand the different parts of the program, it is useful to re-
mind here how the Aggregator will act on the markets. As the manageable
load is strongly temperature-dependent, the temperature forecast for day D,
released on day D-1, will enable the Aggregator to compute a load prognosis
and estimate the available capacity for day D. At the closing of Elspot at
noon on day D-1, the Aggregator knows the spot prices for day D and, along
with the temperature and wind forecasts, can compute a prognosis for the
prices on the Control Market.
It can then optimize its profits according to these prognosis’ and plan a
“shifting schedule” for the manageable load. This plan enables it to submit
bids on the Control Market. On day D, the actual realisations for tem-
perature, wind and balancing prices will determine the actual profit of the
Aggregator and a new load shifting schedule.
It is important that the Aggregator makes an accurate prognosis for the
available load and the balancing prices since it will have a great influence on
the accuracy of its bids on the market and thus on its profits. Several steps
on the simulation will give a better understanding of how the Aggregator can
position itself on the market and which strategy is the most profit-efficient.

4.2.2 The modalities of the optimization

A strategy had to be chosen to model the possibilities of the Aggregator.
The constraints for the optimization are the following:

1. Reduction can be positive or negative, a negative reduction meaning a
load increase: the freezer is cooled down more than normal, to catch-
up with the temperature after a load reduction or to ”load” it before
a load reduction.

2. Nominal temperature in the freezer is set to -26 ℃

3. Temperature in the freezer must remain between -30 ℃ and -22 ℃ .
This parameter is controlled in an annexe function calculating the
variation of temperature as a function of the load regulation.

4. A load reduction must be smaller than -5 MW or higher than 5 MW
in order to be submitted as a bid on the Control Market.

5. A load reduction cannot be bigger than the total power use.

6. A load increase cannot be bigger than the difference between the in-
stalled capacity and the available capacity (in other words, the freezer’s
electricity consumption cannot exceed the total capacity). This also
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implies that the storage cannot be warmer at the end of the optimiza-
tion’s period than at the beginning.

7. The Aggregator cannot virtually increase the load of the freezers, what
means that each load increase must be compensated by load reduction.

Then the program will calculate the best way to manage the load, hour
per hour, according to the values of the market’s parameters. The output
of the optimization function is a vector containing the optimal value
of load reduction for each hour of the optimization period, as well as the
total profit generated. The profit function used to perform the optimization
calculates its outcome in the following way:

Profit for positive reduction
It means that electricity, bought at the spot-price, is sold as up-
regulation power. For the demand side, a one-price system is applied,
this is presented in Table 2.3 in Section 2.2.2. Whether the Aggregator
has submitted a bid on the Control Market or not, it will be paid the
up-regulating price for its power if the outcome for the hour is up-
regulation. Its profit is the difference between balance and spot price
for each MWh of reduction. If it is down-regulation, the Aggregator
gets the down-regulating price for its power and profit is thus negative.

Profit for negative reduction
It means that more electricity than planned is used. If the outcome
on the Control Market is down-regulation, the Aggregator buys this
extra power at the down-regulating price which is lower than the spot
price. Since this electricity otherwise should have been bough at the
spot price, profit is positive and is the difference between spot and
balancing prices. In case of up-regulation, the Aggregator buy the
power at the up-regulating price, higher than the spot, and thus have
a negative profit.

Total profit
The positive and negative profits for every hour are summed over the
whole period of optimization.

4.2.3 The parameters

In order to express the constraints and to formulate the optimization prob-
lem, several parameters were used. The most important of them are pre-
sented in Table 4.1. This list is not exhaustive.
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Symbol Concept Value Comments

Tmax Maximal Temperature -22° C Determined by the rules
of the food industry

Tmin Minimal Temperature -30° C Only a matter of com-
fort for the people work-
ing in the freeze-storage

Tref Usual running tempera-
ture

-26° C Determined by the
freezing company

K Heat transfer coefficient 33.75 MW/K/m3 Excellent insulation

Loadmax Installed capacity of the
freeze machines

13.7 MW in SE3
3.4 MW in SE4

Estimated

WindData Wind power penetrat-
ing the system

Historical values for
2012

Used for the determinis-
tic model

TempData Outside air temperature Historical values for
2012

Used for the determinis-
tic model

SpotData Hourly price on the spot
market

Historical values for
2012

Used for the determinis-
tic model

BalanceData Hourly price on the bal-
ancing market

Historical values for
2012

Used for the determinis-
tic model

WindCase Wind power penetrat-
ing the system

Stochastic prediction
from the program

Used for the stochastic
model

TempCase Outside air temperature Stochastic prediction
from the program

Used for the stochastic
model

SpotCase Hourly price on the spot
market

Stochastic prediction
from the program

Used for the stochastic
model

BalanceCase Hourly price on the bal-
ancing market

Stochastic prediction
from the program

Used for the stochastic
model

Balanceissue Hourly binomial param-
eter informing of up- or
down-regulation

1 =up-regulation
0 =down-regulation

Adapted to Data or
Case

Loadfreeze Electricity consumption
of the freeze industry

Curve=f(Temp) Prevision based on the
temperature

Table 4.1: The parameters of the model
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4.3 Mathematical formulation of the model

It is important to emphasize that the mathematical formulation of the prob-
lem is theoretically formulated and cannot be related to the structure of the
code. It is presented mainly to help the reader understand the theoretical
ideas lying behind the optimization model.

4.3.1 Nomenclature and Variables

The parameters needed for the mathematical formulation are explained in
Table 4.2 using the optimization parameters presented in Table 4.1. They
are displayed with the values they can take in the context of the optimization
as it has been formulated.

Symbol Unity Value Comments

Shedmax MW Shedmax = Loadfreeze Maximal load that can be
managed cannot exceed the
actual consumed power of the
freeze storages.

Shedmin MW Shedmin = Loadfreeze − Loadmax Minimal managed load
(=load increase) cannot pro-
voke the consumption to rise
above the installed capacity
of the machines.

