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Abstract
The Master Thesis is part of the Smart Grid Gotland
project. This project aims at implementing smart grid solutions on the island of Gotland in order to be able to efficiently integrate large quantities of renewable energy production.
In situations of high wind power production and low
consumption, energy export problems may occur between
Gotland and the mainland. A novel approach to manage anticipated congestions, compared to traditional grid
reinforcements, consists of using flexibility from demandresponse (DR) resources. However, such an approach presents
challenges as it requires both technical and economic considerations. This Master Thesis proposes and analyses two
market-based strategies applied to detached houses for dayahead congestion management. The strategies are implemented in an Ancillary Service toolbox developed in the
MATLAB programming environment.
The first strategy involves using a dynamic network tariff while the second uses spot price optimization. Simulations are performed for seasonal worst-case congestion scenarios while satisfying comfort and economic constraints of
the DR participants. A sensitivity analysis is carried out to
assess the impact of different spot price profiles and wind
power production prognosis errors on the results.
Results show that congestions are managed with a feasible number of participants, but that their savings are negligible for both strategies (between 2 and 40 SEK/participant).
Moreover, using a dynamic network tariff strategy implies
a DSO cost in the range of 1700-89000 SEK. These results
apply for a 3-days congestion period, which is estimated to
occur 5-6 times a year if the maximum hosting capacity is
increased by 5 MW.
To conclude, an AS toolbox with economic constraints
is feasible for Gotland conditions with a reasonable number of DR participants. However, the simple cost-benefit
analysis that was carried out showed that the AS toolbox
approach was still much more costly than traditional grid
reinforcement.

Keywords: smart grid, demand-response, load
shift, market-based strategy, wind power integration, distribution network, MATLAB.

Referat
Examensarbetet är en del av projektet Smart Grid Gotland. Projektet strävar efter att implementera lösningar för
att styra elkonsumtionen på Gotland för att effektivt kunna
integrera stora mängder förnybar elproduktion.
Vid situationer av samtidigt hög vindkraftproduktion
och låg förbrukning, kan energiexportproblem uppstå mellan Gotland och fastlandet. En ny metod för att hantera
prognostiserade överbelastningar av elnätet, jämfört med
traditionella nätförstärkningar, består av att använda flexibilitet genom styrbar elkonsumtion hos hushållskunder. Dock
medför ett sådant tillvägagångssätt utmaningar eftersom
det kräver både tekniska och ekonomiska överväganden. Examensarbetet föreslår och utreder två marknadsbaserade
strategier för småhus för “day-ahead” hantering av överbelastningar. Strategierna genomförs i ett sidotjänstverktyg
som modellerats i mjukvaran MATLAB.
Den första strategin innebär att en dynamisk nätavgift
används medan den andra använder spotprisoptimering. Simuleringar har utförts med ett scenario per säsong under
perioder med stor risk för överbelastning. Komfort och ekonomiska begränsningar för de deltagande hushållen utgör
villkor för optimeringarna. En känslighetsanalys genomförs
för att bedöma påverkan av olika spotprisprofiler och prognosfel för vindkraftsproduktion.
Resultaten visar att överbelastningar kan hanteras med
ett rimligt antal deltagare, men deras besparingar är begränsade för båda strategierna (mellan 2 och 40 kr per deltagare). Strategin med dynamisk nätavgift innebär dessutom en kostnad mellan 1700 till 89000 kronor för nätbolaget . Resultaten är baserade på en period med tre dagar
av återkommande exportproblem, vilket beräknas ske 5-6
gånger per år om den maximala kapaciteten för vindkraft
ökas med 5 MW.
Sammanfattningsvis är ett sidotjänstverktyg med ekonomiska villkor möjligt med förutsättningarna på Gotland
med ett rimligt antal deltagare. Dock visade den grundläggande kostnadsanalysen att införande av sidotjänstverktyget fortfarande var mycket dyrare jämfört med traditionella
nätförstärkningar.

Nyckelord: smarta elnät, lasthantering, konsumentrespons, skifta last, vindkraftsintegrering, distributionsnät, MATLAB.

Acknowledgment
This master thesis is part of the Smart Grid Gotland project and has been carried
out as a collaboration between Vattenfall R&D and the department of Industrial
information and Control Systems at KTH.
I would therefore first and foremost like to thank my supervisors, Daniel Brodén
and Claes Sandels at KTH and Erica Lidström and David Erol at Vattenfall. The
collaboration between KTH and Vattenfall has been smooth and efficient and all of
you have always been available for giving me guidance and valuable advice through
my master thesis work. I am also grateful for the confidence you have shown in me
since the beginning and for giving me the freedom to develop my own ideas through
this work.
I also appreciated the kindness of Monica Löf at Vattenfall who accepted to
share information with me so that I was able to complete my work with a costbenefit analysis.
Moreover, I would like to express my gratitude to all my colleagues at Vattenfall
R&D for their warm welcome and for always being open for discussion about their
own projects or mine. All of you have also helped me a lot to improve my Swedish
language skills which I am very thankful for.
Finally I would like to thank the Smart Grid Gotland project responsibles for
entrusting me with this work. I sincerely hope the results of this master thesis will
be useful for the project continuation.

List of Symbols
AS
BESS
CAPEX
CET
DHW
DR
DSO
EI
EU
GEAB
GHG
KTH
LT
OPEX
SEK
SGG
SH
ST
TSO
VAT

Ancillary Service
Battery Energy Storage System
Capital Expenditure
Central European Time
Domestic Hot Water
Demand Response
Distribution System Operator
Energimarknadsinspektionen
European Union
Gotlands Elnät AB
Greenhouse Gas
Kungliga Tekniska Högskolan
Long-Term (day-ahead)
Operational Expenditure
Swedish Krona
Smart Grid Gotland
Space Heating
Short-Term (hour-ahead)
Transmission System Operator
Value-added tax

Contents
Contents
1 Introduction
1.1 Background . . . . . . . . . .
1.2 Purpose of the Master Thesis
1.3 Thesis Goals and Objectives .
1.4 Delimitation of Study . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

2 Background Study
2.1 The Nordic Electricity Market . . . . . . . . . .
2.1.1 Overview . . . . . . . . . . . . . . . . .
2.1.2 Players . . . . . . . . . . . . . . . . . .
2.1.3 Trading . . . . . . . . . . . . . . . . . .
2.2 The Swedish Electricity Bill . . . . . . . . . . .
2.2.1 Existing contracts . . . . . . . . . . . .
2.2.2 Bill composition . . . . . . . . . . . . .
2.3 Demand-Response . . . . . . . . . . . . . . . .
2.3.1 Definition . . . . . . . . . . . . . . . . .
2.3.2 Trading with Demand-Response . . . .
2.3.3 The aggregator role . . . . . . . . . . .
2.3.4 Contracts between DSOs and end-users
2.3.5 Incentives to participate . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

1
1
3
3
4

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

5
5
5
6
7
8
8
10
12
12
13
14
15
16

3 Gotland Use Case
3.1 Electric Power System . . . . . . . . . . . . . . . .
3.1.1 Power Grid . . . . . . . . . . . . . . . . . .
3.1.2 Production and consumption . . . . . . . .
3.2 Managing Congestion Through Demand-Response
3.2.1 Ancillary Service Toolbox Approach . . . .
3.2.2 Limitations of Study . . . . . . . . . . . . .
3.3 Market test and installations . . . . . . . . . . . .
3.3.1 Project overview . . . . . . . . . . . . . . .
3.3.2 Comments on scope . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

19
19
19
19
20
20
22
23
23
24

.
.
.
.
.
.
.
.
.
.
.
.
.

4 Modeling market-based strategies
4.1 Use-case prerequisites . . . . . . . . . . . . . . . . . . .
4.1.1 Trading with Demand-Response . . . . . . . . .
4.1.2 The aggregator role . . . . . . . . . . . . . . . .
4.1.3 Contracts between the DSO and end-users . . . .
4.2 Market-based strategies . . . . . . . . . . . . . . . . . .
4.2.1 Strategy A: dynamic network tariff . . . . . . . .
4.2.2 Strategy B: spot price optimization . . . . . . . .
4.3 Simulation setup . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Defining Simulation Scenarios . . . . . . . . . . .
4.3.2 Selecting spot price profiles . . . . . . . . . . . .
4.3.3 Accounting for wind power production prognosis
4.3.4 Outputs . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

25
25
25
25
25
26
26
26
27
27
27
27
28

.
.
.
.
.
.
.
.
.
.

29
29
29
30
31
33
33
33
34
35
36

6 Cost-benefit analysis from the DSO perspective
6.1 Cost of wind curtailment . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Global cost-benefit analysis from the DSO perspective . . . . . . . .

37
37
39

7 Discussion
7.1 Interpretation of Use Case Results . . . . . .
7.1.1 Results obtained with strategies A and
7.1.2 Cost-benefit analysis . . . . . . . . . .
7.2 Use Case Limitations . . . . . . . . . . . . . .
7.3 Thesis benefits for the SGG project . . . . . .

.
.
.
.
.

41
41
41
42
42
43

8 Conclusion
8.1 Conclusive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . .
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45
45
46

Bibliography

47

A Hourly compensation paid by the DSO with Strategy A (Dynamic Network Tariff )

51

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

5 Simulation Results & Analysis
5.1 Strategy A: dynamic network tariff . . . . . . . . . . . . . . .
5.1.1 Required number of DR participants . . . . . . . . . .
5.1.2 Optimized steering of the DR appliances . . . . . . . .
5.1.3 Costs for the DSO and savings for the DR participant
5.2 Strategy B: spot price optimization . . . . . . . . . . . . . . .
5.2.1 Required number of DR participants . . . . . . . . . .
5.2.2 Optimized steering of the DR appliances . . . . . . . .
5.2.3 Savings for the DR participant . . . . . . . . . . . . .
5.2.4 Complementary analysis for the spring scenario . . . .
5.3 Accounting for wind power production prognosis . . . . . . .

