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Abstract

Under the determined impulse of the European Union to limit the environmental impact
of energy-related services, the electricity sector will face several challenges in coming years.
Integrating renewable energy sources in the distribution networks is certainly one of the most
urging issues to be tackled with. The current grid and production structure cannot absorb
the high penetration shares anticipated for 2020 without putting at risk the entire system.
The innovative concept of smart grid o�ers promising solutions and interesting implementation
possibilities.

The objective of the thesis is to speci�cally study the technical and economic bene�ts that
the creation of an aggregator on the Swedish island of Gotland would imply.

Comparing Gotland's power system characteristics to the broad variety of solutions o�ered
by demand-side management, wind power integration enhancement by demand response ap-
peared particularly suited. A business case, speci�cally oriented towards the minimisation of
transmission losses by adapting the electric heat-load of private households to the local wind
production was designed. Numerical simulations have been conducted, evaluating the technical
and economic outcomes, along with the environmental bene�ts, under the current conditions on
Gotland. Sensitivity analyses were also performed to determine the key parameters for a suc-
cessful implementation. A prospective scenario for 2020, with the addition of electric vehicles,
has �nally been simulated to estimate the long term pro�tability of an aggregator on the island.

The simulation results indicate that despite patent technical bene�ts for the distribution
network, the studied service would not be pro�table in the current situation on Gotland. This,
because the transmission losses through the HVDC-cable concern limited amounts of power that
are purchased on a market characterized by relatively cheap prices and low volatility. Besides,
the high �xed costs the aggregator has to face to install technical equipment in every household
constitutes another barrier to its setting-up.

Key words: aggregator, smart grid, distribution network, demand-side management, de-
mand response, electric heating, wind power integration, load shifting, electricity market, Got-
land.



Sammanfattning

Den europeiska unionen har satt tydliga mål i syfte att begränsa miljöpåverkan av energirelatera-
de tjänster. Därmed står elsektorn inför stora utmaningar under de kommande åren, som att an-
passa distributionsnäten till utvecklingen av förnybara och oförutsägbara energikällor. Eftersom
de nuvarande nätet och produktionsstrukturen inte kan klara av den stora andelen decentralise-
rad produktion som förutspås 2020, bör hela systemet tänkas om. De innovativa lösningar som
smarta elnät-konceptet erbjuder bör utvecklas vidare med �er verkliga tillämpningar.

Syftet med examensarbetet var att komma med en utvärdering av de tekniska och ekonomiska
fördelar som en aggregator på Gotland skulle medföra.

Att samla och fjärrstyra förbrukningen av en stor mängd privata och kommersiella kunder
skapar diverse möjligheter för aggregatorer. En jämförelse mellan de olika tjänster som erbjuds
av en aggregator och öns kraftsystems egentliga behov tydligt påvisade att uppföljningen av
vindkraftsproduktion genom fjärrstyrd eluppvärmning hos privata hushåll som den i särklass
bästa aggregatorlösningen. Ett a�ärscase inriktat mot att minimera överföringsförlusterna ge-
nom att anpassa hushållens eluppvärmning till den lokala produktionen har byggts. Numeriska
simuleringar baserade på de nuvarande omständigheterna på Gotland har utförts. De tekniska
och ekonomiska resultaten samt miljövinsterna har beräknats. Dessutom har känslighetsanaly-
ser genomförts för att fastställa de avgörande parametrarna för en lyckad implementering. Ett
framtidsscenario som inkluderar elbilar har också simulerats i syfte att utvärdera den långsiktiga
lönsamheten för en aggregator på ön.

Simuleringsresultaten visar att de nuvarande förutsättningarna på Gotland inte blir tillräck-
liga för att tillförsäkra lönsamhet för den utstuderade tjänsten, trots uppenbara tekniska fördelar
för systemet. Det beror huvudsakligen på överföringsförlusternas låga volymer som köps på en
elmarknad som präglas av relativt billiga priser och små variationer. Dessutom utgör de stora
investeringskostnader som aggregatorn måste stå för för att installera den tekniska utrustningen
hos kunderna ett hinder för dess implementering.

Sökord: aggregator, smarta elnät, distributionsnät, efterfrågestyrning, eluppvärmning, last-
�yttning, elmarknad, Gotland.
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Introduction

In a continuously changing context, the electricity utilities must keep a watchful eye on the
new opportunities that appear on the market. One of the most promising trends, yet still in
an early phase of development is the so called Smart Grid (SG). The purpose of the master
thesis is not to study in detail all the innovative solutions that the vast concept of Smart Grid
includes. The primary focus will be on Demand-Side Management (DSM), i.e. the participation
of the end-user on the electricity market. In the present situation, the private clients of the
utilities, in other words family homes, appartments and small commerce only have a passive
attitude towards their electricity consumption. The tari� structure does only provide limited
incentives to adapt one's behaviour in order to consume in a smarter way. Even though new
rules concerning hourly metering and billing seem to be on their way, at least in Sweden [1], the
reluctance of private consumers to actively modify their habits just to save a few euros on their
monthly bill is a strong obstacle that has to be dealt with. The recent development of reliable
wireless communication, both indoors and outdoors, which now covers the vast majority of the
inhabited areas in Sweden [2], has paved the way towards remote DSM and Aggregators. In
other words, the end-user would give his consentment to a third-part entity that would steer
the consumption of a cluster of voluntary members in the optimal way based on its main goals
and considering the comfort constraints set by each individual customer. This speci�c aspect
appears to contain the germs for a little revolution for the electricity sector, since it reveals that
the clients no longer can be considered as passive consumers. Thanks to Aggregators and remote
DSM, they would be able to react to market and grid signals and on the long term in�uence the
whole production system. Instead of meeting demand peaks with extra production capacity, the
reduction of consumption is a much cheaper alternative if it proves reliable at a large scale. The
following report will thus examine the technical functions that an Aggregator for small private
consumers can ful�l as well as the economic value of the services it can provide.

A study [3] conducted at the Royal Institute of Technology (KTH) in Stockholm has given a
general de�nition of the role an Aggregator could have in a generic Distribution Network (DN).
The Aggregator can optimize the dispatch of electricity on the grid, matching the distributed
energy sources' production to the consumers' needs and vice-versa in order to exploit the grid
under optimal economic conditions. The aim of the current project is to further develop the
concept of Aggregator and apply the conclusions found in [3] to perform simulations for near-real
scenarios. Due to its particular speci�cities, the Swedish island of Gotland has been chosen for
the execution of the experimental aspects of the thesis. The project �rst gathers all the relevant
data that can be found in the literature regarding the technical and economic aspects of DSM,
Aggregators. A summary of Gotland's speci�cities is also presented. In light of this information,
an inventory of Aggregators' business models is drawn up and the most relevant option for
Gotland is chosen. In the second part, a mathematical model taking into consideration Gotland's
current and future characteristics is proposed and the analysis of results from the numerical
simulations that have been conducted shows under which circumstances the implementation of
an Aggregator is economically desirable. The project has been sponsored by Vattenfall Research
and Development in collaboration with other research projects and has therefore especially taken
into consideration the e�ects of an Aggregator on Vattenfall's interests as a Distribution System
Operator (DSO) on Gotland, as well as the possible side-e�ects on the other actors on the
market.
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Purpose of the Study

The aim of the project is to highlight the key factors that would enable the implementation of
an Aggregator on Gotland. In order for the Aggregator to be economically pro�table, a certain
amount of technical, economic and legal conditions must be ful�lled. The prestudy gathers infor-
mation about the current and historical situation on Gotland, while the implementation of the
business cases points out the pros and cons a�ecting the Aggregator's economic sustainability on
the island. Whenever possible, sensible solutions to the problems that arise are proposed, based
both on the current situation and on the anticipated development of the island. Finally, the
numerical simulations estimate the global consequences that an actual implementation would
imply for the involved actors, i.e. the Aggregator, the DSO, the retailers and the end-users. The
conclusions stemming from the simulation results are based on strong assumptions and simpli�-
cations, and it is important to underline that the actual implementation of such a project is likely
to be far more complex than what the study could reasonably embrace. �gure 1 summarizes the
main stages that the project has to go through in order to get reliable results based on sound
reasoning and data of quality.

Figure 1: Scheme showing the di�erent Stages of the Project (source: Sandels, C.)

Project Drivers

Environmental Aspects

The European Union (E.U.) has set ambitious environmental targets to be achieved by 2020 [5].
Namely, the use of renewable energy in the Union has to increase its share on the primary energy
use up to 20% while consumption and CO2 emissions must decrease in order to reach levels 20%
below 1990. Translated into national goals, this means that Sweden must achieve even higher
penetration rate for renewable energy: 49% [5].

Although not speci�cally designed for environmental purposes, an Aggregator can contribute
to reach some of these goals without any major investments or sacri�ces. Being by nature
extremely variable and hard to predict, the distributed electricity sources, mainly wind farms
and solar panels are hardly used in an optimal way nowadays. The presence of an Aggregator,
with the pooling of both distributed generation (DG) sources and small consumers, would ensure
an optimal dispatch, adapting consumption to production. This would mechanically increment
the share of renewable energy in the local consumption and privileging the local generation would
reduce imports thus enhancing security of supply. Last but not least, the peak-shaving e�ect
that an Aggregator can o�er under certain circumstances would avoid the use of fossil fueled
thermal plants built to meet peak-load demand. The impact of this action would not only reduce
the cost that society must pay for maintaining these reserve power plants, it would also further

2



reduce greenhouse gases (GHG) emissions.

Technical Bene�ts

Beyond the environmental considerations, an Aggregator also o�ers quantitative technical bene-
�ts. As part of the smart grids concept, such an economic actor would help upgrade the quality
of electricity supply in the distribution network through an optimized use of the distributed
production capacity. Production would mainly be consumed by local customers and heavy in-
vestments to improve the grid capacity and to cope with peak-load demand would be avoided
or at least minimized. Simply put, an Aggregator would meet tomorrow's grid requirements with
today's infrastructure.

The situation on Gotland is, under many aspects, ideal to perform real-condition tests with
a small-scale pilot study before extending the concept to Scandinavia. The island is, from the
electric viewpoint, a closed system. The local Distribution System Operator (DSO), Gotlands
Energi AB (GEAB) [6] is responsible for maintaining the island's own frequency, which is reg-
ulated independently from the mainland, since the only link to the Swedish mainland is an
HVDC cable. Its relatively small size makes it particularly attractive for electric vehicles and
the climate conditions favour both large scale wind production and small-scale solar panels. The
disperse habitat, the high wind share and the radial distribution grid also o�er great opportu-
nities to provide a local load control even though they present technical challenges in order for
an Aggregator to be successfully implemented.

Market Situation

Although the interest about Aggregators is growing, few large-scale implementations of the
concept have been made so far in Europe. Two exceptions should however be named: AV
Reserve�ekt AB in Sweden and Voltalis [7] in France. Historically, the low prices on the Nordic
Electricity Market Nordpool [8] and the abundant resource of �exible hydropower have long been
barriers that stood against a successful implementation of demand-side management. However,
the technical limits of transmission and distribution grids will be put to severe tests with the
development of DG and the phasing in of electric vehicles (EV). The future evolution of these
factors, and especially its pace can in�uence greatly the economic outcome of an Aggregator, but
the uncertainties inherent to future projections also imply risky investments for those betting
on this new business niche. One of the objective of the study is to clarify for Vattenfall [4] as
a major utility company, the consequences that an Aggregator on Gotland would have on its
core business and deliver the strategic guidelines to determine the optimal set of conditions for
investing.

Goals and Objectives

The master thesis aims at providing a thorough technical, economic and legal description of
Gotland's characteristics, as well as their prospective future evolutions, as regards Aggregator
businesses. Once the main features have been described, sound prospective business cases for
the implementation of an Aggregator on the island are de�ned. The following step consists
in building a mathematical optimisation model, simple but complete, taking into consideration
the most in�uent factors. The model must evidently be versatile and not case-speci�c. The
numerical simulations based on the equations of the model will prove the relevance of the di�erent
hypotheses and possibly raise new issues that will have to be dealt with in the coming projects.

Below is a list of the di�erent stages that are further explained in the report:

� Prestudy determining the technical, economic, social and legal characteristics for Gotland,
and de�ning the concepts for DSM and Aggregator

� Description of the business cases o�ered to an Aggregator. Application of one of them on
Gotland.
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� Mathematical model and numerical simulations calculating the economic outcome for the
actors involved. Future evolution scenarios are also considered.

� Analyses and conclusions on the opportunity to create an Aggregator on the island.

The �nal outcome of the study is to determine whether, and under which conditions, an Aggre-
gator would be technically feasible and economically pro�table on the island of Gotland.

Scope of the Project

The study's main focus is geographically restrained to the island of Gotland and to its speci�c
features. The tools developed, as well as the anlayses and conclusions of the report are never-
theless applicable to other similar study objects, provided that a correct rescaling is made. It
is to be noted that the project, as it aims at giving a clear answer to a simple question, mainly
focuses on the fundamental aspects of the problem, rather than on every single parameter that
can in�uence the �nal outcome. The selection of the most important parameters and variables
always derives from thorough analyses.

The project's work has relied on previous studies' conclusions concerning the Aggregator's
role and a special attention on undergoing projects related with the thesis' purpose has been
taken. The Master Thesis was undertaken simultaneously with other related theses, and the
sharing of information under the project's course was very bene�cial for all participants.
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Part I

Background Studies
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The primary objective of the preliminary study for the master thesis consisted in gathering
and selecting all the necessary information about DSM, Gotland and Aggregator business models
in order to proceed to deeper analyses in the second phase of the work. The following chapters
summarize and explain the fundamental concepts that will be employed along the entire report.
The goal of this part is neither to o�er a de�nition of the Smart Grids concept (see [9]) nor to
give a sociological study on Gotland but rather to provide the reader with the tools that are
necessary to fully understand the underlying complexity inherent to such a new and innovative
concept.
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Chapter 1

Demand-Side Management

DSM is de�nitely one of the most promising aspects within the scope of smart grids. So far,
the current electricity systems' �exibility has mostly been relying on power production. In other
words, the current market mechanisms are built upon the assumption that the consumption from
small, private customers follows a trend that is totally independent from any market signal.
When the system is under pressure due to grid problems or mismatch between supply and
demand, it is always the production side that is called upon to remedy the situation. It is
often a non-economically optimal solution that is chosen, as to maintain polluting peak-power
plants with a very low utilisation factor. This is why demand-side management appears to be
so promising: it is cheaper, much more �exible and besides, it contributes to ful�l the E.U.
environmental targets [5] by reducing consumption and GHG emissions, since peak-power plants
will no longer be used.