H Hour 24 (day), 48 (two days)
or 8760 (one year)

Time of the optimization pe-
riod.

Table 4.2: Parameters needed for Optimization formulation

Furthermore, the mathematical model will compute and calculate opti-
mization variables that are presented in Table 4.3.

Symbol Unity Value Comments

Tin(h) ° C [Tmin,Tmax] Temperature inside the
freezer for hour h

x(h) MW [Shedmin,Shedmax] Load managed by the Aggre-
gator for hour h

LoadAgg(h) MW [0,Loadmax] Consumption of the freezer af-
ter the load management for
hour h

g(x) SEK - Profits made by the Aggrega-
tor. Function of x

Table 4.3: The variables of Optimization
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4.3.2 The objective function

The strategy developed by the Aggregator is driven by the need to maxi-
mize the profits generated by its activity. The objective function represents
the value to be maximized when planning the Aggregator’s actions on the
market. The profit π is calculated for the whole optimization period by
adding hourly profits over the whole period. Calculation is made thanks to
the following expressions (4.1) and (4.2).

∀x ∈ [Shedmin, Shedmax]g(x) = x ∗ (BalanceCase − SpotCase) (4.1)

maxπ =
H∑

h=1

g
(
x(h)

)
(4.2)

4.3.3 The constraints

As it has been mentioned in Section 4.2.2, the Aggregator acts under a cer-
tain amount of constraints imposed by technical or economical limitations.
Moreover, fixed costs will be raised by the Aggregator’s business. These
costs were not taken into account when building the model but they should
however be minimized in order to ensure the Aggregator its economical sus-
tainability.

• Constraint on the reduction capacity

∀h ∈ [1, H] Loadfreeze − Loadmax ≤ x(h) ≤ Loadfreeze (4.3)

• Constraint on the freezer temperature

∀h ∈ [1, H] Tmin ≤ Tin(h) ≤ Tmax (4.4)
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Chapter 5

Results and Analysis

5.1 The Reference Case

This part will present the results of the algorithm presented in part 4.2. Sev-
eral simulations were performed with different conditions. The first round,
or reference case, is the simplest scenario and aims to give a general idea
on the outcome that can be obtained with the Aggregator’s business. The
algorithm was then run with more sophisticated sets of parameters and un-
certainty in the forecasts was introduced. However, some simplifications
were made during the whole simulation: it is supposed that the load man-
agement never gets in conflict with the TSO’s or DSO’s interests
and that it is performed independently in areas 3 and 4.

5.1.1 Description of the case

The reference case is a really simple and deterministic scenario. No uncer-
tainty is taken into account, the Aggregator acts with perfect information
on prices and available load. The data sets used here are the data from year
2012 for the spot price, the balancing price and the temperature. The avail-
able load is computed based on the 2012 temperature data. Two different
steps have been implemented in the reference-case.

Step 1
The optimization is performed on one day (H=24). The Aggregator gets
market data and perform load management with the objective to maximize
its profit, under the constraints exposed in section 4.2.2. We have Tin(h =
1)=Tin(h = H)=Tref . It is also supposed that the Aggregator’s bid are
always accepted on the Balancing Market.

Step 2
The second step is based on the first one but some extra constraints have
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been added. It is supposed here that only one bid in each direction will be
accepted over the optimization period. The bids can last several hours but
only one activation can be made in each direction. It does not restrain the
Aggregator from being in imbalance during the rest of the day.

5.1.2 The different scenarios

The reference case has been run under different scenarios concerning the
market parameters. Some very simple scenarios have been used here, repre-
senting extreme cases for the parameters. The first two scenarios represent
occurence of high peaks in the price difference between balance and spot.
Scenario 1 is a day with up-regulation tendency and a positive peak of the
(balance-spot) price difference. Scenario 2 is a day with down-regulation
domination and a negative (balance-spot) price difference. The third sce-
nario is a really cold day, and the fourth scenario a really warm day. For
each of these four scenarios, one day in year 2012 fulfilling these conditions
were used to perform optimization. Table 5.1 displays the conditions of the
four days chosen for the base-case scenarios.

Scenario Day Mean
outside
tempera-
ture

Mean Spot
price

Mean Bal-
ance price

Highest
(Balance-
Spot)
difference

Lowest
(Balance-
Spot)
difference

1 2012-
12-03

-10.7° C 566.36 SEK 1104.8 SEK
7374.5 SEK

0 SEK

2 2012-
02-08

-5.58° C 848.43 SEK 353.92 SEK 0 SEK -
1410.9 SEK

3 2012-
02-04

-11.45 ° C
455.27 SEK 1092 SEK 1919.5 SEK -9.82 SEK

4 2012-
07-25

22.2 ° C
62.68 SEK 92.52 SEK 58.47 SEK 0 SEK

Table 5.1: The four different scenarios for the Reference Case

5.1.3 Results of the Reference Case for the specific scenarios

The reference cases provides results that must be considered carefully. In-
deed, although the results are significant enough to give a good feeling of
how profitable the business case can be, it can not be considered that the
profits obtained are accurate or directly exploitable. The conditions of op-
timization are optimal and do not reflect reality. However, we get a good
understanding of the parameters influencing the results and which strategies
are interesting in the Aggregator’s business case. The different figures for
the different scenarios and steps are presented below and the profit for each
case is displayed in table 5.2.
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In this section only pictures for scenario 1 will be displayed. The pictures
for the other scenarios can be found in appendix A
For each scenario, three picture are presented. The first one displaying the
variations in temperature in the freeze storage (in ° C) in red. In the second
picture, we have the expected consumption curve (MWh/h) if no load-shift
is performed in blue, and in red, the new consumption curve (MWh/h) af-
ter load management. Finally, the third picture shows in light blue the spot
price (SEK/MWh), in red the difference between the balance price and the
spot price (SEK/MWh), in green the load available for reduction (MW, or
expected consumption curve) and in blue the reduction performed (MW).