. .
B
. .
. .
. .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

A.1 Spring scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.2 Summer scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.3 Autumn scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B Steering of the DR appliances with
B.1 Spring scenario . . . . . . . . . . .
B.2 Summer scenario . . . . . . . . . .
B.3 Autumn scenario . . . . . . . . . .
B.4 Winter scenario . . . . . . . . . . .

strategies A
. . . . . . . .
. . . . . . . .
. . . . . . . .
. . . . . . . .

and
. . .
. . .
. . .
. . .

B
. .
. .
. .
. .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

51
51
52
53
53
53
56
58

Chapter 1

Introduction
1.1

Background

The human activities on Earth are having an increased impact on the environment
and are causing a global climate change. By releasing big amounts of greenhouse
gases in the atmosphere the greenhouse effect is increased which leads to a global
warming and climate disruptions. To prevent this phenomenon the European Union
(EU) is taking measures to tackle the issue: a 2050 roadmap has been defined with
important milestones for 2020 (20-20-20 targets) and 2030. Part of this plan, challenging objectives have been defined for the power sector to replace the electricity
produced by fossil fuel plants by renewable energy. The share of EU energy consumption produced from renewable resources should be reduced by 20% by 2020 and
by 27% by 2030 compared to the 1990 level [1].
Europe’s electricity grids are ageing and are therefore facing new technical challenges when connecting renewable energy producers, often placed in remote locations
[2]. The most crucial challenges are related to the grid stability, matching demand
and supply and the transmission capacities. One of the solutions that came up is
the concept of “smart grid”. It refers to “a next-generation electrical power system
that is typified by the increased use of communications and information technology
in the generation, delivery and consumption of electrical energy” [3]. This concept is
receiving a special attention from the scientific community and the industry and several projects are already being implemented, among which the Smart Grid Gotland
(SGG) project. This project aims at building a smart grid on the Swedish island
of Gotland, in order to integrate an important amount of wind power and other renewable energy sources while maintaining the reliability of the grid. The project is
carried out in collaboration between Vattenfall, Gotlands Elnät AB (GEAB), ABB,
Energimyndigheten, Svenska Kraftnät, Schneider Electric and the Royal Institute of
Technology (KTH). The three overall objectives that were defined are the following
[4]:
• Cost efficiently increase the hosting capacity for wind power in an existing
distribution system.
1
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• Show that novel technology can improve the power quality in a rural grid with
large quantities of installed wind power.
• Create possibilities for demand side participation in the electricity market, in
order to shift load from peak load hours to peak production hours.
Today the Gotland power system can approximately handle 195 MW of installed
wind power capacity [5]. If the installed wind power capacity on the island was
increased above this limit, there would be a risk of overloading the HVDC cable to
the mainland in case of high wind power generation and low consumption. That
would endanger a safe operation of the system and is not acceptable. In this context,
several research projects have been realized such as the master thesis [6] and [5]
successively carried out in collaboration between Vattenfall and KTH. These projects
have been looking at the possibility to use Demand Response (DR) to reduce the
constraints on Gotland distribution network and integrate more renewable energy
sources. DR consists of making the households and industries become active actors of
their electricity consumption: by controlling some of their appliances, it is possible to
shift a part of their loads in order to reduce the constraints on the electricity network.
For the households, the appliances for space heating and domestic hot water are
especially well suited to DR due to the flexibility provided by the temperature
inertia. A DR aggregator is gathering the households’ flexibilities and steering their
appliances.
The study [5] showed that it was technically possible to increase by 5 MW the
installed wind capacity on Gotland without reinforcing the network by using DR and
a Battery Energy Storage System (BESS). The studied DR concept aims at shifting
the load to the hours of high wind power production in order to maintain the balance
and avoid transmission capacity problems. The DR activity includes space heating
and hot water consumption from detached houses on Gotland, as well as a cement
industry on the island. The load shifting is controlled by an Ancillary Service (AS)
toolbox consisting of a Long-Term (LT) and a Short-Term (ST) optimisation of DR.
Market tests have also been launched on Gotland since December 2013 to assess the
willingness of households to participate in DR in response to a price signal [7].
The master thesis presented in this report is in the continuation of the previously described research works. The master thesis [5] focused on the technical
feasibility of using DR for balancing wind power generation without looking at the
market constraints. Yet the study did not take into account economic considerations. In situations of simultaneous energy export problem and high spot price,
the network interest is in conflict with the DR participant interest since the DSO
needs to increase the load on Gotland while the DR participant may be willing to
reduce its consumption due to the high electricity price. Therefore the current work
aims at proposing and testing market-based strategies applied to detached houses
for day-ahead congestion management. The challenge for these models is to make
the households shift their consumption so that they consume more when the wind
power generation is high to solve the congestion problems but at the same time to
make sure that the DR participant will not face any cost increase due to DR. The
2
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market-based strategies will be integrated in the existing AS toolbox setting. It is
assumed that wind curtailment will be used for handling wind power production
prognosis errors. By performing simulations, the economic viability of setting up
an AS toolbox system for various scenarios can be assessed and analysed with respect to a pure network refurbish investment strategy in the distribution network of
Gotland.

1.2

Purpose of the Master Thesis

The main purpose of the Thesis is to propose and assess market-based strategies
for DR participation that could be used on Gotland in a context of congestion
management and thereby balance 5 MW additional wind power capacity. The cost
for implementing such a system will also be compared to the cost of traditional
network reinforcements.

1.3

Thesis Goals and Objectives

The following Master Thesis goals and objectives have been formulated:
• Proposing market-based strategies for DR participation
A literature study will be performed in order to evaluate how the households
electricity bill could be modified in order to make the households take part in
DR for congestion management and ensure this will not engender any cost increase for the DR participant. The proposed strategies should be relevant with
the Gotland situation and compatible with the current Swedish regulations.
• Modelling the proposed strategies
Two market-based strategies for DR participation will be integrated in the
existing AS toolbox setting, using the programming environment MATLAB
version 7.14 and MATLAB Optimization Toolbox version 6.2.
• Performing simulations
Simulations will be performed in Matlab for a set of feasible scenarios. A sensitivity analysis will be carried out in order to evaluate the impact of different
spot price profiles on the results. The cost associated to wind curtailment for
handling wind power production prognosis errors will also be assessed. The
simulation results will allow to evaluate the feasibility of the AS toolbox concept when considering technical and economic constraints.
• Cost-benefit analysis
A global cost-benefit analysis of the AS toolbox approach versus traditional
reinforcement of the grid will be conducted.
3
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1.4

Delimitation of Study

The study has been limited in certain aspects to ensure reasonable and qualitative
deliverables within the thesis time frame:
• Geographical Delimitation
The study is limited to the island of Gotland. However the models can be
used and rescaled to study other regions where the conditions are similar. The
study will not focus on the influence of individual loads and production units,
instead the total load and production of the island will be considered as a
whole.
• DR participants
The DR participants will only include the detached houses and the flexibility
will be provided by the appliances used for space heating and domestic hot
water.
• DR time resolution
The DR participants will operate on an hourly resolution for the simulations.
Only day-ahead DR will be studied.
• Wind power production prognosis error
Wind curtailment will be used to handle wind power production prognosis
errors.

4
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Background Study
A background study was carried out in order to know more about the challenges
related to the implementation of DR and the lessons learned from previous projects.
The first conclusion of this literature study is that most of the existing DR projects
aim at shifting the consumption according to the spot price in order to reduce the
households’ electricity bills and reach a more efficient use of the grid by reducing the
consumption peaks. This is therefore different from the current study which aims
at using DR for solving energy export problems. Some of the existing projects or
studies have a much bigger scale than Gotland as for the number of DR participants
and therefore do not face the same constraints. However, all these studies raise
interesting questions and issues that also have to be discussed for the Gotland case.
It is therefore valuable to know about them and they constitute a good starting
point for the following discussion.

2.1
2.1.1

The Nordic Electricity Market
Overview

Electric energy has several characteristics that make it a special commodity. First it
requires an important and costly infrastructure to be transmitted from the producers
to the consumers. It is therefore not valuable to have a competitive market for the
transmission and distribution of electricity and each network owner, TSO or DSO,
has the monopole in its area. Moreover, electricity cannot be stored on a large scale
and a balance between the production and the consumption is needed at all times.
This is ensured by controlling the frequency. An unbalance would endanger the
power system and may lead to a collapse of an area or of the whole power system.
For these reasons, electric energy cannot be treated as any other commodity and it
requires a common market where all the actors can interact.
NordPool is the wholesale electricity market for Nordic and Baltic regions. These
countries have been divided into several bidding areas (see Figure 2.1). It may
happen that there is a situation of congestion between two bidding areas. In that
5
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case, the energy import or export is limited by the grid capacity and the electricity
spot price becomes different in the two concerned areas.

Figure 2.1. NordPool bidding areas. [8]

2.1.2

Players

There is a certain number of players acting on the electricity market, the most
important ones being:
• Producers and consumers
The producers are the entities owning power plants and operating them in
order to produce electricity. The producers own different types of power plants
(thermal plants, hydraulic plants, renewable technologies, etc.) with different
production cost and technical constraints. The consumers are the end-users
willing to buy electricity: industry, households, etc. Their consumption level
is varying but is mainly depending on the season and the hour of the day.
• Retailers
Many consumers are too small for buying their electricity directly on the NordPool spot. Therefore, they use the services of a retailer who will buy electricity
on their behalf. The role of the retailer is to buy electricity on the wholesale
market and to resell it to small-scale consumers.
• System Operator
The system operator is responsible for ensuring the safe technical operation
of the power system. The most important task is to maintain the balance
between electricity supply and consumption at any time. For that purpose,
the production is planned day-ahead and intraday and thereafter adjusted in
6

2.1. THE NORDIC ELECTRICITY MARKET

real time. It is the Transmission System Operator (TSO), Svenska Kraftnät
in Sweden, who takes this role.
• Grid owners
The grid owners are the TSO for the transmission grid and the DSOs for
the distribution grids. As mentioned before, transmission and distribution
of electricity are natural monopolies. The activities and revenues of the grid
owners are therefore regulated by an external actor. The grid owners operate
and maintain their grid. They need to buy electricity to compensate for the
grid losses. They are also responsible for ensuring a good power quality. In
order to cover their costs, they charge a grid tariff to their customers.