It can therefore appear quite surprising that such a smart solution did not emerge earlier. The
main impediment resides in the concept itself: demand-side management presupposes either an
active involvement of the end-users, known as Active Demand (AD) or the technology to remotely
manage the �nal customer's consumption. Neither of them were ful�lled until recently. Many
research programmes are now under way, among them the ADDRESS project, aiming at paving
the way towards the distribution energy networks of the future [10].

This chapter summarizes an extensive literature review and provides a description of the
di�erent mechanisms for DSM, its bene�ts and the potential barriers to its implementation.
Finally, a synthesis of the key factors for its success is presented.

1.1 Mechanisms for Demand Response

DSM can be implemented through two radically di�erent mechanisms: active demand or remote
management. On the one hand, the end-user makes active and conscious choices that modify
their consumption and their approach to energy, while on the other hand, customers still behave
passively and delegate the responsibility for modifying their actual consumption to external
entities. Yet, from the system's viewpoint, the result is the same: higher consumption �exibility.

1.1.1 Active Demand

Although it has gained interest over the last years [10], active demand has long been present
on the electricity market [11], though representing negligible amounts of power. Historically,
active demand has mostly been triggered by price signals: with the rise of deregulated electricity
markets, large industrial clients were interested to reduce their consumption during high-price
periods [12], while retailers encouraged their residential clients to �atten out their consumption
pro�le thanks to time-of-use (ToU) tari� structures[11, 13]. Even though it can be implemented
without any extensive adaptation of the current system, the potential for �nancially-incentivised
AD is still partly underused. In Sweden for instance, this solution is practically absent from the
retailers' o�er to private households, and it only plays a marginal role in the reserve e�ect
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capacity, where institutional actors can o�er the possibility to reduce their consumption on the
Transmission System Operator's (TSO) request [14].

However, the consumer engagement does not only rely on price signals. The key factor for
success lies in the active involvement of the client in the long run. In order to ease the active
engagement from private users, new technological devices have emerged on the market [16, 15]
that allow the client to follow his consumption in real time. Coupled to e�ciency advice and
historical data comparison, the device encourages the end-user to track the equipment that
consumes most and switch o� stand-by devices. According to the manufacturers and retailers,
such observation boxes with their corresponding interactive tools can reduce the electricity bills
by 10% [15, 16], regardless of the tari� structure.

All in all, active demand is a process in which the end-user deliberately modi�es his con-
sumption behaviour in response to external factors. The action that the active consumer takes is
individual and requires personal involvement. Each user optimises his own welfare according to
the constraints given by external factors, which implies that the same triggering parameter can
have di�erent e�ect on di�erent clients. The global impact of uncoordinated AD on the whole
system is therefore hard to forecast, but can easily be extrapolated from historical data.

1.1.2 Remote Management

It is generally assumed that most of the load is not price sensitive [29] and this is even con�rmed
in reality by the market cross points curves displayed in �gure 1.1, where more than 80% of the
power purchase is unelastic. Even though the current market mechanisms can be improved to
increase the share of price-sensitive AD, more extensive actions have to be taken in order to have
an impact on the price curves. The recent development of high-speed wireless communication
systems has enabled aggregated demand response with remote central dispatch.

Figure 1.1: Market Cross Point, source: [8]

In other words, the end-user gives his consentment to an external entity to modify his con-
sumption in order to respond to predetermined signals. The customers do not modify their
behaviour and keep their passive attitude towards electricity, while an external actor, called
Aggregator, optimises the load curve of selected appliances in a large number of households or
companies [17]. An �Energy box� [21], installed in the customer's premises, communicates with
the Aggregator and receives signals from it to turn on or o� controllable appliances, e.g. water
heaters, electric radiators, heat pumps.

Compared to AD, described in 1.1.1 above, remote load management gives approximately
the same bene�ts for the end-users without forcing them to consciously adapt their behaviour.
On a global level, the coordinated action of an Aggregator can have a signi�cant impact either
on the technical infrastructure, by reducing peak-loads or on the economic side by converting
part of the unelastic demand in a price-sensitive load.

Remote management of consumption o�ers the possibility for the end-user to reduce his elec-
tricity bill without having to take deliberate actions. The consumption is modi�ed by an external
actor, called Aggregator, which optimises its providers' load pro�les to ful�l its own economic
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or technical objectives. Thus, every end-user gets a similar reaction to a given triggering pa-
rameter and the global impact of coordinated demand-response on the whole system can become
signi�cant.

1.2 Bene�ts

There are many advantages associated to demand response compared to the traditional solutions,
and they a�ect the whole supply chain, from the producers to the end-users. As no actual
large-scale implementation in Europe has been made, it is somewhat di�cult to provide reliable
quantitative evaluations of the bene�ts that demand-side management would imply for each and
every actor in the electricity sector.

Producers

Producers will be directly a�ected by a modi�cation of the market towards a higher �exibility of
demand. The main positive aspect for them will be the reduced need for peak-load generation
units. Those units must be built and maintained in order to match the peak demand episodes
that occur only during a few hours a year. Those power plants, usually fossil-fueled (oil or gas
turbines mostly) are seldom pro�table for the generation companies. A �exible demand would
certainly reduce the need for those costly capacity reserves since the load would not attain the
critical levels that justify the start of peak units.

Another side-e�ect of �exible demand is the possibility for the system to accept a higher share
of intermittent sources, like renewables (RES). Demand-side management indeed allows under
speci�c circumstances a quick modi�cation of the load pro�le. Thus, the important variations
in electricity production from renewable sources such as wind and solar power can partly be
dampened by an adaptation of consumption.

Transmission and Distribution Systems

A more �exible consumption will most probably imply a �attened daily load. Part of the total
demand will be shaved, but it is likely that most of the load will be shifted from the current peak
hours (between 8 and 10AM and 17 to 19 in the evening) to periods with lower consumption.
This modi�cation in load pro�le implies a set of bene�ts for the grid operators.

First, lowering the demand during peak periods will reduce the congestions in the trans-
mission capacity and therefore the risk for unplanned outages will be lowered. The operators
will therefore improve their system availability index while simultaneously getting a higher sat-
isfaction from their customers. However, as the Swedish system is already quite reliable, with
a System Average Interruption Duration Index (SAIDI) around 1h p.a. according to [18], the
expected savings will be limited [15].

Second, as the losses due to the Joule e�ect on the transmission lines are proportional to
the square of the power �owing into the cables, a �attened power curve will mathematically
reduce the losses and the costs associated to it. Moreover, the Distribution System Operators
(DSO) must buy the power from the regional and national grids, and the tari�s are based on
the highest power consumption over the year[15]. It is there that most of the savings lie for the
regulated operators, since lower peak power consumption and a more constant load pro�le imply
lower variable costs. [15] gives a typical example for a distribution grid with 200 000 residential
customers. If 25 000 of them accept to perform demand response, it is estimated that the costs
for the DSO will be lowered by 3 MSEK annually, ca. 5% of its total expenses in this �eld.

Last but not least, system operators in Europe are regulated entities that have the legal
obligation to invest in the grid in order to meet current and future power needs. The networks
are thus dimensioned so that they can cope with the highest expected load in the area for the
next decades. In fast-growing regions, this means either that new upgrades must constantly be
done on the existing lines or that expensive investments must be plani�ed to tackle the future
consumption. Demand response can appear as an interesting and lucrative alternative to grid
upgrades since new investments to build a stronger networks can be, if not cancelled, at least
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postponed. The existing infrastructure coupled to load management enhances the network's
strength, as a higher energy consumption will no longer necessarily imply a higher peak power.
The savings are nevertheless hard to evaluate since they really depend on the local conditions
for each grid.

Balance Responsible Players

The �exibility of demand can also favour the Balance Responsible Players (BRP). As the name
suggests, they are market players �nancially responsible for maintaining the balance between
power production and consumption. The current market design entails 1-hour balance agree-
ments, meaning that the energy consumed by the BRP's clients during one hour must correspond
exactly to the energy bought by the BRP on the market. If it is not the case, the BRP has to pay
proportionally to its imbalance. It is easy to understand then why demand-side managment can
become extremely pro�table for a BRP, since remote control over its customers' consumption
could ensure an almost perfect match between forecasted and actual load.

Electricity Market

Thanks to price sensitive purchase bids, the curves currently observed on �gure 1.1 would change
and the price cross would certainly lie at lower levels than today. Higher demand elasticity is
also a way to avoid extreme situations when prices reach extreme values.

Retailers

Price-sensitive demand from the consumers requires that the retailers adapt their o�ers and
propose new types of contracts rewarding active modi�cation of one's consumption. Beyond the
new tari�cation structure, it also brings an extra security for retailers that can reduce their
exposure to tense situations on the market. As they usually buy on the market and sell the
power to their client at a �xed price, retailers are very sensitive to those rare but extreme events
when all the bene�ts of the year can disappear in a few hours. Reducing the load during such
periods would also reduce the retailers' economic losses.

Consumers

End-users actively participating in demand-side management will have an increased awareness
when it comes to energy consumption and will go from passive consumers to more active and
responsible customers with the will and possibility to reduce their electricity bills after modifying
their habits, either on their own or through an Aggregator.

Environmment

Although environmental considerations might not appear as the main drivers for DSM imple-
mentation, the bene�ts from active demand are real and funnily enough exactly re�ect the EU
20/20/20 policy [5]. Limited use of pollutant peak power plants to meet the demand will decrease
GHG emissions while a more �exible load will enable higher RES penetration, thus securing the
energy supply and limiting the imports of fossil fuels. What is more, a higher awareness among
the consumers can contribute to improve the energy e�ciency and reduce unnecessary consump-
tion.

A summary of the above paragraphs and of the conclusions of [?] is given in table 1.1 that lists
qualitative estimates of the positive e�ects of active demand for the di�erent players a�ected.
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Table 1.1: Summary of the bene�ts from DSM (source: [?])

Actor Bene�ts

Producers

reduced peak-load generation
less need for peak units
less need for capacity reserves
higher share of RES possible

TSO/DSO

lower congestions
less outages
lower losses due to a �attened load
lower investments in grid

Market
lower price volatility
increased demand elasticity

BRP lower risks for imbalances

Retailers
lower exposure to high price/high demand situations
new tari� structures possible

Consumers
increased awareness and participation
possibility to have a control on the electricity bill

Environment
Increased integration of RES made possible
Reduced GHG emissions through lower use of fossil-fueled plants
Higher security of supply: less fossile imports, more local production

1.3 Potential Barriers

Yet, everything is not a bed of roses for DSM and many obstacles have to be overcome before
it can be implemented for real. In order to function, some prerequisites must be present on the
market. This section will list the principal concerns that can emerge as well as advice to avoid
them.

Customer Acceptance

The most critical aspect for carrying out large-scale DSM is naturally to get a widespread
customer acceptance. The responsibility to inform and somehow educate the end-users falls
to the market actors that look after active demand development. The task shall ideally be
performed by the retailers that have privileged contacts with their clients. It is only through a
better understanding on their own electricity consumption that customers will be able to discern
the advantages of remote management and even active demand for the entire society.

As things are nowadays, DSM would hardly work for large distribution areas, since the
awareness among the private households and a signi�cant amount of business clients is practically
nonexistent. Despite the intention of o�cial authorities [19] to force the consumers to become
more active, it is doubtful that demand response will experience a break-through in the coming
years, at least in Sweden [15].

Regulatory Framework [20]

A second vital parameter for the development of demand response is to ensure that the market
design is adapted for this new solution. Even though the regulators are perfectly aware of the
necessity of modifying the current framework [19], there is a risk that the potential for DSM
and its development pace are underestimated. This would as a consequence slow down the
raise of large-scale demand response. The electricity market is currently designed to match the
producers' needs and characteristics but a rewriting of the rules must be carried out in order to
allow active demand to penetrate the market. In most cases, the de�nition of the new bids for
negative consumption shall be written. Requirements on the bid size must be adapted to reality,
i.e. lower minimal size of the bids to enter the market and a clear de�nition on how the negative
power is determined is of utmost importance. It is indeed very straightforward to measure the
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power output of a power plant producing 100 MWh during an hour, but is much more subtle
to estimate the impact of a DSM measure on the load pro�le that a consumer would have had
otherwise as it is only based on forecasts and historical data. This is why a constructive dialogue
between the regulators in charge for the market design and the a�ected actors is critical.

Another point to take into consideration is the risk management for non-delivered promised
service. When the market for DSM is designed, the speci�cities for load management must be
carefully considered. The nature of the service has to be clearly de�ned and the risks inherent
to forecast errors as well as the method used to calculate imbalances shall be speci�ed. Like
this, actors entering this new market niche will be perfectly aware of their rights and bene�ts
but also of the requirements associated to the services they o�er as well as the penalties they
incur in case of failure to deliver.

Finally, even the best regulatory regime would not be of much use if no incentives for active
demand services exist. Traditional, secure solutions will always be preferred to risky new ones.
This is why regulators must provide actors, especially Aggregators, with the right incentives to
permit the take-o� of DSM until the technique is proven and widespread.

Con�ict of Interests

Demand-side management is an innovative and entirely new service that is guaranteed economic
success provided that the right framework is built. Yet, the electricity market is a closed envi-
ronment and it is very unlikely that demand response alone can create real value. This obviously
involves that DSM actors will generate bene�ts on the expenses of other already existing actors.
As an illustrating example, an Aggregator reducing peak-load demand will a�ect the revenues
of peak generation units' owners who will no longer be able to run them. It is therefore in the
strategic interest of such actors to impede the implementation of demand response, at least by
external actors. It is therefore necessary for the regulators to take such interests into account
when designing new market rules and then pay special attention to the market behaviour once
active demand has been introduced in order to prevent market power. It is also important for
the current players to evaluate to what extent they will be a�ected by the introduction of DSM
and take preventive measures to minimise their exposure.