Scenario 1
The optimal load management for this case is reducing the consumption
during the price peak since it offers the possibility to sell energy at a really
high price. For step 1, reductions are also expected to occur at some other
occasions when the price difference is interestingly high. Catch up is per-
formed during the rest of the day. Since there was no down-regulation hour
for this particular day, over-consumption will necessarily cost money due to
imbalance fees and decrease the profit.

• Step 1
The curves for the first step applied to the first scenario are presented
in Figure 5.1.

• Step 2
The curves for the second step applied to the first scenario are pre-
sented in Figure 5.2.
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Figure 5.1: Reference Case step 1, scenario 1: up-regulation price-peak
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Figure 5.2: Reference Case step 2, scenario 1: up-regulation price-peak &
only one bid per day
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Scenario 2
This case is the exact opposite of scenario 1. It is expected that the Aggre-
gator will buy a lot of extra-energy during the down-regulation peak or at
some interesting occasion with particularly low regulating prices to ”load”
the freezer with cold. Since there was no up-regulation during this day,
lowering the consumption will cost imbalance fees and decrease the profit.
Though the optimal consumption profile manages to generate profits over
the day by lowering consumption when the down-regulating price is not too
low.

Scenario 3
It is in this case that the available capacity is the lowest since heat transfer
between the inside and the outside are reduced due to the cold tempera-
ture outside. The Aggregator has a reduced availability but a enhanced
endurance since the risks that the inside temperature becomes too high is
low. Here it is expected that the optimal consumption curve will follow the
market’s pattern quite closely, but with a limited profit due to the limited
available capacity.

Scenario 4
This case is the opposite of the previous: high available capacity but low
endurance due to the risk of over-warming the storage. The profile is a really
irregular consumption pattern, following the price curve by taking extreme
values.

Profit table for the scenarios
The profits are presented in table 5.2 in kSEK and are calculated for one
day.

Profits,
kSEK

Scenarios

Scenario 1
Up-regulation
(Balance-Spot)
peak

Scenario 2
Down-regulation
(Balance-Spot)
peak

Scenario 3
Cold day

Scenario 4
Warm day

Step 1 127.2 35.3 81.7 1.78
Steps Step 2 123.8 35.3 56.6 1.61

Table 5.2: The profits for the different base-cases
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5.1.4 Results over one year

It is of great interest to get an idea of how much profit can be earned over
a whole year with the Aggregator business case. The scenarios presented
above showed some extreme cases for the year 2012. In this part, we present
the results of optimization for the whole year 2012. The Aggregator still
acts with perfect information and optimizes its profits for all the days of
the year, with the obligation to get the freezer’s temperature back to the
nominal temperature at the end of each day. Minimal bid size is kept at
5 MW for both up- and down-regulation. The results and are exposed in
table 5.3.

Step 1 Step 2
Profits, million SEK 3.6 2.8
Total bid volume, up, TWh/year 26 22
Total bid volume, down, TWh/year 22 20
Average bid size, up, MW 8.6 8.4
Average bid size, down, MW 7.2 7.2

Table 5.3: Results over one year

The daily profits over the year 2012 can be seen in figure 5.3.

Figure 5.3: Reference Case, year 2012
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5.1.5 Analysis of the results

It seems that the Aggregator’s business case is profitable in all of the four
scenarios chosen here. The profits for one day are always positive, even in
the case of scenario 2 where it is down-regulation during the whole day. It
is observed that the expected result is reached: consumption pattern follows
the price tendency. This is made possible by the fact that the Aggregator
acts with a prognosis’ which is 100 % reliable and can perfectly adapt to the
markets.
We observe that the profits are significantly higher in scenario 1 that has a
high positive price peak. A closer look on the profits over that day shows
that in the case of step 1, 61.7 % of the profits are made between 8:00 and
9:00 during the price peak (63.8 % for step 2).
In the case of scenario 2 with a negative peak, 31.8 % of the profits are
made during the peak between 18:00 and 19:00, when the Aggregator can
buy really cheap energy and thus load the freezer by cooling it down.
The third scenario has both high prices during many hours of the day and
hours with down-regulation or no regulation. This is a very good day profile
for the Aggregator since it can both sell energy at an expensive up-regulation
price and buy it cheap at a the down-regulation or spot price, while main-
taining the temperature between the boundaries. With such a profile, the
Aggregator requires a high flexibility since there is not one excellent occasion
to make profits but many good ones. This explains why there is a significant
difference in the profits for the steps 1 and 2 since step 2 offers much less
flexibility.
Scenario 4 presents really low prices during the whole day. There is no hour
with down-regulation so no opportunity to buy cheap energy, and the up-
regulation price is really low so there is no real occasion to generate profits
either. This explains the low profits for this day.

This reference case results show the factors helping the Aggregator to
make profits. The peak occasions with a really high difference between the
spot and the balance prices generates great profits. In the simulation on the
whole year 2012, 4 % of the profits are made just on the day of scenario 1
(one day represents 0.274 % of a year). Basically, it is observed that the
profits generated over the whole year on a hourly basis and on a daily basis.
Observation on a hourly basis are the following:

• 25 % of the profits are made on 0.48 % of the hours of the year
(42 hours), 50 % of the profits are made on 2 % of the hours (175 hours),
75 % of the profits are made on 10.2 % of the hours, and 95 % of the
profits are made on 24 % of the hours.

• 53.8 % of the hours present a null or negative profit. This means that
the Aggregator either does not act or has to put itself in imbalance to

78



respect the temperature constraints, even though it does not generate
profits or even worse, costs imbalance fees.

• The 1 % of the hours with the highest difference between balancing
and spot prices accounts for 36.4 % of the profits. Energy can be sold
back at a really high price.

• The 1 % of the hours with the lowest difference between balancing
and spot prices accounts for 4.1 % of the profits. Extra-energy can be
bough at a really low price.

We see here the primordial importance for the Aggregator to be fully
available if a special occasion occurs since the profits for the year are made
in very few hours. The peaks occur only few hours a year and are nearly
impossible to forecast.