2.1.3

Trading

NordPool consists of two electricity market places: the day-ahead market Elspot and
the intraday market Elbas. The electricity trading is organized in trading periods,
which have a duration of one hour in the Nordic electricity market. For each trading
period, an equilibrium is established between supply and demand.
On the day-ahead market, the producers and the consumers must respectively
provide their supply and demand curves for each hour of the following day, before
12:00 Central European Time (CET). It means that the producers must evaluate at
which level of power they will be able to produce and as from which electricity price
it becomes profitable for them to produce. In a similar way the consumers have to
decide the maximum price they are willing to pay for a certain level of electricity
consumption. The retailers estimate the level of consumption of their customers
and up to which price they will be willing to consume. The TSOs and the DSOs
must also estimate the energy needed to compensate for the grid losses. The market
price in each bidding area is set at the intersection between the supply and demand
curves, as shown in Figure 2.2.
The hourly spot prices are usually announced to the market at 12:42 CET on the
day-ahead. The intraday market is used to settle the potential imbalances which
could be due to, as an example, the failure of a power plant or a higher wind
power generation than expected on the day-ahead. The intraday market works
with bilateral contracts and the market actors can trade up to one hour before the
delivery.
In real time, the balancing market is used to compensate for the prognosis errors.
Producers and consumers can submit down-regulating and up-regulating bids, which
stipulate the cost of increasing or reducing their production/consumption. The
down-regulating consists of reducing the production for a producer or increasing
the consumption for a consumer. The up-regulation is the contrary. The TSO can
activate bids when needed in order to maintain the balance between supply and
demand.
At the end of each trading period, the real consumption and production levels
of each player are compared to the levels planned on the day-ahead market and on
7
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Figure 2.2. Supply demand curve. The market volume and the market price are
determined at the intersection of the two curves. [8]

the intraday market in order to settle the unbalances and to make sure that every
market player receives or pays the right amount of money. It also allows to define
the final value of the spot price in each bidding area.

2.2

The Swedish Electricity Bill

In order to assess the possibilities to impact the electricity bill of the households
participating in DR, it is first necessary to know how this bill is currently built.

2.2.1

Existing contracts

The domestic consumers have an electricity contract with a retailer. The retailers
are responsible for buying electricity on their behalf on the wholesale market. The
Swedish electricity market was deregulated in 1996. At first, buying an hourly
electricity meter was compulsory for the customers who wanted to change electricity
retailer but this requirement was abolished in 1999 [9]. Nowadays the Swedish
customers can choose between more than one hundred electricity retailers who offer
different types of contracts and different prices. Some websites such as [10] and [11]
help the customers to find the best deal according to their needs by comparing the
contracts offered by the different retailers.
The different types of electricity contracts chosen by the customers in Sweden
and their evolution are shown in Figure 2.3.
There are four main types of electricity contracts for the domestic customers:
• “Assigned” price (= “Tillsvidarepris”)
It is the electricity price for the customers who don’t choose a retailer. Conse8
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Figure 2.3. Repartition of the electricity customers according to their type of
electricity contract (blue area: assigned price, red area: variable price, green area:
other types of contracts, yellow area: 1-year fixed price, turquoise area: 2-years fixed
price, brown area: 3-years fixed price). [12]

quently the DSO assigns them a retailer to whom they pay an “assigned” price.
The proportion of customers with this type of contract has been strongly reduced during the last years as the electricity price it offers is now much higher
than with the other types of contract.
• Fixed price (= “1-2-3-års avtal”)
It is a contract with a fixed price per kWh (including the electricity certificate
and eventually fixed fees) during a certain period, usually 1, 2 or 3 years. In
case of change of price, the retailer must inform the customers between 60 and
90 days before the actual change. The percentage of customers choosing this
type of contract is more or less constant around 38%.
• Variable price (= “Rörligt pris”)
The price paid is an average of the NordPool wholesale electricity price during
the month, plus a retailer fee. This electricity price can therefore be subject
to important variations depending on the period of the year. The percentage
of customers choosing this alternative is continuously increasing.
• Other types of contracts (= “Övriga avtal”)
It represents some less common electricity contracts such as the consumers
having a common contract with the other residents of their block of flats.
9
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Since the 1st of July 2009, the Swedish electricity customers must be billed every
month according to their actual consumption. The extrapolation is not allowed
anymore. This measure lead to a massive roll-out of smart meters able to read the
consumption hourly and to provide information related to the power quality. Today
more than 99% of the Swedish households are equipped with a smart meter [13].
The DSO reads the meter automatically every month and then sends the value to
the customer’s electricity retailer.
Moreover, since the 1st of October 2012, the Swedish electricity customers can
have access to the hourly value of their consumption without any extra cost. However, this applies only if the customer has a contract with a retailer which specifies
that the electricity consumption is measured per hour. This measure allowed the
introduction of new variable electricity contracts based on the hourly consumption
and spot price. It gives the customer more flexibility and more possibilities to reduce
its electricity bill by avoiding consuming when the spot price is high.

2.2.2

Bill composition

The average electricity bill composition for a household with electric heating in
Sweden is shown in Figure 2.4.

Figure 2.4. Average electricity bill composition (variable price contract) in July
2014 for a household with electric heating in Sweden. [12]

The costs are of different nature:
• The VAT (Value-added tax) is a consumption tax paid to the government.
10
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• The energy tax is another form of tax. It is dependant on the location where
the consumer lives.
• The electricity certificates were introduced in January 2007 in order to
help the renewable energy sources to compete with the non-renewable sources.
There is a common electricity certificate market between Norway and Finland.
The renewable energy producers get a certificate from the state for each produced MWh.The retailers and non-renewable energy producers are obliged to
buy a certain amount of electricity certificates according to their electricity
sales.
• The Greenhouse Gas (GHG) emissions allowance was introduced in
January 2005 by the European Union, in order to help reducing the GHG
emissions with a market-based system. The power stations, industries and
airlines releasing an important amount of GHG get a cap for their emissions
for a certain period. If the company produces more GHG than allowed, it has
to buy GHG allowances on the carbon market. On the contrary the companies releasing less GHG than the cap value can trade the remaining emissions
allowance and thereby earn money.
• The spot price refers to the price of electricity on the NordPool spot. More
details are given about the spot price in part 2.1.1.
• The network tariff corresponds to the cost of transporting the electricity
from the power plant to the consumer residence. Its value is varying according
to the customer’s DSO but is regulated by the Energimarknadsinspektionen
(EI). The network tariff accounts for [14]:
– the capital costs: investments in assets (lines, stations, communication
systems, metering system. . . )
– the operation and maintenance
– the procurement of network losses
– the customer service: metering, invoicing. . .
– the overhead costs: corporate costs associated with network service delivery
It is interesting to notice that the electricity bill composition varies over time as
it can be seen on the Figure 2.5. This is due, among others, to the introduction of
new regulations (market deregulation, introduction of the GHG emission allowances
and electricity certificates, increase of the energy tax) and to the variations of the
wholesale electricity price and GHG emissions allowance price.
11

CHAPTER 2. BACKGROUND STUDY

Figure 2.5. Evolution of the electricity bill composition (variable price contract) for
a household consuming 20 000 kWh/year in Sweden - in öre/kWh (top picture) and
percentage of the total price (bottom picture) [12]

2.3
2.3.1

Demand-Response
Definition

The DR can be defined as “changes in electric usage by end-use customers from their
normal consumption patterns in response to changes in the price of electricity over
time, or to incentive payments designed to induce lower electricity use at time of
high wholesale market prices or when system reliability is jeopardized” [15]. The
interest in DR from the scientific community as well as the industry is growing
and many projects are under development. DR could contribute to a better use of
the grid capacities by reducing the peaks and dips and could also bring economic
12
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benefits both for the grid owner and for the DR participant. An example of such a
project is the ADDRESS project (Active Distribution network with full integration of
Demand and distributed energy RESourceS) funded by the European Commission
which aims at assessing the potential of a large scale Active Demand [16]. This
project was carried between 2008 and 2013 by a consortium of 25 partners from 11
European countries. The SGG project also aims at using the DR potential but on a
smaller scale. One application studied is shifting loads from peak load hours to peak
production hours, in order to create possibilities for demand side participation in the
electricity market. Another application, which sets the frame of the Master Thesis, is
to avoid congestion on the export HVDC cable between Gotland and the mainland
in case of high wind power generation and low consumption on the island. This
concept is still in the research phase and has not been implemented yet. The plan is
to use DR to shift the consumption to hours of high wind generation. In this case DR
would be remotely controlled by an AS Toolbox, optimising the consumption plan
of the appliances used for the households’ space heating and domestic hot water.
These two appliances account for about 75% of the average Swedish detached house
consumption which is significant [5].