A good example of how an immature market can generate con�icting interests is described
in [11]. A demand response Aggregator in France [7] emerged while there was a lack of clear
regulatory framework for this kind of services. It resulted in legal pursuits from the dominant
actor, which revenues were a�ected by the new service and that demanded to be compensated
for this. Even though the legal instances con�rmed the right to o�er demand response services to
the market the case did not contribute to the expansion of demand-side management whatsoever.

1.4 Key Parameters for Success

Sections 1.2 and 1.3 described the potential advantages and risks linked to demand-side manage-
ment. It is nevertheless important to underline that those depend on the type of service and also
on the conditions in which it is implemented. In other words, the succes of a demand response
programme is directly related to a speci�c set of parameters. In this study, the objective is to
determine whether Gotland ful�ls the prerequisites for a successful implementation of a certain
type of active demand solution. The purpose of this section is therefore to o�er a list of those
key parameters and compare them to the island's characteristics.

The section mainly summarizes and adapts the results obtained by ADDRESS in [21]. The
ADDRESS-project [10] is a European research programme dedicated to studying the develop-
ment of active demand in a global European context. In order for this development to be
successful, a panel of experts has assessed the probability of success of some scenarios, each
characteristic for a European region, until 2020. Four factors have been identi�ed as the key
parameters that ought to be inspected at �rst when wanting to implement active demand and
distributed RES in a distribution network:

� Geography: refers to the climatic conditions and natural resources of the region under
study.
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� Consumers: the density, number and consumption pattern has to be identi�ed, as well as
their evolution perspectives.

� Electricity production: the electricity industry infrastructure must be well known. The
generation mix and its potential evolution are also of interest. Extra attention must be
paid to the regulatory context.

� Technology: the consumers' behaviour towards new, more �exible forms of using electricity
must be predicted, the emergence of new technologies and their success has to be forecasted
and the general quality of the grid must be assessed.

Once these four parameters have been identi�ed, a trustworthy scenario based on the current
situation and reasonable evolution perspectives has to be built up.

1.4.1 Scenario Description

One of the scenarios presented in [21] is of particular interest for the project of an Aggregator
on Gotland: the so-called �Northern Suburban Village�.

Geography The scenario evaluates the potential success for an Aggregator in a Northern
country, with high heating demand during the winter (mostly supplied by district heating) and
where lighting and domestic use constitute most of the electric demand. The suburban area
chosen implies a medium consumer density, with local small businesses but no big industry. The
grid is not overloaded and of rather good quality, even though the consumption is sometimes so
low that it creates overvoltage concerns.

Consumers The private consumer pro�le is of a well-educated, environmentally concerned
family with children living in a small detached house and with high income. Lacking heavy
industries, the global commercial load (mainly o�ces) is not very �exible.

Electricity Production The electric industry has been liberalized for a while and competition
is working well on the electricity market. Retail is also open to competition and consumers are
prone to change of retailer for economic reasons or to have access to green electricity. The
electricity mix, comprised mainly of hydro and nuclear power helps keeping a low price. Even
though most of the heating is provided by district heating, the interest for heat pumps and
micro-generation from private consumers is large, encouraged by favorable policies.

Technology Private consumers are early-adopters of new technologies, and have a genuine
interest for the newest generation of home equipment, at the same time as there is good high-
speed internet coverage, wireless network and smart metering is scheduled to appear in the next
few years.

The implementation of an Aggregator in such a scenario is believed to become successful by
2020 but the bene�ts from it will not be signi�cant. The limited pro�table impact of an Aggrega-
tor on the di�erent actors involved (TSO, DSO, producers, consumers, retailers, administration)
is due to the relatively good starting conditions. Hydro generation provides cheap and �exible
electricity, the potential for �exible loads is low, the distribution grid does not su�er from high
loads and the penetration of unpredictable renewable sources is still negligible. Some factors can
however have a positive in�uence on the overall outcome: the emergence of electric vehicles will
create new opportunities for a higher �exibility and the securing role of an aggregator would
reduce the risks faced by other actors (retailers, BRP). Finally, as the market has free entrance,
it is possible that a vast number of aggregators �rst appears, followed by readjustments and
vertical integration in order to �nd synergies and increase bene�ts.

13



1.4.2 Remarks

The results of the deliverable are mainly based on qualitative interpretations of a panel of experts
and do not give any quantitative evaluation of the potential outcomes for an Aggregator, as it
would be useful for this project. Nevertheless, the study reveals a number of essential conditions
that must be ful�lled in order to get a good basis for a successful deployment of the Aggregator
architecture in a given scenario. Such factors are: a large consumer density, a large �exible load
(air conditioning or electric heating), need for �exible production, high energy prices, limited
capacity of the distribution grid, strong penetration of renewable energy, good ICT infrastructure,
�exible industry, active consumers, favorable regulatory framework and technology development
(PEV, smart metering).

The tables below compare the assumptions made in the ADDRESS scenario to Gotland's
own characteristics. table 1.2 lists the common aspects and di�erences between each situation
while table 1.3 highlights the key factors that will in�uence the successful implementation of an
Aggregator on Gotland.

Table 1.2: Comparison between the ADDRESS assumptions and Gotland (sources: [21],chapter 2)

Condition ADDRESS scenario Gotland Comments

Geography
Northern suburban

village
Northern

Medium density island
Identical

Heating District
District

Heat pumps
Heat pumps is an

advantage
Electric
Demand

Mainly private
households

Mainly private
households

Identical

Consumer
Density

Medium
Small businesses

Medium
Small businesses

Identical

Consumer
Pro�le

Family with children
Individual house

Wealthy and educated

Family with children
Individual house

Slightly under Swedish
average

Identical

Grid
Good conditions
Not overloaded

Aging network
Partially overloaded by
excess of production

Higher chances of
success

Market
Situation

Competition Competition Identical

Electricity
Mix

Hydro
Nuclear

Wind
HVDC-imports

Depends on the
�exibility of the
HVDC cable

ICT
Infrastructure

Good Good Identical

Perspectives
Smart metering
Electric vehicles

Smart metering
Electric vehicles

Identical
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Table 1.3: Key factors for success related to Gotland's characteristics (sources: [21], chapter 2)

Parameter
Success
Value

Gotland's
Value

Comments

Consumer
density

High Medium A few dense urban nuclei (Visby)

Flexible load

Yes
Air

conditioning
Industry

No
electric heating instead of air

conditioning
Only one industry

Flexible
production

No Yes/No
Wind production's lack of �exibility is
more than compensated by HVDC

power �ows
Electricity

price
High

Relatively
low

Likely to become more volatile and
slightly higher

Distribution
grid

Overloaded Overloaded Upgrades scheduled for 2017-2025 [22]

Renewable
sources

Strong
penetration

Strong
penetration

Higher penetration limited [23]

Consumer
behaviour

Active
Green

Relatively
passive

Retailers must have more competitive
o�ers

Regulatory
framework

Favorable Nonexistent
Steps towards more favorable

regulations
ICT infras-
tructure

Good Good -

Technology

Intelligent
appliances
Smart

metering
EV

Smart
metering

Good conditions for EV development

What can be inferred from these tables is that although Gotland ful�ls some of the key
success parameters, a part of them will have to be studied further in order to determine to what
extent they can a�ect the successful development of an Aggregator on the island. At the same
time, the information collected during the pre-study and presented in chapter 2 will determine
whether there exist higher chances of prosperous implementation of an Aggregator on Gotland
than for the ADDRESS scenario.
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Chapter 2

Gotland's Power System

In order to correctly design a business model for an Aggregator speci�cally adapted to Gotland,
the current situation of the island's power system has to be described. The objective of this
chapter is not to provide a comprehensive and detailed description of all the technical components
of Gotland's system but rather to o�er a broad overview on the key factors identi�ed in 1.4.
Wherever possible, a long-term evolution perspective up until 2020-2050 will be presented so
that future business models can be built with a long-term vision.

2.1 Gotland in brief [24]

Figure 2.1: Gotland

The island of Gotland has a surface of 3184 km2 (0,7% of Sweden), and 57308 inhabitants (0,6%
of Sweden), i.e. a relatively low density of only 18 pers./km2. The population on the island
has not evolved signi�cantly since the beginning of the 1990. This is why no strong population
expansion is forecasted over the coming decade, and a reasonable estimate of around 60000
inhabitants by 2020 can be predicted. It is to be noted that the island is also subject to very
high seasonal variations of its population, mostly in summer, due to its touristic attractions,
and receives around 850 000 visitors a year, which can have a signi�cant impact on the electric
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consumption pattern, if the trend continues to expand in the near future at the same pace as
the past �ve years.

2.2 Power System

2.2.1 General Assumptions

The exact and detailed description of the electric grid and power system of the island of Gotland
would imply processing an extremely large amount of data without direct relevance with regard
to the master thesis. This is the main reason why only a few parameters have been given
priority in this chapter. Taking example from the ADDRESS-project [21], a list of the main
aspects to be looked at has been established, while the remaining features are only assumed
to correspond to the desired criteria for an Aggregator business to function. The actual status
of those assumptions as well as indications on how those features can evolve and improve shall
naturally be veri�ed prior to putting into application real business cases.

Below comes a list of the main assumptions in the master thesis.

Regulatory Framework There is currently a lack of regulatory framework concerning the
Aggregator role and its action environment in the electricity market. However, this is to a large
extent due to the current absence of Aggregators. It is therefore taken for granted that when
an Aggregator structure is needed, the necessary regulations and legal arrangements will be
implemented in due time. In the thesis, the regulatory framework is supposed to be optimally
designed to allow for any Aggregator structure to arise.

ICT Infrastructure It is presently hard to evaluate the extent of the communication infras-
tructure to be built as it will depend on the �nal model that will be agreed upon. GEAB [6] is
developing an optic �bre network aiming at connecting all its clients through high-speed commu-
nications. As regards wireless infrastructure, the development of a 4G net on the island in the
coming years is planned. Meanwhile, the island is enjoying 3G communications. The existence
of high-speed wireless ICT infrastructure is a good omen for the development of smart grids and
managing of information such as near-real-time consumption data sent to the Aggregator by
smart meters. Another prerequisite for Aggregator services is the existence of smart meters in
the prosumers' premises. Meters with hourly measurements are already in place for the biggest
consumers (industry and commerce) but the technology shall be extended to residential clients in
order to expand the Aggregator's service providers' base. The roll-out of such meters is believed
to take place in the next years, regardless of the implementation of Aggregators. The costs to
cover the whole island with smart meters is likely to have a tangible impact on the economic
outcome for the Aggregator business model and the �nancing solution will have to be studied
further later on.

Market Situation Regardless of the Aggregator's business model that is �nally chosen, it
must respond to a market need i.e. it cannot be successful if there is no necessity for peak
consumption avoidance, either for economic or technical reasons. It is also assumed that the
Aggregator will play in a perfectly competitive market and will provide the services that are
required at an attractive price compared to other existing solutions. A more detailed description
of those services and their economic model is given in chapter 3.

2.2.2 Essential Features

When referred to the island's power system, special focus has been drawn on the following as-
pects. An evaluation of the current situation is presented, and reasonable evolution perspectives
are also put forward whenever possible.
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Distribution Grid The distribution network on the island is a mature grid that does not
need further extensions. The fast development of wind power, due to the favorable situation
of Gotland, will soon require heavy investments to upgrade the existing infrastructure to deal
with power �ow regulation as the decentralised production exceeds the load. An overview of the
planned works is presented and one of the Aggregator's goals would be to smooth and postpone
these infrastructure upgrades through an optimised management of the power �ows.

Production Structure Apart from wind power, the island does practically not have any
local production. Nearly 75% of the electricity needs are imported from the Swedish mainland
via the HVDC cable. The forecasted evolution is nonetheless bound to change radically. The
development of wind farms will allow the island to be self-su�cient on a yearly basis. The role
of an Aggregator would be to match the consumption to the intermittent wind production and
minimise the moments when imports are necessary.

Load Pro�le Gotland is not an industrial region and the load is equally distributed between
industrial, commercial and private consumers. This allows for a diversi�ed service providers'
basis for the Aggregator.

Customer Behaviour It is of utmost importance for the Aggregator to be successful to have
access to a �exible load. This seems hard to achieve in the current situation if private households
are not involved, since the industry alone does not provide enough possibilities. An evaluation
of the potential curtailments is given to give an idea of the size of the Aggregator's bids on the
market.

District Heating This last paragraph does not directly apply to the Aggregator's business
models since district heating is rarely electrically driven. It is nevertheless important to keep
in mind the importance of district heating, its sources and its geographical area. Indeed, the
economic situation or the technical evolution of the heat source (e.g. waste heat from a nearby
industry) can encourage the customers to switch from/to electric heating. It is therefore a
potentially risky variable to take into account in an Aggregator's business plan.

Technological Improvements Even though not currently available, certain technological im-
provements expected to take place in the 2020-2050 horizon have to be evaluated. The estimated
impact these new technologies will have on the Aggregator's business models is hard to predict
but they can have a decisive in�uence on the overall economic outcome. In this case, rough
estimates for the integration of electric vehicles to the grid and their potential contribution to
power regulation are given.
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2.3 Distribution Grid [6]

Figure 2.2: Overview of Gotland's Grid (source: [22])

Only a general overview of the distribution grid is presented. No speci�c technical data need
to be provided to get a good understanding of the current situation. The grid consists of high
voltage 70kV lines, medium voltage 30kV overhead lines and a 10kV local grid. A 70km long
HVDC-light cable between Näs in the South (large wind farms) and Visby (main consumption
centre) allows for increased transmission capacity (80kV, 60MVA, 50 MW) and signal regulation.
The island imports electricity through an HVDC cable (150MW) uniting Västervik to Ygne. As
the cable is sometimes used at its maximum capacity [23], two HVDC cables are planned to be
built by 2017 to increase the exchanges with the Swedish mainland (2x400 MW) [22], especially
in periods with high wind power production. The total distribution grid has a length of 5852km,
of which 3108km are underground cables. The grid does already experience critical situations at
times when the installed wind farms produce at their maximum potential and consumption is
low. Although GEAB has undergone important investments for grid maintenance (100 MSEK
since 2005, above the planned operation and maintenance), the security level lies nevertheless
under the Swedish average. Over the past years (2004-2008) the clients have su�ered in average
161 min of load interruptions per year (99,97% availability). This is almost 100 min more than
the average Swedish distribution grid interruption [18] and is far from the current objectives of
the Swedish DSO to reach the four-nine limit for the system availability: ASAI=99,99%. In
order to comply to the legal objectives to reduce the length of the interruptions [18], GEAB
will have to expand its investments in grid upgrades and complementary reserve power to use
as power �ow regulation. Furthermore, the planned development of wind farms will require a
constant and extensive upgrade of the current grid as well as the building of new lines as more
decentralised sources require extra connection points.