Results observed on a daily basis are less impressive since the Aggregator
has to bring the temperature in the freezer back to its nominal value at the
end of the day, which can force it to make losses on some hours during the
day. It is observed here that:

• 25 % of the profits are made on 8 days (2.2 % of the year), 50 % of
the profits are made on 31 days (8.5 % of the year) and 75 % of the
profits are made on 120 days (32.9 % of the year).

• All the days of the year generate profits. The profits for a day take val-
ues from 388 SEK to 178500 SEK. The mean daily profit is 8900 SEK
with a standard deviation of 17155 SEK.

The results show that the Aggregator always has means to make profits if
it manages its flexibility in a clever way. The profits are however really
unequal and vary a lot. Great variations can be observed from one day to
another, as can be seen in figure 5.3. The profits are made partly due to
a few great occasions which generate a significant part of it. At the same
time, the multiple occasions generating smaller incomes are also necessary
to build the total profit.

5.2 Sensitivity Analysis

The reference case showed that the business case seems profitable in dif-
ferent situations, presented in section 5.1. However, the conditions of the
optimization were too optimistic to be realistic. The reference case gives
a good overview of the situation but needs to be supplemented by further
simulations. The aim of the sensitivity analysis is to give an idea of to what
extent the business is profitable by the varying a set of parameters. These
parameters will be separately studied to observe their influence on the out-
come of the optimization. They reflect the imperfections and the constraints
imposed by the markets.
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5.2.1 The bid price

This far, it has been supposed that the bids submitted by the Aggregator
on the Control Market were always accepted, not considering the pricing of
the bids. This could be implemented by optimizing the load management
schedule, and then submit bids close to the spot prices according to the
optimization. Then the bids submitted would always be accepted. How-
ever, the Aggregator can actually use the bid pricing to prevent that a load
reduction or increase takes place when it does not generate a good profit.
An unwanted reduction/increase is highly undesirable because it results in
a lower flexibility for the succeeding hours.
This may occur when using a schedule optimized on the prognosis from the
preceding day, since the Aggregator’s forecasts will never be able to predict
the Control Market on which it has to base its optimization. It can hap-
pen that it submits a bid believing that the profit will be high and then
the actual outcome is a low balancing price generating only poor profits, or
even that the Aggregator expects up-regulation when the actual outcome
is down-regulation. Planning according to insecure forecasts will sooner or
later put the schedule for the whole day out of balance, forcing the Aggre-
gator to update it.
So, the best thing would be to create a model that both optimizes the
running schedule and the pricing of the bids and preferably update the opti-
mization every hour to fine-tune the bids. But with the limits of this project,
it seemed far too complex.
With this explication in mind, a model was constructed to run multiple sim-
ulations on 2012 data. It start with a combination of one up-regulation and
one down-regulation bid price. Submits those two bids every hour, all year
and then calculates the total profit. Then it tries two new bids, and so on.
The concept of this model can actually be seen as a strategy itself, aside
from the optimization, which emerged out of the frustration over the fact
that the balance direction and price is impossible to predict. The model is
consequently run without any forecasts and without perfect information. So
what it does is practically (for every combination of up-/down-bid prices).

• Check how much capacity is available for submitting hypothetical bids
to the 2012 market data with respect to the temperature and power
constraints.

• Submits the up- and the down-regulation bids, at the predefined levels,
if the the constraints are fulfilled.

• If one of the bids is activated it calculates the profit for that hour
and also updates how the reduction/increase affected the temperature
inside the storage.

• Proceeds with the next hour.
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After these steps, the model is split into three possible methods. The dis-
tinction was the way in which it takes back the temperature to its nominal
value (-26 ℃) every midnight. Taking back the temperature may sometimes
generate balance penalty fees, but it was decided to do so anyway. This is to
ensure that there is no “cold dept” in the beginning of the subsequent day
in case there would be a good opportunity for reduction/increase, and also
to have a little more harmony in the temperature curve. The three different
methods works as follows.

I This first method also adds to the list above that every hour, before
making a reduction or increase, it checks so that it is possible to retake
the total temperature imbalance with the capacity available in the last
five hours of the current day. Then for the last five hours each day, it
does not submit the standard bids, instead it splits the energy need (due
to the temperature imbalance) into five equally sized parts and starts
taking the temperature back, one part each hour. This is done the last
five hours with one exception, that is when the balance direction is the
desired direction. Then the Aggregator can actually make a profit on
taking back the temperature. In that case, the Aggregator takes back as
much temperature as possible that hour. The reason to always do this
in the last five hours each day is because there are seldom high balance
prices. How these last five hours could be implemented in practice is
described below:

• For every hour, a bid is submitted at 1 SEK in the balance direction
that is desired for taking back the temperature. In size either
corresponding to the whole imbalance or the maximum capacity
available, which ever is smallest.

• If there is regulation in the desired direction on the market, the
bid is activated and as much imbalance as possible is retaken. Of
course, the limit being the freezers’ capacities. The imbalance may
in this case be settled before the end of the 24th hour.

• If the bid is not activated, the Aggregator still exceeds the running
schedule to retake one of the five parts of the imbalance. This
will cause imbalance costs, but it is neccesary to take back the
temperature.

II The second method does not always use specifically the last five hours,
but it rather checks every hour if the remaining reduction/increase ca-
pacity is enough to retake the temperature if starting the subsequent
hour. So this method is actually activated every hour of every day on
which it is applied, not just the last five. It is implemented as follows

• Every day, after testing if the balance price is higher or lower than
the up-bid respectively the down-bid, it also checks whether the
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total energy available the following hours is enough to bring the
temperature to -26 °C before the days end.

• If the remaining energy is enough and the rest of the constraints
are fulfilled, it performes the reduction/increase and proceeds to
the next hour.

• Otherwise, if it is not enough to start the next hour, it will start
retaking imbalance the current hour. It is done by running at max-
imum available capacity, not taking in consideration the balance
direction or any possible balance fees.

• The only exception is every hour 24, where the last imbalance is
balanced out, and therefore it is not run at maximum capacity, to
ensure that the temperature does not pass by -26 °C.