2.3.2

Trading with Demand-Response

An important question is to know when should the DR participation be planned.
The possibilities explored in the literature are day-ahead, intraday or real time.
Because the electricity market takes place on the day-ahead and intraday, the spot
price is not defined earlier than day-ahead and it wouldn’t bring benefits to plan the
DR at an earlier stage. Moreover, the consumption forecasts may not be sufficiently
accurate earlier than the day-ahead since they are very dependant on the weather.
Day-ahead
The day-ahead market is the dominating market at NordPool. It is considered as
a transparent and efficient market place. It is expected that the variations of the
spot price will increase due to the increase share of renewable energies. Therefore,
on a large scale, DR could influence the spot price in a positive way: if the DR
participants consume more when the spot price is high and shift their consumption
to the low price hours, the spot price peaks and troughs could be smoothed.However,
if the DR was developed on a large scale, it would be necessary to develop new
markets models in which the DR would be included in the price formation. Otherwise
there would be a risk to have an important gap between the real demand and the
planned production. It would lead to a loss of credibility of the spot price. [17] [18]
Planning the DR on the day-ahead is also convenient due to the characteristics of
the controlled appliances and the temperature inertia: “the most suitable market for
DR appears to be the day-ahead market. This is due to the planning horizon (12-36
hours planning horizon before the delivery hour) and the dynamic thermal system a
residence consists of. The dynamic thermal system is sensitive to variations (price,
13
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energy, temperature fluctuations, etc.) why predictability is preferred for a stable
and reliable inclusion of DR on the market.” [18]
Intraday
Intraday, the planning time is closer to the operating hour. More accurate weather
forecasts are therefore available. It allows to have a more accurate prognosis for
electricity demand and wind power generation than on the day-ahead. Planning the
DR on the intraday could therefore contribute to reduce forecasting errors. However,
the liquidity on the intraday market may not be sufficient in the current configuration
to integrate a big scale DR participation as most of the energy is traded on the dayahead market. If an important DR load shifting was planned on the intraday, it
would also lead to a less accurate day ahead spot price and consequently a loss of
credibility in the day-ahead market. It is important to maintain the trust in the
spot price in order to give the right signals to the market actors and maintain an
efficient use of the power system. [18]
Real time
In real time, the DR can be planned according to real data. DR could be used
to compensate for the forecasting errors on the balancing market. Both bid-based
and bid-less markets have been studied in the literature. A bid based market would
contribute to an effective DR contribution as for the power shifted and the geographical location of the DR participants. However it may prove to be very complex
to implement. A bid-less market is easier to implement but may lead to imbalances
if there are too many or too few DR participants reacting to a signal. [19] Moreover, the concept of DR is often based on a load shifting. In real time, there is less
shifting flexibility as there is no possibility to anticipate. It could therefore be more
complicated to plan the DR efficiently.
Conclusion
As a conclusion, the best time for planning the DR is very dependant on the project
scale. Indeed big scale DR could lead to imbalances in the power system and a loss of
trust in the electricity market if it is not integrated properly. A DR planned in two
steps, on the day-ahead and on the intra-day market is the solution recommended by
the ADDRESS project which advise to start with small-scale projects included on
the day-ahead and on the intraday markets. At a later stage and with bigger scale
projects, it would be interesting to consider a real time planning of the DR. [20]

2.3.3

The aggregator role

Another question raised in the literature is whether the DR aggregator should be
an independent actor or if the retailers should act as DR aggregators. [17] and [20]
recommend to have an aggregator-retailer. The reason is that the retailer has a
14
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good knowledge of the customer consumption habits. Besides, in order to facilitate
the participation of end-customers to the electricity market and to contribute to
the development of the Nordic electricity market, it was proposed that the retailers
become the single point of contact of the customers with the electricity market in
Sweden. [21] Therefore, the retailer will probably become the only actor in direct
contact with the customer in the future and this direct contact is necessary for DR.
Indeed the aggregator needs to know precisely the type of appliances used by the
DR participants in order to be able to control them. There are also lots of challenges
linked to the data security and the personal integrity when developing DR. As the
retailer has already access to the customers’ data, an aggregator-retailer would be
easier to implement.

2.3.4

Contracts between DSOs and end-users

The two types of contracts considered in the literature are bid-based contracts or
bilateral contracts. These contracts would be set between DR aggregators and the
DSO or the TSO.
Bid-based contracts
With bid-based DR contracts, there would be a DR power pool where each DR
aggregator would submit bids. It is noted in the literature that this system may be
quite complex to implement and that it could prevent some DR aggregators from
participating. [19] Moreover, the establishment of a DR market price requires the
participation of an important number of market participants. Otherwise, it may be
impossible to get a well-defined price: “With only one buyer (the DSO), and a few
sellers, the price may not be found by traditional market mechanisms. For example,
the individual seller may dictate the price, and the risk exists that no seller will
reduce their demand.” [19] This statement is confirmed by the ADDRESS project
which does not recommend the creation of a DR power pool in the current market
conditions. However, in a far future and with an important available DR capacity,
a bid-based system could become interesting. [20]
Bilateral contracts
The recommended solution in the literature for the first developed DR projects is
the establishment of bilateral contracts: “when considering local markets at the
distribution level, where currently very limited amount of local flexible resources
exist, the best way for the DSO to obtain services is to sign bilateral contracts
with the providers of such services.” [20] This is also the solution preferred in the
report [19] even though it is also mentioned that a real market could bring more
benefits and flexibility with a large scale development of DR.
These two possible ways of trading DR are presented in Figure 2.6.
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Figure 2.6. Two ways of organizing the DR trading.

2.3.5

Incentives to participate

Depending on the scale of the project and the goals to reach, several ways of incentivizing the households to take part in DR have been proposed in the literature.
Different ways of changing the electricity bill composition are presented below.
The Norra Djurgårdsstaden [17] is a new sustainable area in Stockholm. One
objective of the project is to shift a part of the load of the households to the offpeak hours. Two tests are planned in order to analyze the consumption of households
receiving a combination of a price signal and a CO2 signal. The first proposed test
is based on a varying electricity tariff with the following components:
• the network tariff: fixed fee for billing, metering and tax (sek/year) + fee
depending on the output power varying with the season - summer/winter and the load - high/low load - (sek/kW, monthly) + network losses charge,
also depending on the season and the load (sek/kWh)
• the electricity cost: fixed fee for billing and metering (sek/year) + hourly
electricity price based on the spot prices for the following day (öre/kWh)
• energy tax (28 öre/kWh) + electricity certificates (4 öre/kWh) + VAT (25%).
The second test is not based on a tariff but on a CO2 signal. The signal is varying
according to the CO2 emissions in Sweden. The tests have started but no conclusions
are available yet. [22]
The study [18] studies the impact of DR on the spot price in case of a big scale DR
participation. There are three scenarios with 10000, 100000 or 700000 participating
households. DR is used for “enabling integration of intermittent renewable energy
sources, minimizing the costs for transmitting energy from the transmission grid for
a distribution grid company, minimizing distribution losses by ensuring an (more)
optimal load in both the primary substation and in the distribution lines (cables)
and avoiding black-outs during critical peak-load” [18]. The study considers an
electricity tariff based on the spot price and assesses the impact of the DR on the
16
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spot price and proposes a new market model including the DR in the spot price
formation.
Lastly, the ADDRESS project [20] also tackles the issue of incentivizing the
DR participants. It recommends a “payment for monitored energy (decreased or
increased)” [20]. A remuneration according to the number of hours when the smart
appliances are connected is also proposed in order to prevent the households from
overriding the DR steering. It would contribute to have a high level of response
from the DR participants. The ADDRESS project also considers the introduction
of a flexibility bonus when the DR is planned on the short term (<1h or <12h), in
order to compensate for a potential loss of comfort. Finally, offering free services to
the DR participants such as “detailed breakdown of consumption, information and
advice about the possibilities of improving energy consumption and emissions” [20]
is also a way to give incentives.
To conclude, the ways of incentivizing the DR participants depend on the goals
to reach. In the previous examples, the goal was to shift the loads to off-peak
hours and a remuneration including a variable part proportional to the spot price is
therefore recommended. However such a remuneration would not be efficient for the
SGG project since the hours when the spot price is high don’t necessarily correspond
to the hours when there is a high wind power generation on Gotland.
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Gotland Use Case
3.1

Electric Power System

Gotland is Sweden’s largest island, located in the Baltic sea. The island has a surface
of 3140 km2 and was hosting about 57000 inhabitants in 2013 among whom about
23700 lived in the main city Visby [23].

3.1.1

Power Grid

GEAB is the DSO on Gotland. The company is owned at 75% by Vattenfall AB
and 25% by Region Gotland. GEAB owns and maintains 5852 km of power lines as
well as the necessary electric equipment for supplying electricity through the island.
GEAB is also responsible for monitoring the island grid 24 hours a day all year
round and ensuring a reliable and stable electricity supply [24].
Gotland is connected to Västervik on the mainland thanks to two submarine
HVDC cables. The frequency on Gotland is therefore independent from the mainland frequency, making the island an electrically closed system. These cables are
approximately 100 km long and have a capacity of 130 MW each. The rated voltage
is 150 kV and they can be used both for import and export [25]. In order to respect
the N-1 criterion the two HVDC cables do not export power simultaneously. To
contribute to the development of wind power on Gotland, it is envisaged to upgrade
the network and build two new HVDC cables between Gotland and the mainland,
with a capacity of 500 MW each and a voltage of 300 kV. The decision about this
project should be taken during the summer 2015. If it is approved, the cables will
be built in two steps and the first one would be put in operation in 2018 [26].

3.1.2

Production and consumption

The power production on Gotland is mainly based on wind power. However, GEAB
set a limit of 195 MW of installed wind power capacity due to the limited network
capacity: if the installed wind power capacity was higher, an energy export problem
could arise on the HVDC cable between Gotland and the mainland in case of simul19

CHAPTER 3. GOTLAND USE CASE

taneous high wind generation and low consumption. There are gas and fuel plants
on the island with a sufficient capacity to be able to cover the total demand in case
there is no wind power production and no possibility to import electricity from the
mainland.
The electricity consumption in Gotland is divided between the households, the
industry and other entities such as small businesses, the public sector and the transportation. The detached houses accounted for 20% of the island total electricity
consumption in 2012. There were 20700 detached houses on Gotland in 2013 among
which 12300 were primary residences, the other ones being summer houses [27]. For
more information about the power production and consumption on the island, please
refer to part “2.1 Electric Power System” of the report [5].