It is therefore interesting from the DSO viewpoint to introduce an Aggregator on the island
since the activities of the latter will imply enhanced grid security through consumption pro�le
readjustments and thus reduced investments for the former. The Loss Of Load Probability
(LOLP) will most likely be improved down to the desired levels without extra costs for the DSO.
The connection of the two new HVDC cables as well as the planned upgrading of the grid to
a higher voltage standard (130-220kV compared to the current 70kV) in order to respond to
the wind power development plans however, appear as a strong impediment for the long-term
success of an Aggregator since they are expected to bring higher security of supply allowing
the dampening of intermittent wind production. This grid upgrade is thus very likely to a�ect
negatively the Aggregator business model since the services it can provide and that are currently
needed will become useless as soon as the new grid has been installed.
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2.4 Production Structure

In the present situation, Gotland is far from being electrically autonomous over an entire year.
The island lacks base-load power plants other than wind farms. Most of the electricity (ca. 75%)
is imported from the Swedish mainland via the HVDC cable (utilised at 60% of its maximum
capacity) while the rest is supplied by the 155 local wind farms, with an installed capacity of
114 MW that produced 233 GWh in 2010, i.e. 27% of the annual electricity consumption [24].
In certain periods, the wind production even exceeds the instantaneous consumption and the
excess power is then exported to Sweden via the HVDC cable. The island maintains its own
frequency very e�ciently through the HVDC cable, and does not need any additional frequency
regulation. The thermal power plants located on the island are only used in extreme situations
when the HVDC cable is not functioning. They are designed to meet the total demand on
Gotland, regardless of the amount of installed wind power. There are four gas turbines located
in Bäcks (12 MW), Hultungs (12 MW) and Slite (2x60 MW). One diesel plant of 36 MW in
Visby is also used in periods when it is economically pro�table to run it [4]. Finally, Cementa,
the cement industry on Gotland owns two generators of 10MW each for its own electricity needs.
The production structure is summarized in table 2.1.

Table 2.1: Production Structure (sources: [4, 24])

Source Power (MW) Production (GWh, 2010)

Wind 114 233
Gas 144 -
Diesel 36 -
Imports 60 ca. 630

Total 354 8631

Gotland has set up a series of ambitious goals as regards the energy use on the island. The
objectives, compiled in the plan Vision Gotland 2025 [25], are to be attained by that date and
can be summarized in one sentence: at the end of the period, Gotland's energy utilisation must
be climate-neutral and based to a large extent on the use of local renewable energy sources.
Concerning electricity production, a strong incentive policy will be put in place to support the
development a small scale production from biomass, solar and wave energy. But it is naturally
wind power that will bene�t the most from this Vision. According to the stated objectives, the
island shall either have an installed capacity of 1 GW on land or a total production (on- and
o�shore) of around 2,5 TWh p.a. In other words, this would imply a ten-fold increase over the
next �fteen years for the wind industry on Gotland and the production would represent more
than 2,5 times the actual consumption on the island. table 2.2 shows the renewable electricity
production evolution until 2025 according to the objectives set by the region.

Table 2.2: Evolution of Renewable Energy (sources: [25, 24])

Energy Source 2005 2010 exp. 2010 settled Objective 2025

Wind
90 MW 160 MW 114 MW 1150 MW
173 GWh 330 GWh 233 GWh 2460 GWh

Biomass 0 0 0
30 MW
150 GWh

Biogas 0 30 GWh 0 50 GWh

RES Production 180 GWh 360 GWh ca. 233 GWh 2663 GWh
RES share 22% 42% 27% > 300%

From an Aggregator's perspective, the planned shift of electricity production towards a mas-
sive use of renewable, intermittent and decentralised sources can act as a positive trigger for a

1Corresponds to the total consumption
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successful implementation. Increased uncertainty of supply, coupled to the risk of local power
over�ow in the grid are two threats that an Aggregator could help reduce to a certain extent by
adjusting local consumption and wind production, even though the bene�ts will appear to be
limited given the disproportion between the load and the future installed wind capacity.

2.5 Load Pro�le

The total consumption of electricity on Gotland was 863 GWh in 2009 (0,67% of Sweden's),
distributed according to �gure 2.3. Despite the fact that the island is not an industrial region,
industry remains the main consuming sector amounting to approximately one third of the total
load, mostly composed of one actor: Cementa. The cement industry, which possesses its own
independent organism to deal with electricity consumption and counts two back-up generators
of 10 MW each, stands for more than 25% of the island's total electricity use (ca. 225 GWh
p.a.). Yet, agriculture and households contribute for a signi�cant share.

9%
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Transport
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Individual Houses

Collective Apartments

Figure 2.3: Share of Electricity Consumption, by Sector, 2009. (source: [26])

The current network is designed to withstand up to 160 MW power �ow, which does not
seem to create any problems as far as the electric consumption is concerned. On average, the
daily power consumption lies around 100 MWh/h with variations of about 30% between peak
and valley hours. Sometimes (2% of the hours in 2010 [6]) the wind production can exceed the
consumption, whereas it can also happen that almost no wind electricity is produced during
peak consumption as �gure 2.4 illustrates.

Figure 2.4: Wind Production and Load on November 10th, 2010 (source: [6])

According to [25], the total electricity consumption on the island is not expected to grow the
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coming years; on the contrary, the environmental objectives are rather aimed at reducing the
global energy consumption by 5% in 2025 compared to 2005 levels.

The presence of an Aggregator would be clearly noticeable even though it is still hard to
predict at this stage to what extent it could in�uence the daily load curve. The Aggregator
services could be oriented towards �attening the curve or on the contrary adjusting it to the
instantaneous wind production, which could result in higher and less predictable variations.
The special situation of Cementa must be taken care of since it will most likely fall out of an
Aggregator's business perimeter as an independent actor on the electricity market. In order to
o�er optimal compensation for the daily variations, the Aggregator would need to get access to
a �exible load corresponding to about a quarter of the average consumption (without Cementa),
i.e. between 15 and 20 MW of reserve power, thus having an impact comparable to one of the
existing gas turbines.

2.6 Customer Behaviour

GEAB as DSO, is responsible for delivering electricity to 39500 customers on the island. �gure 2.3
allows to identify three main sectors:

� Industry, Commerce and Agriculture

� Public Sector

� Residential consumers

For each of these potential service providers for the Aggregator, an overview of the current
situation and the perspectives of evolution are presented in order to determine which of them
would be of highest interest for an Aggregator.

2.6.1 Industry, Agriculture and Commerce

With the assumption that �Other Services� correspond to the commercial load, these three actors
represent more than 60% of the load and can o�er an important �exibility to the Aggregator. The
main consumer on the island is Cementa, with around 25% of the total electricity consumption
(225 GWh p.a.). This actor would most likely not participate in an Aggregator portfolio since it
already has dynamic consumption based on internal optimisation and can count on two 10 MW
backup generation units. Among other industrial customers on the island, an Aggregator could
still potentially have in its portfolio a limited amount of customers with a signi�cant amount
of reserve power. As most industrial and agricultural industries do not need a speci�c timeslot
to perform their activities, they would be able to provide an Aggregator with a signi�cant
proportion of their power consumption for intra-day load-shifting purposes.

It is doubtful that the industrial consumption on Gotland will experiment signi�cant in-
creases: no new industries are planned to be built, the current ones do not have any expansion
plans either and energy e�ciency measures or more e�ective processes will rather decrease the
total consumption, yet to a rather limited extent [25].

Guessing that these actors can o�er about one third of their load for �exibility purposes,
this would correspond to around 10 MW of active demand services that the Aggregator would
dispose on the market. On the other hand, such an outcome is very unlikely to take place. This
is mainly due to the fact that many of the biggest industrial and commercial consumers have
most likely already adopted an active behaviour by choosing market-based tari�s, even though
an Aggregator would certainly contribute to improve the �exibility management regardless of
the tari� structure.

It is very di�cult to predict the extent of participating C&I customers into an Aggregator's
business, but their involvement is of utmost importance for a successful implementation on Got-
land.
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2.6.2 Public Sector

The second promising service provider would be the public sector, responsible for roughly 10%
of the island's consumption. The Region of Gotland is responsible for the administration of
schools, o�ces, hospitals, etc. Put together, the total electricity consumption of the half million
square metres of public buildings has been relatively stable over the last years, amounting to
about 35 GWh p.a. (Energy Use in Public Buildings (source: [27])).

Figure 2.5: Energy Use in Public Buildings (source: [27])

The Region has a strong will to reduce all unnecessary consumption through extensive cam-
paigns of energy optimisation. The action of the administration has been quite successful and
they have achieved substantial reductions, essentially in heating needs. The electric consumption
however has remained almost constant since 2002, and no signi�cant changes in the future can
be foreseen.

Figure 2.5 and Region Gotland's environmental objectives clearly indicate that an Aggrega-
tor's business would be welcomed. The relationship would nevertheless be di�erent from industry
clients. Administrative buildings have by nature, very low possibilities to adopt �exible electric-
ity consumption and it is therefore doubtful that an administration would accept to work in night
shifts just to get access to cheaper electricity. On the other hand, the consumption patterns of
these administrations are very easy to predict, since they only consume during business hours.
Instead of providing load �exibility to the Aggregator, such actors could act as load curtailers.
Since most of the electricity consumption in o�ces is dedicated to lighting purposes, an Aggre-
gator could temporarily reduce the lighting intensity in the buildings (for concrete applications
and results see [17, 12]). As no electric heating is used in public buildings, it can be estimated
that lighting and other shedding devices represent up to one third of the total consumption. A
quick evaluation of the available load shedding for an Aggregator would be in the order of 1
MW, assuming that o�ces are only consuming electricity during business hours and that half
of the lighting can be switched o�. Besides, the results of the pilot study [17] show that light
dimming does not a�ect either the performance or the workers' satisfaction. Compared to the
potentials of load shifting given by the industrial sector, this load shedding represents only ten-
fold lower capacities but on the other hand it is centralised under a unique service provider and
has the signi�cant advantage to avoid payback e�ect. The public sector can therefore be seen
as a useful complementary service provider that can locally dampen the payback e�ect caused
by the industrial load-shifting services.

Simply put, if the industrial sector responds to price signals, the public sector provides network
security services.

2.6.3 Residential Sector

Private households, comprised of individual houses, collective apartments and holiday dwellings
represent almost 30% of the yearly consumption on the island (2.3). The actual detailed share
is shown in �gure 2.6 below:
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Figure 2.6: Share of Electricity Consumption, by Residence Type (source: [26])

The speci�c situation of Gotland as a touristic destination is re�ected in the high share of
holiday residences, which correspond to 40% of the total amount of individual houses on the
island [24]. Although their consumption is rather important, their inclusion in an Aggregator's
activity perimeter is rather complex due to the high seasonal variations and an electricity use
pattern hard to predict. Another noticeable feature is the relatively low importance of apartment
buildings, 20% of the residences but only 13% of the residential load ([24], 2.6).

Regardless of the type of residence, the consumption of electricity apart from heating follows
approximately the same pattern, summarized in �gure 2.7.

Figure 2.7: Distribution of Households' Electricity Consumption (source: [28])

[28] calculates that an average Swedish apartment has an annual electricity consumption of
about 3000 kWh p.a, whereas for individual houses, the total goes up to 4500 kWh. For active
demand purposes, smart appliances can be used to a certain extent in order to shift the load and
provide intra-day �exibility. This is the case for washing machines, dishwashers, and for smaller
periods, refrigerators and freezers. Altogether, this corresponds to approximately one third of the
yearly consumption. It is hard to translate it to �exible power reserve but the available energy
available for load shifting from multi-dwelling buildings can be assessed to around 10 GWh p.a.,
of which only 3.5 GWh p.a. really are programmable loads (dish, and washing machines). The
low potential can be explained by the fact that there is a relatively small number of collective
apartments on the island. Among individual houses, up to 50 GWh p.a. of �exible load (of
which 18 GWh, 2% of the island's consumption really are programmable).

The situation with electrically heated houses is di�erent, since heating is a perfect product
for the needs of load shifting for an Aggregator, all the more so that electric heating is usually
most used during peak load situations and high prices. Electric individual heating is also easy
to program and can respond to either anticipated price signal or immediate network security
measures. All in all, households equipped with electric heating could provide an Aggregator
with a signi�cant �exible consumption.

On Gotland, electric heating is rather popular [24]. More than 10% of the apartments use
electricity for collective heating, representing 100 000 m2 of heated area. Among individual
houses, almost two thirds use electricity to meet at least part of their heating needs, totalling
11000 houses, 40% of them use electricity as their only heating source (either directly or through
heat pumps). On average [28], only the direct electric heating in individual and collective
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dwellings would represent nearly 55 GWh p.a. which, added to the 20 GWh p.a. coming from
electric appliances would represent up to 9% of the annual consumption and possibly much
higher percentages in winter periods where the heating demand is at its maximum.

As can be inferred from this analysis, the involvement of the residential sector can have a
decisive in�uence on an Aggregator's success. With a potential of load shifting of almost 9%
of the annualised demand, and much higher shares during the critical winter period, private
households can help avoiding overload situations on the grid and reduce the costs related to the
purchase and distribution of electricity for the retailers and DSO.

The success of active participation from private consumers depends nevertheless on a series
of external factors and necessary conditions in order to trigger their involvement. First and
foremost, it must be remarked that the current structure of electricity tari�s in Sweden does
not provide any incentives for consumption �exibility. Private customers are only o�ered �xed
tari�s, either based on a monthly or yearly average. They have therefore no interest whatsoever
to participate in load shifting since they would lose comfort without any counterpart. In the
future, if an Aggregator were to be introduced, �exible tari�s such as Time of Use (ToU), already
common in other European countries; or even real-time tari�s, like it is being discussed [1], would
be necessary to get private consumers involved. The advantage of introducing such tari�s is that
it is done at no extra cost for the Aggregator, and it rewards the consumers' �exibility through
reduced electricity bills. Moreover, the retailers will not necessarily su�er from reduced pro�ts
since lower consumption during peak times also implies lower purchases on the stock market
when the prices are highest and margins lowest. As can be seen in �gure 2.8, the introduction
of tari� discrimination for households has a clearly noticeable impact. Besides, consumers have
a good perception of active demand programmes [31, 13].