III Third method is very similar to the second except that it start earlier at
convenient hours to retake imbalance. Essentially it is the same steps,
but always when neither up-bid or down-bid is accepted, imbalance is
retaken, not just “the last” hours. This seems sensible, because then
it will be retaken when fee prices are not very high. Also it could be
set to retake when the regulation price lies within a certain pre-defined
price span. This model could be further developed and possibly be the
one generating the biggest profit.

Runnning the model with the three different modifications each generated a
lot of different profits for the different of bid combinations, and it was con-
venient to use a 3D-suface plot to locate the interesting zones of bid price
combinations. In figure 5.4 below, you can see what those plots looks like.
In this example you can see that the most interesting zone is around 60 SEK
in up-regulation price and close to zero in down-regulation price.
Then when the most interesting bid combination was found, figure 5.5 was

made to show the temperature fluctuations and profit development caused
by the Aggregator actions in one year.
It seemed interesting to compare the result with the result from the opti-
mization on perfect info, since the optimization is the best possible result on
2012 data. As can be seen in table 5.4, the bid price strategy yield almost a
third of the optimal profit. Highlighting that the most positive thing about
the “bid price strategy” is that it is far more simple and easier to imple-
ment, while the optimization relies forecasts that could easily and will often
go wrong. Though by making some minor efforts, particularly not using just
one price for up-regulation and one for down-regulation for a whole year, the
profits should increase drastically. With that kept in mind, it seems quite
interesting to combine this strategy with forecasts on prices.
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Figure 5.4: An example of the profits for different bids prices. Up-regulation
bid prices on the left axis and down regulation on the right. Profits on the
vertical axis.

Figure 5.5: The blue line showing the volatility in the freezers’ temperatures
and the green curve showing the increasing profit over 2012’s 8760 hours
(excluding february 29th for convenience reasons).
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Optimization, perfect info 3.6 MSEK

Bid price strategy

Method I 1.3 MSEK

Method II 1.5 MSEK

Method III 1.45 MSEK

Table 5.4: The profits for the two different strategies in 2012

5.2.2 The bid size

The bid size is conditioned by the market rules. In price area 3, minimum
size to bid on the tertiary market is set to 10 MW, and in area 4 it is 5 MW.
In the simulations the minimum bid size is reduced to 5 MW also in area 3,
since a minimum bid at 10 MW does not offer a good flexibility in the freeze
storage branch. The bidding rules on the markets are likely to be changed
within a few years to make the markets more accessible for DSM solutions.
However, in order to understand what changes in the markets would allow
better integration of DSM, a sensitivity analysis was conducted regarding
the modalities of the minimum bid size. However, the one-price system used
for the demand side do not provide any incitations to bid big volumes on
the balancing market. The actors will get the regulating price even if they
do not submit bids. A possible strategy for the demand side actors would
then be to submit the smallest bid allowed in order to know if it is up- or
down-regulation that is activated, and then only result in imbalance. By this
way, the actor is not engaged to provide load management and acts with
more freedom. It is a bad strategy from the system operator’s point of view
since it creates more uncertainties in the system and does not contribute in
making prices on the regulating market lower.

The algorithm used here is a basic scenario run on year 2012. There
is no optimization and the price strategy explained above is used. The
temperature is not set back to the nominal temperature at the end of the
day but remains in the +4/-4°C interval used until now. We observe here
the differences in terms of profits and bid-price caused by a change of the
bid-size. It is supposed that the Aggregator will not act if it does not have
enough capacity to submit a bid.

Minimal bid 1 MW
Here it is considered that the minimum bid size is lowered to 1 MW for both
up- and down-regulation.

Minimal bid 5 MW
Here it is considered that the minimum bid size is lowered to 5 MW for
both up- and down-regulation, as in the price area 3. The difference with

84



the reference case run before is that the Aggregator will not act at all if it
cannot bid.

Minimal bid 10 MW up, 5 MW down
Here it is considered that the minimum bid size is kept at 10 MW for up-
regulation bids, and at 5 MW for down-regulation. If the actual load avail-
able is lower that 10 MW, the Aggregator will not act at all, and the same
principle is applied for down-regulation.

Results

The minimum bid size has a big influence on the profits that can be
made, as well as on the optimal bid price to be set to maximize the profits.

Bid size cases Minimal bid
1 MW

Minimal bid
5 MW

Minimal bid
10 MW/5 MW

Profits per day, MSEK 2.53 2.18 1.99

Up-regulation optimal bid
price, SEK/MWh

27.5 33.5 8

Down-regulation optimal bid
price, SEK/MWh

6 6 6

Table 5.5: The profits and bid-prices for the different bid-size cases

In table 5.5, as expected, it is observed that the profits are higher when
more flexibility is guaranteed by a more tolerant regulation. The bid price
for up-regulation could have been expected to be higher in the case of 1 MW
than in the case of 5 MW, to prevent too many activations to occur. But
actually the opposite is observed. This can be explained by the fact that it
is much easier to activate down-regulation bids with 1 MW as a minimum
bid than with 5 MW. In the case where the minimum bid size is set to
10 MW for up-regulation, we see that the bid-price is really low. This is
due to the fact that the Aggregator should then take advantage of most of
the situations when it has the opportunity to submit a bid, since there are
not so many. The difference of profits are important and it is seen that an
adaptation of the existing rules on the market would be highly beneficial for
the Aggregator.

5.2.3 The regulating price span

The current evolution of the energy mix on the European markets seems to
lead to an increased need for balancing power in the near future. Particu-
larly, the integration of increasing amount of wind power makes the global
energy supply more unpredictable and difficult to forecast. For this reason,
it is expected that the balancing prices will become even more volatile. The
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impact of the wind integration on the markets is a pretty actual issue. The
wind is very hard to predict on day-ahead forecasts and it results in that
the actors have to bid on the Spot market with a very poor knowledge of
the wind outcome. It is only a few hours in advance that the wind forecast
gets a significant accuracy and can be used to submit adapted bids. The be-
lief at the moment is that the wind integration will have an impact mostly
concentrated on the Intra-day market, with an increase of the number of
bids during the 6 hours preceding each hour. However, it is also expected
that there will be a significant impact on the Control Market. To conduct a
fair sensitivity analysis on this subject, some information was needed that
sadly was not recieved during the time for this project. The study could be
conducted without them but then the relevance of the results could not be
attested.