3.2

Managing Congestion Through Demand-Response

A previous Master Thesis was carried out by Daniel Brodén in 2013 aiming at
studying whether it was technically feasible to implement a technical AS solution on
Gotland to balance 5 MW additional wind power capacity. This part of the report
describes the main outcomes and deliverables of his project. However for a more
comprehensive understanding, please refer to the report [5].

3.2.1

Ancillary Service Toolbox Approach

An AS toolbox concept was developed in previous work [5]. The purpose of the
toolbox is to balance an additional wind power generation of 5 MW above the
maximum grid capacity. A worst case scenario, in which the wind turbines produce
at installed capacity during periods of low consumption, was considered. The AS
toolbox is shown in Figure 3.1.
Inputs
The inputs to the toolbox are the load prognosis and the wind prognosis. They
are offset in order to have at least one hour of export problem per day during each
simulation period.
A mathematical model of the consumption of an average Swedish detached house
for space heating and domestic hot water is implemented in the toolbox. This model
is based on the paper [28] which was validated with the consumption of 41 Swedish
residents living in detached houses.
Flexibility tools
Four flexibility tools were used:
• LT and ST DR: flexibility is provided by controlling the appliances for space
heating and domestic hot water of the participating households. The scheduling is done on the LT (24-48 hours ahead) and the ST (1 hour ahead).
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Figure 3.1. A conceptual overview of the AS toolbox describing the sequence of operation for congestion management. In steps 2 and 4, the number of DR participants
is increased stepwise until the optimization problem is solvable. [5].

• Battery Energy Storage System: the BESS is assumed to have a capacity
of 280 kWh and is used to absorb the wind prognosis error for the 5 additional
MW of wind power.
• Wind curtailment: in case the DR and the BESS are not sufficient to prevent
the energy export problem, wind curtailment is used as a last resort.
Problem Formulation
The congestion problem was formulated as a linear optimization problem related to
the scheduling of DR consumption:
The transmission capacity constraint guarantees the absence of energy export
problem when the problem is solved. The load shifting balance constraint ensures
that the loads are shifted during the day. Hence the total energy consumption
during the 24-hours period is the same with or without DR. The space heating
21
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Maximize

The sum of DR consumption from
space heating and domestic hot water
for all DR participants during hours of
expected congestions.

Subject to

Transmission capacity constraint
Load shifting balance constraint
Space heating constraints
Domestic hot water constraints

and domestic hot water constraints account for the appliances limitations and the
comfort constraints.
The optimization period is 24 hours and hourly values are used for the data
inputs and outputs.
Illustrative example of a LT optimization
The Figure 3.2 shows how the the optimization programme can allow to reduce
the number of export problems, by shifting the electricity consumption of detached
houses. The first graph shows the power export to the mainland on the HVDC cable
and the graph below shows the households consumption pattern.

Figure 3.2. Example of how the export problem hours are minimized during a day
when the LT cluster consumption has been optimized. Figure taken from [5].

The ST optimization solves the same optimization problem as on the LT but
taking into account the results of the LT optimization and more accurate wind
production prognosis.

3.2.2

Limitations of Study

The Master Thesis [5] showed that it was technically possible to balance 5 MW of
additional wind power by using DR in combination with a BESS. It was calculated
that the participation of at most 1600 day-ahead and 700 hour-ahead DR participants were sufficient to balance 5 MW of wind power beyond the maximum hosting
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capacity on Gotland during the worst simulated scenario. It was also showed that a
good level of comfort could be maintained in the houses: the indoor temperature is
kept between 19 and 21◦ C and the tank temperature is kept between 60 and 100◦ C
for all the simulated scenarios.
However, the previously described work doesn’t take into account the economical
constraints of a DR implementation: the households would probably not accept to
take part in DR if they can’t maintain or reduce the cost of their electricity bill.
Moreover, it would be useful to assess the costs associated with a real implementation
of the system, such as the installation of the system in the houses.

3.3
3.3.1

Market test and installations
Project overview

The “Smart Customer Gotland” project is part of the SGG project. It is a market
test aiming at better understanding the customers’ behavior, interest and acceptance
of the DR. About 260 voluntary GEAB customers were selected to participate according to their annual electricity consumption and their type of appliances for space
heating and domestic hot water. The project participants have their appliances for
space heating and domestic hot water automatically controlled by a remote system
which aims at shifting the consumption to the hours when the spot price is low. The
customers have the possibility to visualise in real time their electricity consumption
and the planned steering of their appliances. They can decide to modify the planned
steering manually using a mobile phone application (see Figure 3.3).

Figure 3.3. Example of visualisation of the steering of an heating appliance. [29]

The “Smart Customers” have a special electricity price composed of [7]:
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• A base electricity price corresponding to the hourly spot price with an offset
from 06:00 to 22:00 in order to increase the daily price variation and therefore
the incentive to shift the consumption.
• A wind compensation during maximum 30 days in the year: if a high wind
generation is forecasted for the day after, the “Smart Customer” receives a
price signal announcing a price reduction of 15 öre/kWh between 06:00 and
22:00 during the windy day.
• A Time-of-Use network tariff: 42 öre/kWh during the high load periods (weekdays between 06:00 and 22:00 from the 1st of November to the 31st of March)
and 10 öre/kWh during the low load period (rest of the year).
• Administrative fees, energy tax, VAT and electricity certificates.

3.3.2

Comments on scope

The main difference between this project and the current master thesis project is
the way the incentive is given to the customers and the goals to reach. In the “Smart
Customer Gotland” project, the main goal is to follow the hourly variations of the
spot price in order to consume more when it is low and thereby reduce the electricity
bill. The wind compensation is the same for each hour between 06:00 and 22:00:
it gives an incentive to globally increase the consumption during these hours but
doesn’t allow to adapt the consumption to the real wind power generation. The
master thesis project aims at providing a model that would allow to balance the
generation of 5 additional MW of installed wind power. Therefore the steering of
the appliances must be closely linked to the wind power generation.
Even if the two projects are different, they are both valuable for each other. As
an example, the steering appliances used for the “Smart Customer Gotland” project
could probably be used for implementing models such as the ones studied later in
this report, it is therefore useful to have them tested in a real situation.
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Modeling market-based strategies
4.1
4.1.1

Use-case prerequisites
Trading with Demand-Response

As Gotland scale is quite small compared to the quantity of energy traded in the
SE03 zone, DR on Gotland should have a negligible impact on the SE03 spot price.
Due to the loss of flexibility when the DR is planned in real time and the scale of the
project, the recommended solution discussed in section 2.3.2 would be to plan DR in
two steps, on the day-ahead and on the intraday markets. However, in order to limit
the scope of the study, this Master Thesis was delimited to day-ahead scheduling of
DR since it was shown in [5] that day-ahead scheduling of DR accounts for most of
the variations in consumption experienced by DR participants. The impact of this
delimitation is that the wind production prognosis error is bigger than with a two
steps DR planning. Therefore, a sensitivity analysis will be carried to assess the
impact of this prognosis error.

4.1.2

The aggregator role

The literature often recommends an aggregator-retailer solution, as seen in section
2.3.3. However, in the current study, the aim is to help the DSO to solve the energy
export constraint between Gotland and the mainland. Therefore, it is necessary
that the DSO and not the retailer steers the DR on Gotland.

4.1.3

Contracts between the DSO and end-users

In this study, due to the scale of the SGG project and the fact that this project
is among the first ones to be implemented, bilateral contracts between the DR
participants and the DSO appear to be the best solution.
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4.2

Market-based strategies

Two market-based strategies were implemented as economic constraints in the AS
toolbox setting and compared to a situation without DR. Looking at the electricity
bill composition (Figure 2.4), one can see that an important part correspond to
taxes and cannot be impacted. The hourly spot price cannot be modified, however
consumption can be optimized according to the hourly prices. Finally, the network
tariff part corresponds to the DSO revenue. The network tariff is in general set to
a fixed rate but can be modified under certain circumstances to help support the
network. These two alternatives have been explored through the following strategies.

4.2.1

Strategy A: dynamic network tariff

Since the DR scheduling is done on the day-ahead and because the spot prices are
also available on the day-ahead, it is possible to offer the DR participants a dynamic
network tariff: this tariff is calculated for each hour of the following day in order to
compensate for the potential rise in the electricity bill induced by DR during the
hour. A reduced tariff cost would in this way be equivalent to a compensation paid
by the DSO to the DR participant during the hours when DR induces an electricity
cost increase. The optimization problem described in Section 3.2.1 is first solved
and the hourly compensation per DR participant is calculated afterwards in order
to compensate for the potential cost increase according to Equation 4.1:
C(t) = [PSH (t) + Pboil (t) − PSH,ref (t) − Pboil,ref (t)] ∗ λ(t)

(4.1)

The hourly compensation C(t) is equal to the consumption variation due to
DR multiplied by the hourly spot price. Variables PSH (t) and Pboil (t) denote the
consumption of appliances after DR scheduling while PSH,ref (t) and Pboil,ref (t) refer
to the reference consumption without DR. λ(t) denotes the hourly spot price in
SEK/MWh. During the hours when the electricity cost is decreased thanks to DR,
the cost reduction is considered as savings for the DR participant. In this study, we
assume that the DR participant has an hourly spot price contract. Yet this strategy
can be used with any type of electricity contract, including fixed price contracts.
The results as for the DSO costs and the DR participant savings would however be
different.