Figure 2.8: Daily Load Pro�le, Household with Electric Heating and Remote Load Control (source:
[13])
NB: Note the payback e�ect caused by heating load shaving

Other important factors to take into account for an Aggregator's business is the management
of a large number of very small and dispersed customers. This rises, beyond the technical issues
of communications that are assumed to be satis�ed, the problem of data con�dentiality. Private
consumers will have to send via their electricity meters their consumption pro�le, probably
without them noticing. Protests might arise since this fact can be seen as an illegal violation of
their intimacy. A well-de�ned con�dentiality clause included in the contracts with the Aggregator
is a necessity to avoid legal pursuits.

The participation of electric heating as a service provider in the Aggregator's portfolio is
a double-edged tool. On the one hand it provides signi�cant load shifting in critical periods
when the electricity prices are high and/or in peak-load occasions. Shifting the heating load has
obvious immediate consequences, enhancing the distribution grid security and minimising the
retailers' exposure to price spikes. Moreover, this active demand participation only incurs in a
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minor discomfort for the private customer. On the other hand, the payback e�ect is substantial
(see �gure 2.8) and all the bene�ts from load shifting can end up being cancelled by the rebound
e�ect afterwards. Higher security complications than in the original situation can thus happen.
Several counteractions can be imagined. The most e�ective would be to manage the heating
load on a geographical and quarterly basis to minimise the �payback e�ect� both in space and
in time. In practical terms, this would mean that instead of o�ering 4 MW of load shifting that
is available from its portfolio, the Aggregator would only sell 1 MW over one hour and switch
o� or on 1 MW of heat demand every 15 min, if possible equally split over its geographical area.

Finally, the evolution of the consumption pattern for private households has to be carefully
monitored. Most of the load shifting is obtained through electric heating that might gradually
be phased out as more e�cient and cheaper alternatives come into the market, such as district
heating in some regions or heat pumps. This evolution, which cannot be discarded, is a real risk
for an Aggregator's business model to work in the long term. The speci�c question of heating is
treated with more detail in 2.7.

2.7 District Heating

As can be observed in �gure 2.9b, the annual district heating production on Gotland amounts to
around 250 GWh in 2010, mostly biomass-based. Collective apartments are responsible for half of
the consumption whereas public buildings almost 25%, as illustrated by �gure 2.9a. The district
heating network owned by GEAB is rather small [6], with 76 km of pipes and concentrated
around the four most populated areas of Gotland: Visby, Klintehamn, Hemse and Slite. GEAB
is the retailer for about 1000 consumers but the production is mostly provided by industrial
actors.

8%

23%

12%

7%

50%

Industry
Public Sector
Other Services
Individual Houses
Collective Apartments

(a) Share of District Heating Consumption, by
Sector (source: [26])

(b) Energy Mix for District Heating (source: [27])

Figure 2.9: District Heating on Gotland

District heating, although important in terms of energy delivered, is restricted to four areas
that also correspond to the most industry-intensive and populated regions. It is therefore unlikely
that this type of heating solution will extend signi�cantly and replace a large amount of current
electric heating.

2.8 Technological Improvements

2.8.1 Electric Vehicles

Gotland's reduced area ensures perfect conditions for the development of electric vehicles. The
maximum extension of the island from North to South is less than 150 km and no city is farther
than 100 km from Visby. This implies that the current electric cars could drive over the entire
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island without the need to stop and recharge batteries, thus limiting the investments in public
charging stations. The current situation on Gotland shows that there are almost 33000 cars on
the island, 20% of them being business cars, and the average yearly distance was 1231 km, as
table 2.3 summarizes.

Table 2.3: Automobile Statistics for Gotland (sources: [26, 24])

Concept Quantity

Personal Cars 32 796
of which, Business Fleet 6956
Average Daily Distance 3.37 km

It can be noticed that the average daily travelled distance is very low, implying that charging
stations at home or at workplaces would probably be enough to comply with the needs of
most drivers. The presence of company cars is an interesting aspect since the turnover of this
type of vehicles is high and EV could be easily and rapidly implemented if it is economically
bene�cial. Furthermore, Gotland's region has adopted a resolute environmental policy oriented
towards a climate-neutral energy use by 2025 [25], which could promote the development of
EV, although no mention of such solution is made in the o�cial objectives. The municipality
has instead chosen the alternative of biogas and biofuels for the public transport �eet. At the
same time, Gotland's private vehicle owners do not seem to have a speci�c interest for new more
environmentally friendly cars, as statistics show [26, 24]: less than 2% of the existing �eet is
de�ned as environmental car and the average vehicle is 13.5 years old.

The perspectives of evolution are quite di�cult to determine and it does not seem plausible
that electric vehicles will represent a noticeable share of the �eet on the island before 2020, and
the long-term evolution relies on many uncertainties that make any attempt to give an estimation
of EV penetration on the market pointless.

If an Aggregator were to use the storage capacity of EV batteries to use as load management,
the potential on the island could be very high. Based on the assumptions that 5% of personal
cars and 50% of company �eets' will consist of EV, 75% of the cars are parked at each instant
(mostly true except critical commuting times, see [32]) and that each vehicle can deliver 3 kW
of instantaneous power (limited by household plugs), this would supply an Aggregator with a
power �exibility (either down or up-regulation) with around 10 MW to use on the market. An
overview of the total potential of electric vehicles for power regulation is given in table 2.4. This
is obviously a very promising business niche that could be decisive for an Aggregator to get
economic bene�ts. The main problems of this technology is that it still lacks market maturity
and its development will depend to a vast extent on the political support for this technology,
both locally and nationwide.

Table 2.4: Potential Power Flexibility as a Function of EV Penetration

Share in
Private
Cars (%)

Share in
Business
Fleet (%)

Total
Power, 3
kW plug
(MW)

% of Max.
load2

Total
Power, 10
kW plug
(MW)

% of Max.
load

0 10 1.4 0.8% 4.7 2.5%
5 50 10 5.5% 33 18%
5 100 17 9% 57 31%
10 100 20 11% 67 37%
50 100 44 24% 145 79%
100 100 73 40% 243 133%

As table 2.4 shows, the possibilities o�ered by EV to an Aggregator in terms of power quantity
and �exibility are really impressive but many external factors will in�uence their development

2Max load on Gotland for 2010 was 183 MW
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and it is therefore advised for an Aggregator's business model to be able to function without too
optimistic assumptions on EV expansion.

2.9 Conclusions

This preliminary study has tried to o�er a large but detailed overview on Gotland's power system
in the current situation oriented towards the creation of an Aggregator's business model adapted
to the island's speci�c characteristics. Some conditions, without which such an entity could not
appear on the market, have simply been assumed and the validity of these assumptions will have
to be checked before an actual implementation. It mostly relates to external factors such as legal
framework, communication infrastructure and market conditions.

The critical parts of Gotland's power system have been analysed: the current and future
challenges that each component faces and their contribution to an Aggregator business have been
evaluated. As far as the distribution grid is concerned, the DSO is currently facing problems
related to the fast development of wind power on the island. The current grid can hardly accept
any more integration of wind power and regulation needs may be needed in the coming ten years
until new HVDC-links to the Swedish mainland and the grid upgrades to higher voltage levels
are achieved. Afterwards, even though wind power continues to expand, it is believed that no
external power �exibility will be needed anymore. The production structure on the island is
essentially limited to wind power. All consumption above the wind production is regulated via
the HVDC cable. Reserve power plants, mainly gas turbines, only serve as back-up emergency
units in case the cable is not able to respond to the needs. An Aggregator could in such emergency
situations avoid the expensive use of part of these units through load reduction or shifting. The
load pro�le on Gotland is characteristic of the Swedish load: peak periods during the morning
and evening and low consumption at night. An Aggregator could to a certain extent reduce
the di�erence between day and night consumption in order to maximise the local use of wind
energy (and thus limit the transmission losses on the grid). This would only be a temporary
measure since the development of wind power will represent by 2025 more than 2,5 times the
annual consumption and an installed capacity six times larger than the peak load. Electricity
consumption on Gotland is essentially dominated by large industrial and agricultural customers,
representing almost half of the annual consumption. The potential contribution of these actors to
�exible demand is huge but, as part of them already act as active prosumers, it might be di�cult
for an Aggregator to fully bene�t from it. A second interesting service provider is the public
administration, which can participate in load shaving through a net reduction of consumption.
This service, though limited in size, can be helpful for an Aggregator in order to manage pay-
back e�ects. Finally, an aggregated participation of individual houses with electrical heating
would provide large amounts of demand response for load shifting at times when the situation
on the electricity market is most critical. Special care must however be taken concerning the
rebound e�ect that can cause higher problems afterwards.

The evolution of two parameters must be followed very closely since they can have a strong
in�uence on the economic outcome of the Aggregator's business. On the one hand, district heat-
ing, currently geographically limited (but already available for half of the island's population),
represents a great amount of the heating needs. The expansion of district heating or other e�ec-
tive technologies might put in jeopardy the whole Aggregator's business with private consumers,
if electrical heating is replaced by other sources of energy. On the other hand, the apparition of
EV, most likely after 2020, will have a positive impact for the Aggregator because of potentially
high quantities of load regulation, both through extra power consumption or reduced load.

All in all, the current conditions on Gotland appear to be favorable for the creation of a
demand Aggregator, with active demand services provided essentially by industrial partners and
electrically heated private households, which can enhance the reliability of the grid under the
transition period until 2020. Afterwards, and depending on the EV penetration on the market,
a market-oriented solution is conceivable dedicated to optimise the economic output of a pool of
active prosumers.

Figure 2.10 presents a brief SWOT analysis for each of the system's components with respect
to an Aggregator's business.
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Distribution Network
STRENGTHS

� Partly overloaded

WEAKNESSES

� No need of frequency 
regulation

� Emergency situations dealt 
with HVDC-cable

OPPORTUNITIES

� Punctual use of 
Aggregator's services until 
2020

THREATS

� After 2020 : upgraded grid 
and new HVDC links

� No problems for the grid

(a) Distribution Grid

Production Structure
STRENGTHS

� Abundance of wind 
production

� Expensive back-up gas 
turbines

WEAKNESSES

� No need of power 
regulation, all is done 
through the HVDC-cable

OPPORTUNITIES

� Possible replacement of 
back-up units by flexible 
demand

THREATS

� Extreme amount of wind 
power

� Reduced need for back-up 
units

(b) Power Generation

Service Providers
STRENGTHS

� Flexible Industry

� Electric heating in private 
dwellings

WEAKNESSES

� Some of the industry 
already active consumer

� Important share of district 
heating

OPPORTUNITIES

� Opportunities for a 
market-based Aggregator to 
use flexibility in order to 
reduce bills

THREATS

� Extension of district 
heating and alternative 
heating sources

(c) Service Providers

Electric Vehicles
STRENGTHS

� Geographically interesting 
solution

WEAKNESSES

� Current absence of EV

� No infrastructure

OPPORTUNITIES

� Highly profitable outcome 
on a long-term perspective

� High flexibility provided, 
both up- and down-
regulation

THREATS

� Uncertain pace of 
development

� Need for a critical pool-
size

(d) Electric Vehicles

Figure 2.10: SWOT Analysis of Aggregators' Business Opportunities on Gotland

29



Chapter 3

Analysis of Business Opportunities for

Aggregators

The services that an Aggregator can deliver are of di�erent nature depending on which actor
they are destined to. In this chapter, special focus is given to the technical services that an
Aggregator structure could o�er to the Distribution System Operator (DSO) in order to ensure
a better functioning of the distribution grid. It must however be kept in mind that an Aggregator
can o�er services to other actors such as retailers or directly act on the electricity market as a
stand-alone operator. In those two cases, the objectives are oriented towards improved economic
performance, either through risk-hedging or �nancial optimisation.

A list of services that can be o�ered to each type of client is listed and analysed. The technical
feasibility of the required service is evaluated and the economic outcome estimated, based on a
comparison with the conventional solutions. Possible barriers and risks are also presented.

3.1 Services to DSO

The existence of an Aggregator opens a whole range of new solutions for the DSO to tackle with
grid problems, both in case of emergency situations and with a longer-term perspective. The
�exibility o�ered by the Aggregator will allow a better management of the existing local grid
and thus defer upgrades and investments in new components by increasing the lifetime of the
current infrastructure.

3.1.1 Peak-Load Shaving

The �rst service that a DSO can ask an Aggregator is to contribute to smooth the load curve
in some critical situations. A correctly designed grid shall be able to cope with the maximal
expected load. Nevertheless, as distributed generation and load pro�les evolve at a higher pace
than grid upgrades, load and/or DG �exibility can postpone new investments through peak load
shaving, i.e. limiting the number of occurrences when the grid is solicited at its top capacity.
The DSO can use two types of standardised services: either Scheduled Repro�ling (SRP) or
Conditional Repro�ling (CRP) [21].

In the case of SRP, the DSO signs a binding bilateral contract where the Aggregator is
complied to reduce the load by a certain amount of power during speci�c time slots known
in advance (the typical time-frame is day-ahead market). The DSO estimates through the
aggregated load curves for its area that the grid will be used at its top capacity and therefore
asks for a load reduction to the Aggregator. On the other hand, the Aggregator is �rmly bound
to deliver the agreed amount of power reduction. The economic scheme of this service can be
described as follows: the DSO pays the Aggregator for the promised reduction in advance and
the Aggregator's service providers are also rewarded for their �exibility. If the promised service
is not delivered by the Aggregator, then a fee system shall compensate the DSO for the losses
incurred. In order to be economically interesting for the DSO (and therefore the Aggregator) it
has to be put in balance with the indirect bene�ts it conveys. Avoiding peak loads reduces the
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fee that the DSO has to pay the TSO for such loads. It also reduces the losses in the grid (that
have to be compensated by the DSO) and it postpones grid upgrades, thus increasing the net
present value of grid investments. The SRP services can easily be handled through industrial
customers with predictable, �exible load.