5.2.4 The temperature tolerance in the freezer

The wider the freezers’ temperature tolerance span can be set, the wider the
possibilities. At least that feels like a natural approach. Though of course,
the storage can not be too warm, keeping the storage at a too high tem-
perature will jeopardize the quality of the storage contents. If on the other
hand the temperature is too low, then it will start beeing uncomfortable for
the forklift drivers. The forklift drivers will also be bothered by too high
fluctations in temperature, which could force them to have to change their
clothing from one hour to another.
In the optimization model, the temperature tolerance has been a span be-
tween -22 °C and -30 °C. This is a span that is estimated to be tolerable
after deliberating with some branch professionals during the freeze storage
study visit.
The width of the span should be considered rather optimistic, and for that
reason some tests were done with more narrow spans. The first test was
done with a new span, from -24 °C to -28 °C. This test revealed some in-
teresting results. As figure 5.6 shows, when using the original temperature
span constraint, the trend is very similar to the trend when using the new,
more narrow span. This means that, due to the boundary used to force
the temperature back to -26 °C every day, the Aggregator does not very
frequently need to use all of the span to be able to run optimal.
If the economic results are compared, it is seen in table 5.6 that the results
differ only around 40 kSEK or about 1.1 %. Nor is there a big difference
seen in number of activations.
Encouraged by these results, a test with an even more narrow span was
conducted. This time the span was set to lie between -25 °C and -27 °C.
The resulting temperatures are shown in figure 5.6. It can be seen that this
new span entails a more limited temperature profile, and the earlier spans
uses their possibility to fluctuate more in temperature. The profit can be
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Figure 5.6: Red curve: -30 °C - -22 °C, blue curve: -28 °C - -24 °C, green
curve: -27 °C - -25 °C.

Activated bids Non-Activated Total Total

ΔT Profit Reduction Increase Red. Incr. Red. Incr.

1 3.20 MSEK 2891 2616 856 2397 3747 5013

2 3.59 MSEK 3193 2980 507 2080 3700 5060

4 3.63 MSEK 3229 3024 464 2043 3693 5067

Table 5.6: Profits for different temperature tolerances on 2012 market data.

seen in table 5.6, and it is not that much lower.

5.2.5 The total available capacity

The case of the freeze storage branch offers low flexible capacity to the
Aggregator. If we compare the 15 MW available with the volumes traded
every hour in Sweden (between 15000 and 20000 MWh/h bough every hour
on NordPool for Sweden), we understand the small impact of the Aggregator
on the markets. The objective on the long term would be to have DSM
solutions more adapted to the market size. The profits for the Aggregator
increase proportionally to the available capacity. This is mainly due to the
fact that the impact of the Aggregator’s actions is not taken into account.
Indeed, in the future we can imagine that more cheap demand-side bids will
decrease the prices on the Control Market and the Aggregator’s business
will thus become less profitable. Moreover, the one price-system applied for
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the demand-side bids do not incite the actors to submit bids on the market
since they get the same price for their energy whether they submitted a bid
or not. Some actors already submit small bids on the market to get to know
the tendency for the hour and then perform additional load-regulation in
addition to the small bid.

5.2.6 The integration of new smart components

In a larger scale, the Aggregator business case is part of the currently de-
veloping concept Smart Grids. In the longer term, the electricity grid could
include many smart components in a general effort to reduce the losses and
to adapt consumption to production in a more reciprocal way. As has been
seen with the business case of the Aggregator for freeze storages, it is a
question of small volumes and the impact on the grid is thus limited. To
have significant amount of power to play with, an Aggregator or any kind of
similar actor needs more different sources of flexibility. An actual research
issue is the integration of electrical vehicles (EVs) as a part of the Smart
Grid. The idea is that the EVs could be used as a flexible capacity when
they are connected to the electrical grid to load their batteries. In many
case, the loading can be shifted some hours. The same approach could be
used for EVs as was used for the freezers here, with the battery level playing
the same role as the freezer temperature. A vehicle connected to the grid
could provide both up- and down-regulation capacity if we consider that we
can charge and discharge the battery in the limit of its maximal capacity.
The constraint would then be that the battery has to be charged up to a
certain level at a given time to ensure the user that the vehicle is sufficiently
charged in the morning to dispose of it. Actually, some restrictions have to
be set due to the premature ageing of a battery if such actions are carried
out. The flexibility lies especially in the possibility to shift the charging
time. In a larger perspective, any kind of electrical device could be used
as a flexible load. This concept has already been developed by the French
Actor Voltalis and is investigated in [12]. It craves the installation of special
equipments and represent the aggregation process at its best.

5.3 Stochastic model

To be able to perform further sensitivity analysis and validate the profitabil-
ity of the business model, data from the models described in 4.1.1 were used
to create stochastic data to run further simulations. Using these models for
the parameters, makes it easy to adjust the outcome to e.g. form interesting
future scenarios.
The most interesting parameter is obtained by taking the balance price and
subtracting the spot price. In figure 5.7 the 2012 outcome of this parameter
and an attempt to stochastically mimic this parameter are compared. As
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Figure 5.7: Balance-Spot, for 2012 and stochastic

can be seen, the peaks are more evenly spread over the year in 2012 data
while they are concentrated to January - February in the stochastic data.
The peaks are also more numerous and higher in amplitude in the deter-
ministic data. Also, the non-peak values are more volatile in the stochastic
data.
These flaws could be fixed with some manipulation of the stochastic data,
to further develop the model. But it would require more time.