4.2.2

Strategy B: spot price optimization

Strategy B requires DR participants to have an hourly spot price contract. The
cost constraint defined in Equation 4.2 is integrated in the optimization problem
described in Section 3.2.1.
24
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[PSH (t) + Pboil (t)] ∗ λ(t) ≤
[PSH,ref erence (t) + Pboil,ref erence (t)] ∗ λ(t) (4.2)
t=1

t=1
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The cost constraint ensures that the daily electricity cost with DR is equal or
lower than without DR. This allows to optimize the steering of appliances in order
to solve the energy export problem while avoiding any cost increase for the DR
participant. Therefore the model will tend to increase the consumption during the
hours of energy export problem and to decrease it during the hours when the spot
price is high. The main advantage of this strategy is that when congestions are
managed, no additional costs are required from the DSO. This strategy also induces
in some cases savings for the DR participants.

4.3
4.3.1

Simulation setup
Defining Simulation Scenarios

Four seasonal worst-case congestion scenarios were selected in previous work using
the data from 2012 [5]. These scenarios consist of three consecutive days characterized by high export peaks. The input data for each scenario are the hourly wind
power production, the hourly electricity consumption, the average solar radiation
per hour, the average outdoor temperature per hour and the type of day (weekday
or week-end). These data impact the space heating and the domestic hot water
appliances consumption patterns.
In order to create at least one energy export problem per day, an offset was
applied to the wind power production and electricity consumption data. For more
details about the data offset, please refer to [5].
The simulation scenarios are presented in the Table 4.1.
Season
Winter
Spring
Summer
Autumn

Time Period (dd-mm-yy)
12-01-12 to 14-01-12
09-05-12 to 11-05-12
06-08-12 to 08-08-12
06-10-12 to 08-10-12

Days
Thursday-Saturday
Wednesday-Friday
Monday-Wednesday
Saturday-Monday

Table 4.1. Simulation scenarios and specifications [5]

4.3.2

Selecting spot price profiles

The simulations have been carried out with the real hourly spot prices corresponding
to the different scenarios. In addition, a high and low variation spot price profile
were analysed to assess its influence on the results. These two spot price profiles are
highlighted in Figure 4.1.

4.3.3

Accounting for wind power production prognosis

The simulations have been carried out with the wind power production data corresponding to the selected scenarios. In case the real wind power production is
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Figure 4.1. Hourly spot price data for the SE03 zone during the year 2012 [8]. The
two spot price profiles selected for the sensitivity analysis are highlighted.

greater than the wind power production forecasted on the day-ahead, it is assumed
that wind curtailment is used. Therefore, the impact of the wind power production
prognosis error was analysed in order to calculate the need for wind curtailment
and to assess its influence on the results. Typical day-ahead prognosis errors were
calculated using a persistence method and applied randomly through a normal distribution on the 5 additional MW of installed capacity. The process for calculating
prognosis errors is documented in [5].

4.3.4

Outputs

The outputs of these models are the possibility or not to solve the problem, the
number of required DR participants, the new SH and DHW consumption patterns,
the hourly indoor temperature, the hourly tank temperature as well as the costs for
the DSO and the potential savings for the DR participant.
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Simulation Results & Analysis
In this section the results from the use-case simulations are presented for the two previously described models. They are presented for four different worst-case seasonal
scenarios, corresponding to situations of simultaneous high wind power production
and low consumption. A sensitivity analysis is performed for different spot price
profiles. The results include for each model the required number of DR participants
based on day-ahead congestion forecasts, the total cost induced by DR for the DSO
and the total savings for the DR participant. For both models it was shown in
previous work that the indoor and tank temperature comfort levels are maintained
in the detached houses. [5]

5.1
5.1.1

Strategy A: dynamic network tariff
Required number of DR participants

The number of DR participants required for managing the congestions varies due
to several factors embedded in the optimization problem. For instance, the amount
of load shifted per day, the number of consecutive export problem hours, weekday/weekend variations, the hourly solar radiation or the hourly outdoor temperature are some of the variables influencing the outcome of the results. The reader
is referred to [5] for detailed information about the dynamics of the optimization
problem. Table 5.1 presents a summary of the number of required day-ahead DR
participants for the seasonal scenarios simulated.
Table 5.1. Required number of DR participants per day and seasonal scenario with
strategy A to manage worst-case congestion events.

Scenario
Day 1
Day 2
Day 3

Number of required DR participants
Spring Summer Autumn Winter
1000
800
900
700
900
700
900
1100
1600
800
800
1400
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The results show that the largest number of day-ahead DR participants is required during the third day of the spring scenario, i.e., 1600 participants. The mean
is approximately 1000 with a standard deviation of 300. The number of DR participants does not depend on the spot price profile since the DR scheduling is performed
without cost constraint in the optimization problem.

5.1.2

Optimized steering of the DR appliances

Figures 5.1 and 5.2 show the steering of the space heating and hot water appliances
with and without DR for the winter and spring scenarios, as well as the influence
on the indoor temperature and tank temperature.
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Figure 5.1. Space heating and domestic hot water characteristics without and with
DR for the winter scenario.

These results confirm, as shown in previous work, that the indoor and tank
temperature comfort levels are maintained in the detached houses [5].
Consumption peaks are observed during the hours of energy export problem. In
the winter scenario (Figure 5.1), there are seven successive hours of energy problem
during the third simulated day. Therefore, the domestic hot water appliance cannot
always be used at full capacity in order not to overpass the maximum acceptable
tank temperature. This leads to an increased required number of DR participants
on the third day, ie. 1400 DR participants against 700 and 1100 for the days 1 and
2. As for the spring scenario (Figure 5.2), the space heating cannot provide as much
flexibility as in winter since the outdoor temperature is higher and the total daily
consumption must be the same with or without DR. Consequently a higher number
of DR participants is required, reaching up to 1600 participants on the third day.
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Figure 5.2. Space heating and domestic hot water characteristics without and with
DR for the spring scenario.

5.1.3

Costs for the DSO and savings for the DR participant

Figure 5.3 presents the results for the hourly electricity cost increase or decrease for
the DR participant compared to a situation without DR, with the winter scenario.
A positive value corresponds to a cost increase to be compensated by the DSO. The
electricity cost increases during hours when the consumption with DR is greater than
it would have been without DR. A negative value corresponds to a cost decrease,
considered as savings for the DR participant. The results for the other seasonal
scenarios are presented in Appendix A.
It can be noted in Figure 5.3 that the hours of energy export problem correspond
to hours when the compensation paid by the DSO is high. The reason is that the
AS toolbox aims at maximizing the consumption during these hours in order to
solve the energy export problem. It can also be seen that the spot price has a
considerable impact on the cost increase or decrease. The mean hourly compensation
is about 10 times higher with high variation spot prices than with low variation spot
prices. Tables 5.2 and 5.3 show the total compensation and savings for the different
scenarios and confirm this observation. To calculate the total compensation paid
by the DSO, the compensation per DR participant was multiplied by the highest
number of required DR participants of the three simulated days for each seasonal
scenario.
One should note that the total savings for the DR participants are not equal to
the compensation paid by the DSO. This is due to the fact that the spot price is
varying hourly and shifting a load can therefore modify its cost. The results show
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Figure 5.3. Hourly cost increase/decrease for the DR participant for various spot
price profiles (winter scenario). The cost increases are compensated by the DSO.

Table 5.2. Total compensation paid by the DSO per seasonal scenario and spot
price profile (for 3 consecutive days).

Spring
Summer
Autumn
Winter

Total compensation paid by the DSO
to the DR participants (SEK)
Low spot Real spot
High spot
7496
27703
88909
1741
1824
11961
3565
10653
36370
4564
16253
33417

Table 5.3. Total savings per DR participant, seasonal scenario and spot price profile
(for 3 consecutive days).

Spring
Summer
Autumn
Winter

Total savings per DR participant (SEK)
Low spot Real spot
High spot
4.55
16.30
39.65
2.13
2.27
19.99
3.87
13.10
37.33
3.33
12.84
33.34

that the highest compensation, reaching about 89000 SEK, occurs during the spring
scenario for a high variation spot price profile.
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5.2
5.2.1

Strategy B: spot price optimization
Required number of DR participants

Table 5.4 presents a summary of the number of required day-ahead DR participants for the seasonal scenarios simulated. It corresponds to the highest number of
required DR participants among the three days of each scenario.
Table 5.4. Max required number of DR participants per spot price and seasonal
scenario with model B to manage worst-case congestion events.

Spring
Summer
Autumn
Winter

Max number of required DR participants
Low spot Real spot
High spot
2600
Unsolvable
Unsolvable
800
800
800
900
900
1000
1400
1400
1400

First it is noted that adding a cost constraint (Eq.4.2) in the optimization problem barely increases the number of required DR participants for the summer, autumn
and winter scenarios. Changing of spot price profile also has a rather limited impact
on the number of required DR participants. The only increase, of 100 additional
DR participants, is observed for the winter scenario combined with a high variation
spot price profile. However, the addition of the cost constraint makes the problem
unsolvable for the spring scenario. It means that it is not possible to simultaneously
solve the energy export problem and reduce the cost of the participants. This is
due to the characteristics of the congestion profile and the limited flexibility of the
appliances for that particular scenario. The DSO will have to pay a compensation to
the DR participant in this case. There is an exception in case of low variation spot
price profile: the problem is solvable but it requires 2600 DR participants which is
very high compared to the other scenarios. In this configuration it may be more
beneficial for the DSO to pay a compensation than to increase so drastically the size
of the DR pool.

5.2.2

Optimized steering of the DR appliances

Figure 5.4 compares the steering of the space heating and hot water appliances
with strategies A and B for the winter scenario with a high variation spot price
profile. The figure allows to observe the impact of the cost constraint on the steering
optimization. The results for the other seasonal scenarios are presented in Appendix
B.
It can be noted that the appliances have the same consumption whatever the
strategy during the hours of energy export problem. The reason is that the main goal
during these hours is to increase the consumption as much as technically possible,
even if the spot price is high. On the other hand, some differences in the steering
are observed during the other hours. Indeed, with the strategy B, the steering does
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Figure 5.4. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the winter scenario with a high variation spot
price profile.

not only focus on solving the energy export problem but also on reducing the daily
electricity cost for the DR participant by optimizing the consumption with the spot
price. Therefore it can be observed that during the hours 22 to 29, when the spot
price is very low, the consumption of the space heating appliance is higher with
strategy B than with strategy A. On the contrary, the hours 32 and 33 correspond
to a spot price peak which leads to a decreased consumption with strategy B. The
difference of steering between strategies A and B is greater for the space heating
appliance than for the domestic hot water appliance due to the higher flexibility of
space heating.