The case of CRP is similar to SRP with the exception that the DSO here must pay a �xed fee
that is based on the amount of �exible power that is required to the Aggregator and a variable
fee to actually use this �exibility under the contract's period. The contract is activated on short
notice, typically when the DSO realises that the actual consumption exceeds the predictions
(hour-ahead, or in-the-hour corrections). If the promised service is not delivered, then the
Aggregator will have to pay a �ne, which can vary depending on when the activation is requested
by the DSO. On the economic side, the DSO would then pay twice the Aggregator: once for
having the possibility to use �exibility and a second time for its actual use. The service providers
would only be paid for their �exibility by the Aggregator. The economic bene�ts for the DSO are
the same as for the SRP but in addition it hedges against forecast errors of peak-loads since the
contract can be activated in the hour. In order to be able to deliver CRP, the Aggregator needs
to count on reliable providers that can o�er �exibility from day-ahead to in-the-hour. Industrial
clients are not suited for this kind of adaptability; it is therefore recommended to use residential
loads (electric-heated households, apartments) and to some extent commercial loads (lighting,
cooling/heating for small periods). CRP contract pricing will have to take into account the lower
reliability of the service providers compared to SRP. A solution for the Aggregator to reduce the
impact of penalties for not delivering is to charge a higher price for CRP services.

Table 3.1 summarizes what an Aggregator can o�er to reduce peak-loads compared to the
conventional solutions that are currently used by DSOs as well as the advantages and risks
inherent to its service providers.

As a remark, it can be added that some industrial loads can serve for CRP as well, e.g.
paper and pulp industry, where a storage of energy can be obtained from their production. The
activation price would however be an obstacle, since the price signal to activate this service
would have to be extremely high in order to be justi�ed for these industrial actors.

Table 3.1: Description of Peak-Load Shaving Services (source:[21])

Service
Provider

Type of
Service

Conventional
Solution

Pros/Cons for
Aggregator

Identi�ed
Risks

Industry SRP Grid
Investments,
Payment of
�nes, Outages

+ Big amount of
power

- Low �exibility,
cost

Energy
e�ciency
measures
ToU and
�exible
tari�s

Households CRP

+ Low cost, high
�exibility

- Small amounts,
unpredictable

3.1.2 DG Supply Optimisation

The second service that a DSO can bene�t from an Aggregator is to adapt the consumption
curve in a given area to the production of distributed, renewable and unpredictable generation
sources. When the share of renewable energy represents a signi�cant percentage of the local
load, it can be interesting to adapt the load pro�le to the actual production in the area. This
would imply technical bene�ts such as reduced losses and congestions in the lines. From an
economic viewpoint, the DSO would avoid paying for losses and would also be able to postpone
grid investments both for load and generation expansion thanks to an improved management of
grid operation. The DSO would pay the Aggregator proportionally to an estimation of its gains
and depending on the quality of the service delivered (what proportion of the total adjustable
power is actually adjusted). The Aggregator would pay the active consumers and could receive
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an economic compensation from aggregated DG producers as it would also imply a more secure
output for their production than in the electricity market (less correction and balancing on the
market). The Aggregator would be able to o�er an all-inclusive service to the DSO based on
the fact that it can count on both active demand regulation from its consumers and aggregated
DG producers in the same area. The ideal combination would naturally be cooperative owners
or prosumers who adapt their consumption to their own production, and the demand response
would come from private households, with possibly electric vehicles' �exible charging involved.

table 3.2 describes the characteristics of the service.

Table 3.2: Description of DG follow-up Services

Service
Provider

Type of
Service

Conventional
Solution

Pros/Cons for
Aggregator

Identi�ed
Risks

Residential
Sector

SRP/CRP
for matching
load and
production

None
- Size of local load and
production must be
equivalent, no
real-time adaptation,
high generation
uncertainties and
variations

Energy
e�ciency
measures
ToU tari�s

Electric
Vehicles

Availability
Additional
battery wear

3.2 Services to Retailer/BRP

3.2.1 Internal Portfolio Balancing

Retailers/BRP buy electricity on the day-ahead market corresponding to the expected consump-
tion of their clients. There is a systematic risk that the actual consumption does not match the
predicted (and bought) power on the day-ahead market. In case the quantity of purchased elec-
tricity and consumed power are not the same, the Balance Responsible Player is in imbalance
and must trade on the balancing market to compensate for its prediction errors. In the best
case, the counter-trading will be �nancially neutral but half of the time, when the BRP has the
same imbalance sign as the market, it results in extra costs for purchased additional power or
lower incomes from sold power surplus [29]. In order to hedge against this type of risks and
minimise the cost of its errors, the BRP/retailer might be interested by a service adapting the
actual consumption of its consumers to its day-ahead prediction, on an hourly basis. This can
naturally be o�ered by an Aggregator under some conditions. The economic scheme of this
bi-directional CRP-2 service [21] can be conceived as follows. The BRP pays a �xed fee to the
Aggregator to dispose of the service when it is needed (bonus corresponding to the risk-averse
attitude of the BRP). The Aggregator also receives variable amount depending on the relative
success of its services (compensation proportional to the market cost of imbalance). In order
to perform a good service, the Aggregator would ideally need to be able to control the load of
the whole retailer's portfolio in a given area. In practice, this would hardly be achievable but it
is easy to understand that the more clients participate in the Aggregator's portfolio, the more
valuable the service will be. The e�ectiveness of the Aggregator directly depends on the capacity
of the BRP to accurately forecast production, since the amount of power that can be regulated
is limited. This type of bilateral contract would also require speci�c infrastructure, since the
service providers would be devoted to balancing the retailer's portfolio and could not participate
in other services.

The characteristics of internal forecast optimisation are summarized in table 3.3.
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Table 3.3: Description of the Imbalance Compensation Service

Service
Provider

Type of
Service

Conventional
Solution

Pros/Cons for
Aggregator

Identi�ed Risks

Variable:
Retailer-
speci�c

CRP-2:
up- and
down-
regulation

Balancing
market
Market hedging
services

The di�culty
depends on the
quality of
BRP's forecasts
and amount of
controllable
load

Bad forecasts
Hard to manage
negative
imbalances:
consumer
acceptance of
forced consumption
increase

3.3 Services to Market

The Aggregator is also a new independent actor on the electricity market. It can thus actively
participate in the process of power trading in order to maximise the economic outcome of its
�exible resources.

3.3.1 Price-Sensitive Load Optimisation on the Day-Ahead Market

Depending on the structure of its service providers, the Aggregator can act on the electricity
market both as a producer and as a consumer as long as it ful�ls the size requirements to
participate [8]. If it is able to accurately predict the amount of extra power that it can make
its clients consume or the amount of reduced power it can disconnect during a given hour on
the following day, then it can buy or sell the corresponding power on the stock exchange. The
service is essentially oriented towards �exible industrial customers that can adapt their load in
order to economically optimise their electric consumption. However, this is already proposed
by retailers and applied by a signi�cant proportion of major industrial companies. In order to
become a valid business case for the Aggregator, the service should bring additional incentives
to convince targeted customers to adopt the Aggregator's o�er. One option could e.g. consist in
transferring the optimisation administrative work to the Aggregator, thus making price-sensitive
consumption interesting for medium and small industries or even commerce. Moreover, if storage
facilities are available, there also is an opportunity to implement arbitrage charging/discharging,
provided that it is economically interesting, with regard to the deterioration cost of the storage
technology.

The driving force for price-sensitive load adaptation needs not be exclusively �nancial. It
can also be o�ered to consumers interested in reducing their impact on the environment. Based
on Nordel's production mix, high prices also coincide with the use of fossil fuelled power plants
emitting high levels of GHG. Reducing the consumption during those periods would result in a
proportional decrease in CO2 emissions, beyond the simple economic consequences. It can be
seen as a weak variant of �green� electricity contracts. The service provider shall be rewarded
proportionally to the inconvenience of allowing �exible consumption. Based on the current o�er
of business contracts [4], the Aggregator could propose hourly prices based on the stock price
with a small margin to compensate for the costs and allow for a bene�t. A system of penalties can
dissuade the client from overriding the Aggregator's services. In practice, the service provider
would also be the service requester. In the case of small businesses with controllable loads that
cannot a�ord the economic optimisation internally, it implies that the client would lose control
over its estimated consumption. The Aggregator would determine in advance the optimised
consumption pro�le and thus the electricity bill. If the actual consumption does not correspond
to the predicted one (manual override from the client's side) then the Aggregator would have to
transfer the cost of its imbalances on the market to the client through a fee system. If there is
an environmental motivation to the service, then the economic model would be di�erent and the
Aggregator would participate with negative demand on the market when a certain price level
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is attained. Since the driving force is fundamentally limiting GHG emissions, the savings made
through reduced consumption during peak-hours would be a su�cient �nancial incentive.

The characteristics of price-sensitive load optimisation are detailed in table 3.4.

Table 3.4: Description of Price-Sensitive Load Services

Service
Provider

Type of
Service

Conventional
Solution

Pros/Cons for
Aggregator

Identi�ed Risks

Medium,
small

industry
Commerce

Price-
sensitive
consump-

tion

Retailers' tari�
structures
Internal

optimisation

+ Easy to
implement

- Low bene�ts, low
potential (too

many constraints
for the client)

Market risks
Risks for overriding

Private
con-

sumers,
environ-
mentally
con-
cerned

GHG-
sensitive
consump-

tion

Green
electricity
contracts

+ Very easy to
implement, high
bene�ts, �free� for
Aggregator, good
for corporate image
- Limited impact

Market risks
Risks for overriding
Need of a proof for
GHG emissions

reduction

3.3.2 Intraday Market: Price-Sensitive Bidding

As the electricity market has the particularity to be traded based on both consumption and
production estimates up to 36 hours in advance, it is almost impossible to avoid forecast errors,
especially in the case of intermittent and weather-dependent RES or loads. In order to palli-
ate these errors, there is the possibility for the market actors to modify their expected power
levels on the intraday market, down to one hour before the actual period. As the Aggregator
can contribute as a pure market actor oriented towards pro�t maximisation, it can theoretically
participate on this market. Under the assumption that it can get nearly perfect forecasts for
its power consumption/production (internal regulation, with battery storage, stochastic prob-
abilities of loads, etc.) the Aggregator could use this competitive advantage on the intraday
market where prices are usually higher than spot prices due to a penalty for imperfect forecasts.
How the business case would work is something that needs further investigation with a better
knowledge about market mechanisms.

3.3.3 Balancing Market

After the market is closed, the balance between o�er and demand must be kept according to the
actual consumption. The physical responsibility of ensuring a good functioning of the system falls
to the Transmission System Operator (TSO), whereas the �nancial accountability is ensured by
BRPs. It must be noted that the creation of four electric areas in Sweden on November 1st, 2011
implied changes on the balancing market that can prove favorable to an Aggregator on Gotland.
On the one hand, Gotland is included in Nordel though having its own frequency, which is
controlled by the DSO through variations in the HVDC-link power �ows. There is therefore no
further need of frequency control on the island. On the other hand, the division of Sweden in
four distinct electric regions implies that balancing power is in some cases traded regionally, and
an Aggregator on Gotland could easily participate in the post-market for Stockholm's region.

Below is an extensive list of products and services that an Aggregator could o�er for TSO's
use, each with di�erent time-spans.
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Frequency Control

Primary Control The nominal frequency in Nordel is 50,0 Hz. When there is the slightest
variation in this frequency, it must automatically be restored to its nominal value as fast as
possible. A frequency drop can be counteracted either with increased power production or
reduced consumption. An Aggregator that disposes of remote-controlled, fast-activated demand
management could easily use its service providers in order to participate in Primary Control.
In Nordel, frequency control is automatically activated, and the market is symmetric, i.e. an
actor cannot participate only when there are negative variations. The �rst type of service that
an Aggregator could o�er would be a so-called FNR (Frequency Control-Normal reserve). FNR
services are continuously solicited since they are activated as soon as the frequency deviates from
50,0 Hz, which happens ca. 99% of the time. The FNR is active between 49,9 and 50,1 Hz and
requires a ramp activation of 6 GW/Hz; 2.4 GW/Hz in Sweden. The minimum bid is 1 MW
[33].

Another automatic and symmetrical control is activated when FNR is not su�cient to main-
tain the frequency between acceptable values: Frequency Control-Disturbed Reserve. FDR is
activated when the grid frequency lies outside the FNR span but still between 49,5 and 50,5 Hz.
These events occur about 4% of the time and the minimum auction is 4 MW [33].

The minimum contract time for both services is 8h and the negotiation is based on best
o�er payment, i.e. the best bids are chosen and paid at the price required until the total
needed capacity is reached. If accepted the bidder receives the price he asked, and is not paid
the marginal price, conversely to Nordpool spot. The TSO rewards the primary controllers
both through capacity and energy payment. The capacity payment is �xed and determined by
the TSO while the energy payment is the one proposed by the actor in the auction bid. As
frequency control is symmetrical, the Aggregator that chooses to participate in primary control
needs not only have up-regulation possibilities but also down-regulation that can be provided
either through increased demand or batteries with �exible charging possibilities. Due to the
high operation and maintenance costs that FNR would cause for the Aggregator, it appears
more interesting to place bids on the FDR market. However, [33] shows that in the case of
Sweden this business case would hardly be bene�cial if batteries are used.

The technical implementation of primary control for an Aggregator is challenging but not
totally impossible. The best solution to provide symmetrical control is to possess batteries or
alternatively EV, and adapt the charging phases to the frequency on the grid. This would however
cause unpredictable states of charge and would prematurely damage the batteries. Even though
the Aggregator would not necessarily own the infrastructure, it would have to compensate the
battery-owners for the accelerated deterioration of them.

Tertiary Control [33] When primary control has been activated and the frequency is sta-
bilised again, it must be brought back to its nominal value. This is the role of either automatic
secondary control or manual tertiary control. In Sweden, there is no automatic secondary control
yet and the TSO is in charge of managing the tertiary control reserves. The system of bids is
also based on the best-o�ering bid but only energy is paid. The contracts last one hour and must
be activated within 15 min, are asymmetric, can be negotiated down to 30 min before activation
and the minimum bid is 10 MW. Tertiary control is used about 75% of the time.

An Aggregator with enough service providers could participate in tertiary control. The tech-
nical requirements, apart from the size of the service, are less demanding for demand-side man-
agement. This type of service could be made possible through speci�c contracts with industrial
clients that have fast ON/OFF cycles. The Aggregator would transfer part of its remuneration
to the service provider to compensate for the inconvenience.