5.3.1 Optimization on stochastic data

The first usage of the stochastic data, is to benchmark it against the deter-
ministic data. This was done by running an optimization simulation with
stochastic data, to see if the upper boundary for the profit set by the perfect
information scenario seemed realistic. Compared to the optimal profit for
2012 that was presented earlier in this chapter, the result on the stochastic
data was 300 kSEK lower with profits of 3.3 MSEK whereas 3.6 MSEK
were obtained from the 2012 data. The lower profit in the stochastic case
is likely because there were not as extreme peaks, which in the analysis of
the results was found to be a great source of high profits. Though this is
somewhat supplemented by higher profits yielded from the higher volatility.

5.3.2 Bid price on stochastic data

The simulations to find optimal bid-prices and the profits related to them
have this far been conducted on 2012 data. The bid prices resulting from

89



them may possibly be strongly tied to that data-set. One idea could have
been to use data from before 2012, but the price areas were implemented
in the end of 2011 so if older data than the year 2012 were to be used, the
system price would have had to be used. Some type of weighting of the price
maybe could have made the price more realistic for the current partitioning
of the market, but it was decided to generate and use stochastic data instead.

The model for bid pricing is applied on the new generated stochastic data.
The bid price model uses the first (I) method described in 5.2.1 for catching
up the cold debt in the freezer. The results are displayed in table 5.7. The

Profit Up-bid level Down-bid level

Deterministic (2012) 1.3 MSEK 196 9

Stochastic (10 years avg.) 1.2 MSEK 30 47

Table 5.7: Bid price profit, deterministic and stochastic

bid price differences are high. This is probably related to the difference in
the characteristics of the stochastic and the deterministic data on balance
price minus spot price, shown in figure 5.7. If the stochastic models were
refined to better imitate a real scenario, then the results would be more
reliable. But at least the big difference in optimal bid prices indicates that
the optimal bid price levels computed from the deterministic simulations
may be strongly connected to year 2012 data, and further test on better
stochastic data should be made before taking any decisions.

5.4 Limits of the model

The simulation and results in chapter 5.1 presented the influence of a se-
lection of parameters on the Aggregator’s business profitability. However,
there are many more parameters which could be integrated in the model,
both in the simulation of the prices and in the behaviour of the actors on
the market. Despite the fact that the Aggregator is not yet present on the
market, the results of the model did not take into account any investment
or management costs. Such costs could actually arise if smart-meters
would have to be installed at the consumers’ production sites or if any com-
munication device would be required to enable a fast and reliable message
transmission between the Aggregator and the customers providing the load
reduction. The investment costs as well as management costs can be a hin-
der to implement such an activity if the profitability is not assessed with
certainty. It would be of interest to evaluate these costs and compare them
to the profits that can be made.

It is also supposed that the consumers provide their flexibility for free.
In the specific case of the freeze storage branch, load management actu-
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ally does not cause any loss or major discomfort. The bids placed on the
Control Market are supposed to be priced according only to profitability
and the Aggregator acts exactly when it wants. If more industry branches
were to be integrated to the Aggregator’s portfolio, the eventual losses in
their production when load reductions are performed would need to be com-
pensated and the price of the bids submitted to the Control Market could
become high. The strategy of the Aggregator should then be adapted with
the awareness that the regulation bids can remain not activated and that
profits are lowered due to activation costs.

If it becomes, as it is hoped, that the Aggregator concept extends and
that a significantly higher amount of MWs are managed in this way, some
extra issues would need to be considered. The Aggregator’s actions can
provoke conflicts with the System Operator’s interest. Issues concerning
the power quality, such as problems with voltage control or changes in the
power flow, can arise from DSM and cannot be entirely controlled by the
DSO since they depend on too many external factors. It could happen that
the DSO/TSO forbids the Aggregator to act or charges it with a fee if it
considers that it puts the power network’s stability in jeopardy.

Also, as has been mentioned in section 2.3.4, a significant payback effect
could occur if the Aggregator does not manage smooth out its “way back
to normal”. It could be that the temperature has to be re-adjusted (in the
case of freeze storages or if aggregation of public buildings or housing is
performed) or that an industry has to catch-up rapidly with a lag in the
production. This effect may have a cost that the Aggregator should support
since it results of its actions.

Another point is that, the higher the prices on the balancing market, the
more profitable the Aggregator’s business is. However, by providing cheap
balancing power, the Aggregator will have an impact on the market tendency
if it deals with enough capacity to get market power. Then the growth of
the Aggregator business could make the business itself less profitable.

All these hinders and impacts were neglected in the optimization com-
pleted in section 4.2.
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Chapter 6

Conclusion

Thanks to a great amount of available hydropower, the Swedish electricity
grid does not yet face a critical situation on the Control Markets. However,
some new factors in the system will challenge the grid stability and security
in the coming years. The phasing out of the Peak Power Reserve by 2020 will
require alternative control resources to prevent eventual black-outs caused
by load peaks. Also, the integration of increasing amount of wind power
with ambitious goals set for 2020 will disturb the system’s balance and set
higher craves in terms of control power availability on the Control Markets.

These structural changes paves way for DSM implementation. Though,
despite an abundant literature on the matter and an increasing number of
project on this subject both on the European and national plans, there are
still only a few concrete examples of DSM implementation. The case of
Voltalis in France [12] stands as an exception.

In the first part of this report, an extensive study of the Swedish elec-
tricity markets has been conducted. In the frame of the markets’ rules and
characteristics, the concept of the Aggregator has been defined as well as
the modalities of its integration on the Control Market. It has been shown
that the Aggregator business case benefits both to the system and to the
end-consumers. The hinders to a successful implementation have been iden-
tified as a too craving regulatory framework to act on the Control Market
and possible conflicts with the BRPs if the Aggregator manages the load of
other BRP’s consumers. However, the study of the possible designs for an
Aggregator as well as the analysis of the markets’ specificity showed that the
conditions are favourable for an Aggregator acting on the Control Market.
The Aggregator can find a place among the markets’ actors and its business
can be profitable.
After a short discussion on the consumer segments that would present the
most interesting loads, the focus has been set on the mid-size industrial con-
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sumers. The crucial parameters defining a suitable consumer for DSM have
been listed and a study of the most interesting industry branches has been
carried out. The freeze storage branch was selected for further study and
modelling.