5.2.3

Savings for the DR participant

The savings for the DR participant are summarized in Table 5.5.
Table 5.5. Total savings per DR participant, seasonal scenario and spot price profile
(for 3 consecutive days).

Spring
Summer
Autumn
Winter

Total savings per DR participant (SEK)
Low spot Real spot
High spot
0.002
0.005
0.050
7.817
0.050
1.350
10.540
0.109
1.330
18.852
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For all scenarios and spot price profiles, the savings are below 19 SEK which is
extremely low. The cost constraint in the optimization problem does however ensure
that DR participants are not being penalized.

5.2.4

Complementary analysis for the spring scenario

As seen in Section 5.2.1, the optimization problem is unsolvable for the spring scenario with a real or high variation spot price profile. It means that it is not possible
to simultaneously solve the energy export problem and reduce the cost for the DR
participants. However the optimization problem is solvable with 1600 DR participants if there is no cost constraint (i.e. the cost constraint defined in Eq.4.2 is not
taken into account anymore). The DSO will then have to pay a compensation to the
DR participant to compensate for the cost increase induced by DR. It is proposed
to define the compensation as in Equation 5.1.

Cspring =

3
24
X
X
d=1

!
[PSH + Pboil − PSH,ref erence − Pboil,ref erence ](d, t) ∗ λ(d, t)

t=1

(5.1)
The total compensation for 3 consecutive days Cspring is equal to the sum of
the hourly consumption variations due to DR multiplied by the hourly spot prices.
Table 5.6 shows the total compensation for different spot price profiles with the
spring scenario. This compensation was also calculated for the low variation spot
price profile in order to assess which solution would be the most favorable for the
DSO from an economic perspective between paying a compensation to 1600 DR
participants or increasing the DR pool by 1000 participants.
Table 5.6. Total compensation paid by the DSO for the spring scenario with different
spot price profile (for 3 consecutive days)

Spring

Total compensation paid by the DSO
to the DR participants (SEK)
Low spot Real spot
High spot
223
1871
32948

The results show that the highest compensation, with a high variation spot price
profile, reaches about 33000 SEK. It can also be observed that the compensation
for a low spot price profile is very low as it reaches a total of 223 SEK. Since
situations of energy export problem occur about 5-6 times a year, it is clear that it
is more beneficial for the DSO to pay this compensation rather than equipping 1000
additional households with a smart system. The reader has to note that in these
cases there are no savings for the DR participant. However it is ensured that the
DR participants are not being penalized.
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5.3

Accounting for wind power production prognosis

As explained in Section 4.3.3, it is assumed that wind curtailment is used in case
the energy export limit is at risk to be exceeded in spite of DR due to wind power
production prognosis errors.
The hourly wind power production curtailed is dependent on the energy export
prognosis after DR and the wind power prognosis error. The wind power prognosis
error was estimated using a persistance method described in [5]. Table 5.7 presents
the total wind power energy curtailed for the seasonal scenarios simulated, with
different spot price profiles.
Table 5.7. Total wind power energy curtailed per incentive strategy, seasonal scenario and spot price profile (for 3 consecutive days).

Spring
Summer
Autumn
Winter

Total wind power energy curtailed (MWh)
Dynamic Spot Price Spot Price Spot Price
Network
Opt.
Opt.
Opt.
Tariff
Low spot
Real spot
High spot
2.12
2.38
0.62
0.59
0.69
0.67
2.15
1.89
2.21
0.98
2.37
2.40
2.06
2.07

The maximum wind power energy curtailed over the three simulated days is
2.40 MWh during the winter scenario. The results are not directly dependent on
the spot price profile but on the energy export profile induced by the spot price
optimization. An economic analysis is carried out in Section 6.1 to evaluate the cost
of wind curtailment for the DSO.
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Cost-benefit analysis from the DSO
perspective
In this section the results from the use-case simulations are used for calculating the
cost of implementing a DR system for congestion management. These results will
be compared to the cost of upgrading the existing electricity grid.

6.1

Cost of wind curtailment

The wind power energy curtailed due to wind power production prognosis was presented in Section 5.3. The cost of wind curtailment for the DSO consists of the
compensation paid to the wind power producers and the loss of network tariff revenue. The following elements have been considered:
• the hourly spot price λ(t): the wind power producer is subject to a loss of
revenue due to the reduction of its production. The DSO has to compensate
for this energy that cannot be sold. The same spot price profiles as in the
previous simulations are used [8].
• the electricity certificates: the use of electricity certificates was described
in Section 2.2.2. The DSO has to compensate the wind power producer
for the loss of revenue associated to electricity certificates. To estimate this
cost, the average value of an electricity certificate in Sweden in 2012 is used:
Ccertif = 200.12 SEK/M W h [30].
• Network Benefit Compensation: the DSO usually pays a "network benefit compensation" to the wind power producers. This compensation accounts
for the fact that the DSO is reducing the costs associated to the transmission
of energy thanks to the wind power energy produced locally. On Gotland,
the "network benefit compensation" is Cnetwork benef = 19 SEK/M W h [31].
In the case of wind curtailment, we consider that the wind power producer
is providing a benefit to the DSO by reducing its production and should be
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compensated for that at the same level as the usual "network benefit compensation".
• Loss of network revenue for the DSO: the network tariff was described
in Section 2.2.2. Wind curtailment leads to a loss of network tariff revenue for
the DSO. On Gotland the network tariff is Cnetwork revenue = 55 SEK/M W h
[31].
Therefore, the total cost of wind curtailment for the DSO is calculated as in
Equation 6.1.

Ccurtailment =

3
24
X
X
d=1

!
Pcurtailed (d, t) ∗ [λ(d, t) + Ccertif + Cnetwork

benef

+ Cnetwork

t=1

(6.1)
The total compensation for three consecutive days Ccurtailment is equal to the
sum of the hourly power curtailed multiplied by the DSO costs listed above. Tables
6.1 and 6.2 show the total cost associated to wind curtailment for the DSO with the
Dynamic Network Tariff and the Spot Price Optimization strategies, per seasonal
scenario and spot price profile.
Table 6.1. Total cost associated to wind curtailment for the DSO with a Dynamic
Network tariff strategy, per seasonal scenario and spot price profile (for 3 consecutive
days).

Spring
Summer
Autumn
Winter

Total cost for the DSO (SEK)
Low spot Real spot High spot
747
1132
1900
219
218
404
757
1070
1652
825
1299
1553

Table 6.2. Total cost associated to wind curtailment for the DSO with a Spot Price
Optimization strategy, per seasonal scenario and spot price profile (for 3 consecutive
days).

Spring
Summer
Autumn
Winter

Total cost for the DSO (SEK)
Low spot Real spot High spot
838
209
243
434
666
1106
862
835
1132
1366

For all scenarios and spot price profiles, the cost of wind curtailment for the
DSO is comprised between 200 and 1900 SEK. The results are very similar for both
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strategies. It is mainly the energy export profile and the spot price profile which
influence the results.

6.2

Global cost-benefit analysis from the DSO perspective

A global cost-benefit analysis was carried out in order to evaluate the financial
feasibility of implementing an AS toolbox system. The cost for the AS toolbox
system was first estimated, including the equipment cost as well the operation costs
(steering of the appliances, customer support, compensations to DR participants
and cost of wind curtailment). This cost was compared to the cost of reinforcing
the existing grid, by either building a new overhead line or a new cable. The study
cannot be presented in details in this report since it includes confidential data from
Vattenfall. But the main conclusions are the following. The cost of the AS toolbox
system is much higher than the cost of reinforcing the network (when considering
a 5 MW capacity). It is therefore not profitable to implement a smart system with
the parameters chosen for the calculations. The Spot Price Optimization strategy
leads in average to a cheaper cost for the DSO than the Dynamic Network Tariff
strategy.
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Discussion
In this section the use case results are discussed to better understand how to interpret
the results. It is followed by a discussion of the main use case limitations.

7.1
7.1.1

Interpretation of Use Case Results
Results obtained with strategies A and B

It is important to note that the use case results should be interpreted as results from
worst case conditions.
The results as for the required number of DR participants ranged from 800 to
1600 day-ahead participants for both strategies. We can therefore conclude that the
introduction of market-based constraints does not significantly influence the number
of required DR participants. There is one exception, the spring scenario, which
cannot be solved with strategy B (spot price optimization). In this configuration,
the DSO would need to optimize the load shifting without cost constraint and pay
a compensation of up to 33000 SEK to the DR participants.
Moreover, whatever the strategy chosen, the savings made by the DR participant are low (between 0 and 40 SEK for a 3-days congestion scenario) and do not
constitute a real economic incentive to take part in DR. However, both strategies
allow to introduce DR without any cost rise for the detached houses participating.
The main advantage of the strategy A (dynamic network tariff) is that it works
with any type of electricity contract. Given the fact that the the hourly spot price
contracts were introduced in October 2012 in Sweden and have been chosen by a very
small number of households up to now due to the cost uncertainty associated with
this type of contract, this advantage is not negligible. The use case chosen in this
study involves an hourly spot price contract even though this is not a requirement.
It was shown that the total compensation paid by the DSO is very dependent on
the spot price profile and can reach up to 89000 SEK.
On the other hand, the strategy B (spot price optimization) requires the DR
participant to have an hourly spot price contract. The main advantage of the strategy B is that in most cases, it is possible to solve the congestion problem without
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any need for the DSO to pay a compensation to the DR participants. This is done
by optimizing the consumption according to the spot price during the hours without
energy export problem.