Capacity Reserves [14]

A speci�c aspect of the Swedish market is that the TSO also requires a reserve capacity of at
most 2 GW during the winter period (15/11-15/03) composed at least of 25% of consumption
reduction. The auction is based on the best-o�er bid and each winning bid is paid the price it
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has required. The Swedish TSO pays the participants for their capacity and when the service is
activated. The minimum bid size is currently 5 MW.

This market is very interesting for an Aggregator all the more so that the division of Sweden
in four areas has increased the demand for reserve in areas 3 and 4. It is to be noted that there
already is an active demand Aggregator on this market: AV Reserve�ekt AB who contributed
with 36 MW of potential reduced consumption. This is a clear sign that this market is already
mature for Aggregator services. Unfortunately, it will be phased out by 2020. The most suitable
service providers appear to be small industries, energy companies and public administration.
These either can postpone their production or dispose of emergency back-up units that can be
used instead of consuming electricity from the grid.

This speci�c service has been the subject of a more advanced and detailed study in the frame
of Claes Sandels' PhD project.

Figure 3.1 below summarizes the characteristics of post-market services. In addition, �g-
ure 3.2 gives an overview of an Aggregator's possibilities, listed according to service providers'
nature. Finally, �gure 3.3 provides a synthetic view of the Aggregator's business opportunities
and its relations to the service providers, the market actors and the kind of services it can o�er.

Figure 3.1: Comparative Analysis of Power Balancing
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Primary Control

Conventional Solution

CRP-2: Medium, Small C&I, 

Public Sector
CRP-2: Batteries, EV

Aggregator Role

• Hydropower

• Synchronous

machines

Risks

Cons

Pros

•High management constraints

• Best bid wins

• Premature aging of battery

• Low financial outcome

• High active share

• Competition against hydropower

• Premature wear of machinery

• Capacity payment

• Flexible up- and down-
regulation

• Fast response

• Can be implemented

• Capacity payment

Service 

Provider

(a) Primary Control Evaluation

Tertiary Control

Conventional Solution

CRP-2: Medium, Small 

C&I, Public Sector

CRP: Private 

Consumers (electric 

heating)

Aggregator Role

• Flexible 

Generation

• Import/Export

• No capacity payment

• Best bid wins

• low margins

• Easy to implement

• 15 min notice

Risks

Cons

Pros

• Unfavourable ratio bid size/activation share

• Best bid offers

• No capacity payment

• Best bid wins

• Premature aging of 
battery

• No capacity payment

• Best bid wins

• Easy up- and down-
regulation

• 15 min notice

• Asymmetric bids

• 15 min notice

Service 

Provider
CRP-2: Batteries, EV

(b) Tertiary Control Evaluation

Balance Power

Conventional Solution

CRP-2: Medium, Small 

C&I, Public Sector
CRP: Private Consumers

(electric heating)

Aggregator Role

• Extra generation

• Reduced industrial
load

• Aggregator

• Already implemented

• Best bid wins

• low margins

• Already implemented

• Low risk

• Capacity payment

• Capacity not in stand-by

Risks

Cons

Pros

• Phased out by 2020

• Replaced by market mechanisms

• Best bid offers

• Best bid wins• Best bid wins

• Capacity payment

• Capacity not in stand-
by

• Easy to implement

• needs correspond to 
maximal availability

• Capacity payment

• Capacity not in stand-by

Service 

Provider
CRP-2: Batteries, EV

(c) Balance Power Evaluation

Figure 3.2: Description of Power Balance Services
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Part II

Wind Integration Optimisation

through Demand-Side Management
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Chapter 4

Model for the Business Case

Chapter 2 along with the interviews performed with GEAB's engineers has permitted to deter-
mine both the resources available in terms of AD and the DSO's challenges in terms of security of
supply. Thus, it has appeared most interesting to focus on one speci�c service that an Aggregator
could o�er to the DSO, namely the optimisation of distributed generation integration .
Thanks to the Aggregator, the actual electricity consumption will follow the intermittent pro-
duction from wind farms on the island and thus reduce the imports from the Swedish mainland.
The service o�ered by the Aggregator will not only be economically bene�cial for the DSO, but
also have indirect e�ects on retailers who will buy less power on Nordpool, the customers who
will reduce their electricity consumption and on the environment, since higher wind penetra-
tion and reduced consumption will automatically reduce the amount of greenhouse gases from
Nordel's production structure, though to a limited extent considering Gotland's size compared
to the total system.

4.1 Description of the Concept

The service studied in this thesis consists in shifting load from electrically heated households on
Gotland when the expected wind production happens to exceed the predicted conventional load.
In such occasions, the DSO has to export the excess wind production to the Swedish mainland
while having to import electricity at other times when wind production ceases to cover the
island's needs. As the DSO has to pay for the losses on the HVDC cable due to the transmission
of electricity, it would be interesting if the whole wind production could be locally consumed.
Such an eventuality is made possible by an Aggregator that can o�er heat-load shifting from
electric-heated households. As a consequence, a higher integration of wind power is foreseeable,
lower levels of peak loads are observed and dependency from the Swedish mainland is reduced
thanks to a smarter consumption that is made with a minimum discomfort for the end-users.

In practical terms, the Aggregator would remotely control the thermal load of electrically
heated houses via a thermostat and adapt it to the actual wind production. If wind production
exceeds the local demand, the heating load in the houses will increase to reduce the exports.
Should the opposite happen, the heating load would be reduced in order to minimise the imports
from the Swedish mainland. In order to deliver a good service to the DSO without creating
excessive discomfort for the private homes, it must be ensured that the temperature inside
each dwelling lies between certain limits determined by the owners themselves. Furthermore,
for energy e�ciency purposes, the Aggregator cannot arti�cially increase the total load on the
island, i.e. every temporary load increase must be compensated by at least an equivalent load
reduction at some other time in the same day.

It must be remarked that this kind of service only works during the heating season, which
on Gotland lasts from September 17th to May 21st [34]. It is doubtful that private customers
would be much keen on accepting to have the heating on all year round in order to perform
demand response services. This is why it is especially important for the Aggregator to be able to
o�er a su�ciently pro�table service so that the income over half a year still exceeds the overall
annualised costs.
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The whole supply chain is detailed in �gure 4.1, as a zoom from �gure 3.3. The role of each
participant is detailed in the subsections below.

DG Producers

Aggregator

Residential Sector

DSO
DG Optimisation

Figure 4.1: Management Chain for the DG Optimisation Service considered

4.1.1 Wind Power Producers

Wind power producers do not directly participate in the Aggregator's activities but they shall
be included as part of the business model. It is indeed through their day-ahead predictions that
the Aggregator can perform its optimisation calculations. Moreover, due to the fast expansion
of wind power on Gotland, GEAB has been compelled to limit the quantity of electricity that
windfarm owners are able to feed into the regional grid; especially when the HVDC cable to
the Swedish mainland has limited export capacity. The presence of an Aggregator on the island
performing an integration optimisation service would therefore imply tangible bene�ts for the
wind farm owners without any additional costs.

The risk for the Aggregator is the availabiltiy of trustworthy forecasts. For small installations
that are the dominating feature on Gotland, there is no legal obligation for the producer to
perform day-ahead predictions. It is the DSO who manages the integration of wind power in
its grid. From a practical viewpoint, this implies that the Aggregator would probably need to
create its own production predictions based on wind speed and direction forecasts, adding one
complexity level, or buy it from an external provider, increasing the �xed cost of the service.

4.1.2 Residential Sector

In the selected scenario, only part of the residential sector on the island has been considered.
Focus has only been put on electrically heated homes. According to [24], purely electric heated
individual houses on the island amount to slightly more than 4500, to which over 500 collective
apartments can be added. In total, considering also the households using electricity to cover part
of their heating load, it is up to more than 11500 customers on the island. For con�dentiality
reasons, it was not possible to get consumption data corresponding to these precise clients. It has
therefore been assumed, after consulting with GEAB's agents, that this category of households
can be identi�ed as having a yearly average consumption between 8000 and 25000 kWh. This
corresponds to ca. 13500 customers, a bit higher than the actual number, but with the same
distribution: 40% of the total number is composed by holiday houses (see table 4.1). The
consumption adding up to 200 GWh p.a. The potential for consumption variation would vary
depending on the time of the day, the season of the year, the outside temperature and the
�exibility of the customers.

Table 4.1: Summary of Customers' Characteristics (source: [24])

Concept Quantity Model Estimates

Villas 12133 7750
Holiday Houses 8012 5750

Electric-heated Homes 11650 13500
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The higher the involvement of the residential sector, the better the Aggregator service towards
the DSO will be. The Aggregator needs indeed a certain amount of �exible power to adapt the
consumption to the wind production and a high number of providers will improve its performance
in terms of wind power integration optimisation. In order to convince the customers to actively
particpate in the Aggregator's pool, di�erent incentives can be considered and are presented in
Perception of the Aggregator.

Perception of the Aggregator

It must be reminded that for the average consumer, electricity is not a glamorous commodity and
very few are genuinely interested in becoming active consumers. The �rst and most important
barrier that the Aggregator will have to overcome in its communication strategy is the lack of
information and interest from the potential service providers. Yet, they form a crucial link in
the whole business case management chain. Di�erent strategies can be implemented to convince
villa owners to become part of the Aggregator's �exibility o�er.

The �rst argument that comes into mind is the economic bene�ts of power �exibility. However
it is unclear to see how great an impact the �exibility o�er will have on the electricity bill for
each participant. Many factors can in�uence the outcome and it is not certain that consumption
will be reduced signi�cantly since it will have to increase during occasions when wind production
exceeds consumption. Moreover, in order to secure the viability of the Aggregator's business, it
is of utmost importance to minimise the costs associated with the purchase of power �exibility,
meaning that private customers ought not to be directly paid by the Aggregator.

A second argument to employ and that has higher chances to interest people is to o�er access
to information in real time about how the Aggregator modi�es the household's consumption.
It has been observed in previous studies [16] that people are extremely curious to follow their
consumption on a daily basis, if the proper equipment, such as a dedicated web portal, is made
available to them. This curiosity can be further enhanced if it were coupled to the Aggrega-
tor's services where one's contribution to optimised integration of wind power would be clearly
noticeable.

A third argument, probably the most decisive in the customers' decision process is the en-
vironmental bene�ts linked to the Aggregator's actions. As a service provider, each villa owner
will contribute to reduce the dependence on imported electricity and increase the share of renew-
ables in the local electricity mix. Participating in the Aggregator's business can be compared
to suscribing a green electricity contract with a retailer, with the double advantage that cus-
tomers could really �observe� that they are actually consuming electricity coming from the local
windfarms at no additional cost. The reduction in GHG emissions is also a strong advertising
argument. On customer level, it would be hard to determine the exact levels of CO2 reduction
achieved and they would probably be too small to have a signi�cant impact on climate change.
On the other hand, it will probably have a strong impact on customer's environmental percep-
tion and they would probably be more inclined to accept small discomfort in order to decrease
their carbon footprint.

A wise combination of those three arguments would certainly persuade villa owners to make
the �rst step and participate. The Aggregator must then ensure a continuous monitoring of
customers' satisfaction since the relationship between the Aggregator and its service providers
must last as long as possible to allow for some pro�t for the former. It is therefore advised to
devise a long-term contract, based on the current scheme for �xed-price, three-year contracts in
Sweden [4].

Risks

The main barrier against customer participation is the expected discomfort that the remote
management of the heating system of the house will cause. Even though the idea appears in-
teresting to the customer, the perspective of having to freeze or to sweat at home without the
possibility to in�uence it can be a strong counter-argument. In its communication strategy, the
Aggregator must clearly reassure the potential participants and focus on the minimal inconve-
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niences its actions will have on their daily life, as well as o�ering an overriding possibility when
the private consumer can disconnect himself from the Aggregator's database, without penalty.

4.1.3 DSO

The DSO is the client of the Aggregator and is assumed to be willing to pay for the services that
the Aggregator delivers to their expected economic value. In other terms, the Aggregator will
receive from the DSO the amount of generated savings. The DSO is responsible to make sure that
the sum of locally produced electricity and imports exactly corresponds to the consumption for
every hour. However, when importing from the Swedish mainland, a certain percentage of power
is lost during the transmission and this amount increases with higher transmitted quantities, as
shown in equation (4.1):

Losses = λ ∗ β ∗ P 2 (4.1)

where losses and transmitted power P are expressed in MW, λ is the price for electricity in ¿/MWh per
hour and β is a proportionality factor in MW−1.

The optimisation provided by the Aggregator will incur in lower imports and transmission
losses. The DSO would transfer the savings to the Aggregator. Besides, the DSO would still
indirectly bene�t from the integration optimisation service through lower consumption peaks
and a more even load pro�le that would set lower press on the distribution grid.

4.2 Optimisation Model

The Aggregator has to perform a given service, here wind production integration optimisation,
under a set of constraints based on the availability of its resources, namely electric heating in
individual houses on Gotland. The Aggregator receives revenues corresponding to the bene�ts
it induces for the DSO while it must compensate for the discomfort it creates in the customers
premises. Yet, it is not bound to deliver a certain quality of service. If it were to be unable to
o�er a good quality of service, the only penalty would be reduced incomes from the DSO, without
any additional fee.

If it were to be carried out in reality, the Aggregator would have to perform an individual
assessment of what each and every single one of its providers can deliver under a given period of
time, based on both historic-statistical data and real measures collected by the �Energy box�[21].
Such a box allows remote observation and control over each customer's electricity consumption.
Futhermore, as the data used to perform the optimisation calculations are only predictions,
sensitivity analyses or expected deviations should also be accounted for in the business model.

4.2.1 Assumptions and Simpli�cations

The model has for objective to determine whether the conditions on Gotland can be considered
as economically interesting for an Aggregator.

In order to ful�l this goal, it was necessary to model the actual conditions on the island, to
adapt and simplify them in order to be able to perform numerical simulations. Although the
values were taken and assumed for Gotland's speci�c conditions, the model was designed to be
adaptative and in principle, consistent data from other distribution areas can also be used as
inputs.

The following paragraphs describe more in details the assumptions made for each main part
of the model.