The Aggregator has as objective to maximize its profits by steering the
electricity consumption of the freezers, which enables it to submit bids on
the Control Market and thus sell power at the up-regulation price or to buy
extra-power at the down-regulation price. In both cases, the Aggregator
makes profits. The Aggregator uses the predicted temperature to forecast
the freezer’s consumption and then sets the size of the bids. It acts under
the constraints of temperature boundaries and maximal power capacity set
by the freeze storages. A new electricity consumption curve is obtained for
the freeze storages. The simulation completed displayed that, under the cur-
rent circumstances, the business case would be profitable for the Aggregator
without stressing the freezers too much. However, it is really optimistic
results since it is supposed that the freezers are always willing to let the
Aggregator manage its whole electricity consumption. The simulation also
showed that the profits are nearly three times higher when the Aggregator
optimize with perfect information on the balancing prices than when it acts
with a bid price strategy (the Aggregator submits bids with fixed price, load
management occurs when the prices on the Control Market allows activation
of a bid). This emphasizes the fact that the business case can greatly benefit
from an improved method to forecast the prices on the Control Market. The
simulation also highlighted that the Aggregator benefits from high peaks on
the balancing price. The integration of more wind power is believed to have
such an effect on the system, what would increase the interest of the Aggre-
gator implementation.

Finally, the limits of the model were highlighted. The investment costs
were neglected, but it actually seems that they would not be too high since
most of the freeze storages are already centrally controlled. The effect that
the Aggregator itself would have on the system is also neglected. The re-
sults obtained are extremely dependent on unpredictable data, such as the
balancing prices, and the model was improved by using stochastic data.
This showed no big differences in the profits. However, the model can be
strengthen by using more advanced stochastic simulations.

On a global perspective, the thesis showed that the model of an Ag-
gregator standing for midsize consumers on the Swedish Control Market is
technically feasible, and the case of the freeze storage would be economically
sustainable. The evolution perspective of the system could make the busi-
ness case even more interesting in a near future. The thesis has identified
the key parameters and the main hinders to overcome for a successful imple-
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mentation of the Aggregator business case. Some evolution in the markets’
rules would allow an easier integration of DSM solutions and full customer’s
commitment will have to be obtained. The optimization model completed
can be used to test other scenarios or adapted to study other kind of loads.
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Chapter 7

Future Work suggestion

The Aggregator is a fairly new concept and this thesis could not investigate
the matter as deep as was wanted due to limited time and means. Many
issues can be solved using an Aggregator and there are many more con-
sumer segments that could be object of further investigation. Aggregating
consumers will increase the flexibility and the security of the electrical grid.
Many combinations of the Aggregator with other smart grid solutions are
interesting, as attested by the increasing number of project dealing with
virtual power plants.

Great improvement can be made in the model. Using the program of
this thesis as a basis, a future work can be to develop annexe modules mak-
ing it easier for the user to trigger the key-parameters of the model and
thus to test different scenarios (more installed wind power, cold year, wet
year, etc.). Further improvement can also be to introduce a prediction-error
module, with generation of both prediction and realisation data from the
program. The Aggregator would plan its load-management with market
data forecasts and could then adjust its plan according to the real-time real-
isations. Such version of the model without perfect information would give a
better estimation of a real scenario. Also, a user-interface making the model
more “user-friendly” can be developed to make the program accessible.

Other future work related to this thesis is to adapt the model to other
kind of loads, using the flexibility of other industry branches. Chemical and
plastics manufacturers, as well as metal foundries, also seem to present an
interesting potential. Moreover, the smaller freezers in grocery stores can
be the object of further studies.

The FRR or secondary control that is currently being pilot tested in
Sweden may, and will probably require a smaller minimum bid capacity. It
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will probably impose shorter activation time than the tertiary control and
investments in technical equipment in order to automatically receive the
TSOs signals for activation. But it will likely open up exciting opportunities
for an Aggregator that can be investigated in the future.
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Appendix A

First Appendix

Scenario 2
This case is the exact opposite of Scenario 1. It is expected that the Aggre-
gator will buy a lot of extra-energy during the down-regulation peak or at
some interesting occasion with particularly low regulating prices to ”load”
the freezer with cold. Since there was no up-regulating price during this day,
lowering the consumption will cost imbalance fees and decrease the profit.
The optimized consumption profile manages though to generate profits over
the day by lowering consumption when the down-regulating price is not too
low.

• Step 1
The curves for the first step applied to the second scenario are pre-
sented in Figure A.1.

• Step 2
The curves for the second step applied to the second scenario are
presented in Figure A.2.
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Figure A.1: Reference Case step 1, scenario 2: down-regulation price-peak
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Figure A.2: Reference Case step 2, scenario 2: down-regulation price-peak
& only one bid per day
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Scenario 3
It is in this case that the available capacity is the lowest since heat transfer
between the inside and the outside are reduced due to the cold temperature
outside. The Aggregator has a reduced availability but a enhanced flexibility
since the risks that the inside temperature becomes too high is low. We
expect here a consumption curve after management following quite closely
the market’s pattern, but with a limited profit due to the limited available
capacity.

• Step 1
The curves for the first step applied to the third scenario are presented
in Figure A.3.

• Step 2
The curves for the second step applied to the third scenario are pre-
sented in Figure A.4.
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Figure A.3: Reference Case step 1, scenario 3: cold day
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Figure A.4: Reference Case step 2, scenario 3: cold day & only one bid per
day
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Scenario 4
This case is the opposite of the previous: high available capacity but low
flexibility due to a risk of over-warming in the storage. The expected profile
is a really irregular consumption pattern, following the price curve by taking
extreme values.

• Step 1
The curves for the first step applied to the fourth scenario are presented
in Figure A.5.

• Step 2
The curves for the second step applied to the fourth scenario are pre-
sented in Figure A.6.
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Figure A.5: Reference Case step 1, scenario 4: warm day
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Figure A.6: Reference Case step 2, scenario 4: warm day & only one bid
per day
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