7.1.2

Cost-benefit analysis

The results show that the cost associated to wind curtailment for a 3-days congestion
event lies between 200 and 1900 SEK. This accounts for the compensation paid by
the DSO to the wind power producer as well as for the loss of network revenue for
the DSO.
When comparing the global yearly cost of the AS toolbox system with strategies
A and B, it is shown that strategy B (spot price optimization) is in average cheaper
than strategy A (dynamic network tariff) for the DSO, thanks to the absence of
compensation to be paid to the DR participants in most cases. The cost of wind
power curtailment proves to be negligible compared to the cost of the other items.
The simple cost-benefit analysis carried out concludes that the AS toolbox system is still much more expensive than traditional reinforcements with the chosen
parameters. The reader has to note that the cost of traditional reinforcements was
calculated for a new cable or overhead line being built on land in order to consider
a general case. The reinforcement costs would have been higher if submarine cables
had been considered.

7.2

Use Case Limitations

The use case has inherent limitations that the reader should be aware of. The AS
toolbox and seasonal worst case scenarios limitations are detailed in [5].
Moreover, strategy B uses the spot price variations to optimize the DR appliances consumption. In Gotland’s context, the number of DR participants is too
small for impacting the spot price setting of the SE03 zone. However, if we consider
applying this solution at a larger scale (more than 100 000 DR participants), literature shows that DR could disturb the spot price setup and make the strategy B
become inefficient.
The cluster size used for carrying the cost-benefit analysis corresponds to the
highest number of required DR participants with all scenarios simulated, i.e. 1600
DR participants. However, some of the DR participants may be willing to override
the AS system in some situations. That means that it would be necessary to involve
more households than the minimum required number of DR participants in order to
ensure the availability of DR at any time. This would lead to additional costs for
the DSO.
Finally, only four worst-case seasonal scenarios and three spot profiles were analyzed. For doing a more accurate cost-benefit analysis, it would be necessary to
take into account not only worst-case scenarios but also the scenarios that have the
highest probability to take place. Moreover, the cost-benefit analysis is very basic
and would need to be more detailed. As it is now, it just aims at giving an idea
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to the reader about the profitability of the AS toolbox approach. But it cannot be
considered as a guidance.

7.3

Thesis benefits for the SGG project

The Thesis work led to several results that are of interest for the SGG project. The
most important findings are the following:
• Feasibility of the AS toolbox approach including economic constraints
The Thesis showed that it was possible to integrate economic constraints in the
AS toolbox setting without increasing the required number of DR participants.
• DR participation strategies
The Thesis proposed two different strategies for DR participation, one based on
a Dynamic Network Tariff and one based on an Spot Price Optimization. The
two models were assessed from the DSO and the DR participant perspectives.
The SGG project can use these results when implementing DR on Gotland.
• Costs of implementing DR on Gotland
The cost for the DSO associated to each participation strategy were calculated.
These results can be used by the SGG project when carrying cost-benefit
analysis.
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Conclusion
8.1

Conclusive Summary

Simultaneous high wind power production and low consumption create a risk of
energy export problem between Gotland and the mainland. Previous work showed
that it was technically possible to compensate 5 MW of installed wind power capacity above the export limit by using a AS toolbox scheme based on DR flexibility
from households. However, such an approach presents not only technical but also
economical challenges. In this Master Thesis, market-based strategies for DR participation of detached houses were proposed, integrated in an AS toolbox and analysed.
The first strategy consisted of a dynamic network tariff for which the rate is reduced during hours of increased electricity cost induced by load shifting. The second
strategy optimized the DR scheduling in order to manage congestion problems while
reducing the daily electricity bill of the DR participant by harnessing hourly variations in spot price. Both approaches were simulated for four worst-case seasonal
scenarios and three different spot price profiles.
The simulation results demonstrated the feasibility of an AS toolbox including
economic constraints with a reasonable number of DR participants. Seasonal variations mostly due to different production and consumption patterns were observed,
as well as variations induced by different spot price profiles. The simulations showed
that the DSO will pay a total compensation of at most 89000 SEK with strategy
A (dynamic network tariff) for the use-case. Strategy B (spot price optimization)
is at no cost for the DSO but may present some limitations for day-ahead congestion management in case the optimization problem is not solvable. Both strategies
applied to the use-case presented negligible savings for the DR participants (0-40
SEK/participant). These results apply for a 3-days congestion period, which is
estimated to occur 5-6 times a year.
Finally, the simple cost-benefit analysis carried out shows that traditional reinforcements of the electric network remain much cheaper than the AS toolbox system
with the chosen parameters. However, this analysis needs to be deepened in order
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to be more accurate. Moreover, proposing other types of ancillary services would
allow to use the system more frequently during the year and surely contribute to
make the system more profitable.
To conclude, including economic constraints in the AS toolbox setting does not
change drastically the number of required DR participants. Simulation results
showed that 1600 day-ahead DR participants were required to balance 5 MW of
additional installed wind power capacity on Gotland, for the simulated scenarios.
Wind curtailment was used for handling wind power production prognosis errors.
The main challenges are linked to the cost of the AS toolbox approach which remains
much more expensive than traditional network reinforcements for management congestion. The costs are divided between installation and operating expenditure. Using the AS system for other ancillary services than congestion management could
contribute to decrease the system cost.

8.2

Future Work

The results of the Master Thesis can be used as reference for the SGG project and
for other projects facing similar network congestion problems. However, complementary investigations should be realized in the future in order to confirm the results
and to improve the proposed solutions.
The market-based strategies must be evaluated for other types of ancillary services.
As an example, the AS system should be used to shift the loads to off-peak hours
during the days without congestion risk. The impact of these new strategies on the
DR participants savings and on the DSO costs should be assessed. These results
should be used for carrying a new cost-benefit analysis, that could prove to be more
favourable for the AS toolbox approach.
Moreover, the cost-benefit analysis comparing the AS toolbox approach versus
traditional grid expansion have to be deepened. Each element of the cost much be
studied in order to confirm its accuracy and to assess the possibilities to decrease
the costs. For that purpose, the results of the "Smart Customer Gotland" project
will be of great use.
Finally, it would be necessary to study the impact of DR on the other actors of
the electricity market, especially the retailer. Indeed the retailer may suffer from
increased load prognosis errors associated to its customers participating in DR and
this could engender a loss of revenue.
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Appendix A

Hourly compensation paid by the DSO
with Strategy A (Dynamic Network
Tariff)
A.1

Spring scenario

This section presents the simulation results for the spring scenario with a Dynamic
Network Tariff strategy. The analysis of the results can be found in chapter 5 (results
and analysis).

Figure A.1. Hourly cost increase/decrease for the DR participant for various spot
price profiles (spring scenario). The cost increases are compensated by the DSO.

A.2

Summer scenario

This section presents the simulation results for the summer scenario with a Dynamic
Network Tariff strategy. The real spot prices for the summer scenario are very close
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from the ones of the low variation spot price profile. It is therefore hard to distinguish
the real spot price bars. The analysis of the results can be found in chapter 5 (results
and analysis).

Figure A.2. Hourly cost increase/decrease for the DR participant for various spot
price profiles (summer scenario). The cost increases are compensated by the DSO.

A.3

Autumn scenario

This section presents the simulation results for the autumn scenario with a Dynamic
Network Tariff strategy. The analysis of the results can be found in chapter 5 (results
and analysis).

Figure A.3. Hourly cost increase/decrease for the DR participant for various spot
price profiles (autumn scenario). The cost increases are compensated by the DSO.
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Appendix B

Steering of the DR appliances with
strategies A and B
This chapter presents the simulation results as for the steering of the space heating
and domestic hot water appliances. The figures below allow to compare the steering
of these appliances with Strategy A and B for several seasonal scenarios and spot
price profiles. The analysis of the results can be found in chapter 5 (results and
analysis).

B.1

Spring scenario

With the spring scenario, it is not possible to solve the optimization problem with a
reasonable number of DR participants with strategy B. Therefore the steering with
Strategy B is the same as with Strategy A and a compensation is paid by the DSO
to the DR producer. The steering of the appliances can be seen in Figure 5.2.

B.2

Summer scenario
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Steering of the space heating appliance (per household)
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Figure B.1. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the summer scenario with a high variation spot
price profile.
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Figure B.2. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the summer scenario with the real spot price
profile.
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B.2. SUMMER SCENARIO

Steering of the space heating appliance (per household)
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Figure B.3. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the summer scenario with a low variation spot
price profile.
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B.3

Autumn scenario
Steering of the space heating appliance (per household)
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Figure B.4. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the autumn scenario with a high variation spot
price profile.
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B.3. AUTUMN SCENARIO
Steering of the space heating appliance (per household)
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Figure B.5. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the autumn scenario with the real spot price
profile.
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Figure B.6. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the autumn scenario with a low variation spot
price profile.
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B.4

Winter scenario
Steering of the space heating appliance (per household)
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Figure B.7. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the winter scenario with a high variation spot
price profile.
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B.4. WINTER SCENARIO
Steering of the space heating appliance (per household)
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Figure B.8. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the winter scenario with the real spot price
profile.
Steering of the space heating appliance (per household)
150

4
3
100
2
1
0

12

24

36
Time (hours)

48

60

Spot price (SEK/MWh)

SH consumption (kW)

5

50
72

150
3
2

100

1
0

12
Strategy A (Dynamic Network Tariff)

24

36
Time (hours)
Strategy B (Spot Price Optimization)

48

60

Hour of energy export problem

50
72
Spot price

Figure B.9. Comparison of the steering of the space heating and domestic hot water
appliances with strategies A and B for the winter scenario with a low variation spot
price profile.
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