External Data

External data comprise all the information that the Aggregator needs to perform its business but
that it cannot determine internally. This includes load, wind production and temperature data,
as well as market prices. It has been assumed that the Aggregator, due to its privileged relation
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to the DSO, can get access to load and wind production data to perform day-ahead optimisa-
tion. When it comes to temperature predictions, the Swedish Meteorological and Hydrological
Intitute (SMHI, [35]) provides custom-made services for companies that can buy accurate data.
It has been assumed that the Aggregator can get access to these accurate data; otherwise, gen-
eral publicly accessible temperature data for Gotland can be enough to perform simulations of
good quality. Concerning market prices, it is hard to predict the situation before the market is
closed and the prices are settled. In order for the DSO to place its buying bids on Nordpool,
the Aggregator must nevertheless proceed to perform its optimisation process without the ac-
tual prices. A powerful prediction tool for such prices is however only available to electricity
companies that perform such calculations internally. The actual price level is not so relevant as
the price gap between di�erent time-slots. In fact, as long as the peak- and valley-price hours
are correctly identi�ed, the actions of the Aggregator will not be modi�ed whatsoever. It is only
the �nal revenues that will be a�ected, but these are determined after the service delivery based
on the real actions performed. As the Aggregator modi�es the consumption pro�le by around
10 MWh/h (0.1% of the average load for the SE3 area [8]), it is assumed that it is acting as a
pure price-taker, i.e. it does not have any in�uence on spot market prices.

Customer Data

Besides the external data, the Aggregator is also extremely dependent on its service providers'
characteristics. The optimisation calculations cannot work without the appropriate input from
the Aggregator's clients. There exist two types of necessary information, both of them client-
speci�c. On the one hand, the �xed parameters that are fully determined by the house's charac-
teristics, such as the size of the heating system, the heated area, the insulation and the comfort
criteria chosen by the owner. On the other hand, as the inhabitants of each house always have
the possibility to override the Aggregator's actions, it needs to ensure a permanent, real-time
contact with its cluster of villas to get the actual values for home temperature. The Aggregator
also has to account for changes in the consumption pattern during some periods e.g. when the
owners are on holidays and do not wish to maintain a high temperature at home.

Table 4.2 shows the parameters of the model and the di�erences with reality.
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Table 4.2: List of Simpli�ed Data Sets used in the Model (sources: [6, 8, 34, 28])

Symbol Concept
Assumed
Value

Real Value Comments

Loadbase Base-Load
Historical
Data

Estimated
Data

Actual load can deviate from
forecast

Wind
Wind

Production
Historical
Data

Estimated
Data

Actual production always
deviates from forecast

Tout Temperature
Historical
Data

Estimated
Data

Actual values can vary from
forecast

λmarket Market Price
Historical
Data

Estimated
Data

Actual values less important
than intraday variations

K

Number of
Service

Providers/
Clusters

13500
consumers/

1 to 3
clusters

Depends on
the actual
implementa-

tion

Optimistic assumptions to
get more tangible results

Pmax
Size of the
Heating
System

3-5-8 kW
House-
speci�c

Optimistic assumptions to
get more tangible results

A Heated Area 150 m2 House-
speci�c

Average Swedish home

Λ
Global Heat
Transfer
Coe�cient

100-75-60
W/K

House
speci�c

Depends on area, nature of
the building, etc.

τ
Time

Constant
75-150-300 h

House-
speci�c

Depends on the nature of the
building, usually around

150h

T ref
Comfort

Temperature
15-20-20 °C

House- and
time-speci�c

Can be changed by the
customer

Tmin
Minimal

Temperature
10-18-19 °C

House- and
time-speci�c

Determined by the customer

Tmax
Maximal

Temperature
25-22-21 °C

House- and
time-speci�c

Determined by the customer

4.2.2 Description of the Process

In order to better understand the optimisation algorithm presented in 4.4, it can be useful to
describe the reasoning sequence for the Aggregator business model as presented in this chapter.

Concretely, the Aggregator's role would be to minimise the transmission losses for the DSO.
This is done by optimising the load pro�le of the island so as it follows the instantaneous wind
production to the best of its possibilities. In order to perform this task, the Aggregator can
remotely control the heating load of private households with electric heating. Based on day-
ahead forecasts, the Aggregator suggests the DSO a new, optimised load pro�le. In case it
accepts the o�er, the DSO will then have to place its bids on the spot-market to compensate
for the predicted transmission losses. On the following day, the Aggregator will deliver the
promised service to the best of its capabilities, since its capacity to modify the load depends
on stochastic data. For the private customers, this would imply in most cases small variations
in their home temperatures. Depending on the accuracy of the forecasts and the reliability of
the service providers (here the private households) the DSO would get savings compared to the
initial sub-optimal situation without Aggregator. These savings, net from the post-market fees
would directly be transferred to the Aggregator, constituting its only source of income. Figure
4.2 shows the sequence of events in the process.
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Figure 4.2: Time-Scale for the Aggregator's Services

Input Data

First, the set of input data must be generated and downloaded. Though in reality the hourly
predictions for market prices, temperatures, wind production and base-load consumption would
derive from powerful simulation tools, the limited application of the master thesis did not require
such advanced tools. Data were therefore retrieved directly from historical statistics (mostly from
2010) and di�erent extrapolating methods were experimented.

Second, customer-speci�c data: house time-constant, heat transfer coe�cient, installed heat-
ing power, number of customers in each cluster, etc. receive their �xed value. It was supposed in
the simpli�ed model that these characteristics are identical inside each cluster and do not vary
over time.

Third, the base-load heating demand is calculated as follows. In the absence of an Aggre-
gator, the home temperature is adjusted through a thermostat, which ensures a constant inside
temperature of T ref = 20°C. The heating load is adjusted depending on the outside temperature
Tout. The heat-load pro�le over the whole day for the base-case scenario (without Aggregator's
intervention) is determined according to equation (4.2).

Q̇base = Λ ∗ (T ref − Tout) (4.2)

Pavail = Pmax − Q̇base (4.3)

where Q̇base is the heating load in kW and Pavail is the available extra capacity for increased heating
load, in kW. These calculations are performed every hour with averaged outside temperature.

Finally, the needed adaptation is evaluated, comparing the wind production and consumption
pro�les. The customers' potential actions are determined by making the di�erence between
installed heating power at home and the base-load heating (4.3) and the new heat-load pro�le
is then dispatched according to the best economic scheme ful�lling the internal constraints.
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Optimisation Process

Once all input parameters have been collected and calculated, the optimisation process can start.
The algorithm proceeds as follows.

For every hour in the given 24-hour period, it compares the desired adaptation -positive (wind
production exceeds consumption) or negative- with the available �exibility and veri�es that there
exists a physically possible solution. If the wind production is higher than consumption, then
the Aggregator will try to increase the heating load either up to the wind production level for
the hour or to its maximal possibility. If, on the other hand, there is a de�cit of wind production
the Aggregator will then reduce the heating load compared to the base-load situation down to
the wind production level or to what is technically achievable (all heaters turned o�).

At the end of every hour, the algorithm checks that the home temperature lies between the
given boundaries for each customer.

Provided that all constraints are ful�lled, the algorithm will perform an economically opti-
mised dispatch based on estimated values. The objective being to maximise the Aggregator's
pro�t over the whole simulation period, i.e. 24 hours. This is also the same as minimising the
DSO's costs for purchasing a quantity of power on the spot market equivalent to the transmission
losses it gets.

Output Values

At the end of the optimisation process, the total bene�t obtained by the Aggregator over the
24-hour period is revealed as well as the expected savings that the Aggregator's actions indirectly
generate for the retailers and the average consumer.

Besides, a graph showing the impact of the Aggregator's action on the load curve is displayed.
Consumer data like home temperature is delivered in order to get a better understanding over
the limitations of the service and its sensitivity to internal parameters such as the constants
Λ and τ or the installed heating power Pmax. The in�uence of external parameters: outside
temperature Tout and market prices λmarket, on the �nal outcome can also be observed.

A rough estimate of the environmental bene�ts is also provided thanks to a calculation
of the average GHG emissions' savings over the day (4.4), under the assumptions that wind
power produces carbon-neutral electricity and the imported electricity corresponds to the average
Swedish electricity mix, emitting around ΦCO2 = 40 kgCO2eq/MWh [36].

SCO2
=
(
P baseimport − P

Agg
import

)
∗ ΦCO2

(4.4)

where SCO2 is the approximate quantity of saved GHG emissions, in kg/h; Pimport is the imported power
from Nordel in the base-case scenario and after the Aggregator actions in MWh/h.

Figure 4.3 summarizes the whole concept for the Aggregator's business model. All actors are
represented, information �ows detailed and the e�ects explained.

4.3 Mathematical Formulation

This section presents the mathematical interpretation of the model described in 4.2. The equa-
tions are essentially provided to help the reader understand the theory lying behind the whole
optimisation objective. It also sets the foundations for possible re�nements that can be added
if more subtle optimisation objectives are integrated.

The mathematical formulation of the problem has nevertheless no direct coupling with the
simulation's code. The former is strictly theoretical and is valid under all circumstances whereas
the latter depends on the programming language used and the programmer's ability to create
an e�ective computation method.
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4.3.1 Parameters and Nomenclature

Apart from those already de�ned in table 4.2, the parameters used in the theoretical model are
listed in table 4.3, along with the values assumed in the numerical simulations and the di�erences
with reality.

Table 4.3: List of Parameters used in the Model (sources: [6, 29])

Symbol Concept
Assumed
Value

Real Value Comments

h hour (h) 1..24 1..24 -

k
Service
Provider

Identi�cation
1..K 1..K

depends on the
number of participants

K

p
cost of power
activation
(¿/MW)

0
unknown,
likely to be

zero

varies with hour and
customer

Loadmax
max load on the

grid
183 MW
(2010)

unknown
depends on the grid's
technical speci�cations

β
transmission
loss coe�cient

(MW−1)
5.10−4 unknown

di�cult to estimate on
a global level

Q̇base

electric heating
without

Aggregator
(MW)

calculation
based on
historical
data

Calculation
based on

temperature
forecasts

temperature
uncertainty

4.3.2 Optimisation Variables

Table 4.4 presents the optimisation variables calculated in the model. The values are calculated
for each hour h and service provider k, according to formulæ 4.3, 4.5, 4.6 and 4.7.

Pneed = Wind− Loadbase (4.5)

Pact =


Pavail if Pneed > Pavail

Pneed if − Q̇base ≤ Pneed ≤ Pavail
−Q̇base if Pneed < −Q̇base

(4.6)

LoadAgg = Loadbase + Pact (4.7)

Table 4.4: Optimisation Variables

Symbol Unit Values De�nition

Pneed MWh/h - Needed regulation from Aggregator
Pavail MWh/h [0; Pmax] Available extra heating load

Pact MWh/h
[
−Q̇base; Pavail

]
Activated power

T °C [Tmin; Tmax] Home temperature
LoadAgg MWh/h [0; Loadmax] Optimised load pro�le
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4.3.3 Objective Function

The Aggregator, as an economic actor, seeks to maximise its bene�ts, i.e. maximise its revenues
while minimising its variable costs. The �xed costs are not accounted for in the programme but
it must be kept in mind that most of the success of the Aggregator will depend on its capacity
to reduce the �xed costs (equipment installation at customers' premises essentially) to their
minimum, either by pooling them or by taking advantage from preexisting technology. Further
details on the �xed costs that an Aggregator can face are presented in chapter 5.

Following the hypotheses made in 4.1.3, the Aggregator's revenues exactly correspond to
the reduction of costs for the extra power that the DSO no longer has to purchase to cover
transmission losses from/to the Swedish mainland, which are proportional both to the market
price and the square of the power transmitted (4.1). On the other hand, the Aggregator has
to remunerate its service providers, here the household owners who possess electric heaters.
This second element has been added for mathematical's sake only since it has been assumed
in the simpli�ed model that the service providers freely o�er their capacity at all times. The
mathematical construction shows however that there is no theoretical constraints preventing the
Aggregator to pay its providers. The optimisation horizon is one calendar day and the time-scale
unit is one hour, corresponding to the electricity market time-scale.

The problem for the Aggregator can be expressed in words as follows: maximise the di�er-
ence between the revenues and the costs subject to individual home temperature and heat load
limitations.

The action of the Aggregator is indeed limited by two internal factors: service providers do
not accept extreme temperature variations at home and refuse to have a higher daily heating
consumption than they would have without the Aggregator. Mathematically, the objective
function aiming at maximising the pro�t π of the Aggregator is formulated in equation (4.8):

maxπ =

24∑
h=1[

β ∗ λmarket(h) ∗
[
(Wind(h)− Loadbase(h))

2 − (Wind(h)− LoadAgg(h))
2
]
−

K∑
k=1

P actk (h) ∗ pk(h)

]
(4.8)

4.3.4 Constraints

As mentioned in 4.3.3 above, the Aggregator's actions are subject to a series of constraints, both
local and global.

Constraints from the Service Providers The service providers, a.k.a. electric heated
households, mainly have two prerequisites to become part of the Aggregator's community. First,
they do no want to get increased electricity consumption and second, they want to be able to
stay at home without having to freeze or to sweat because the Aggregator is controlling their
heating load. Concretely, each private consumer k sets his own temperature boundaries for each
hour h (4.9), while the consumption generated by the Aggregator shall not exceed the expected
original one (4.10).

Tmin ≤ T ≤ Tmax (4.9)

24∑
h=1

Pact(h) ≤
24∑
h=1

Q̇base(h) (4.10)
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Grid Constraints The Aggregator shall also ensure that its actions do not put the distribution
network in a di�cult situation. The new load LoadAgg shall therefore not exceed the grid's
limitations concerning power �ows, for each hour h (4.11).

LoadAgg ≤ Loadmax (4.11)

4.4 Optimisation Algorithm

Once the whole mathematical problem has been correctly de�ned, the next step is to proceed to
numerical simulations, with the help of an optimisation algorithm.

The simulations have been implemented on Matlab [37], with the help of the optimization
toolbox in order to be able to solve the entire problem. For feasibility reasons, the code for the
programme di�ers from what has been presented in section 4.3. It is not possible to directly
translate the mathematical formulation into programming language and this is why some modi�-
cations had to be made in order to adapt the mathematical equations into matrices that Matlab
[37] could handle and perform calculations with. The essence of the problem, the objective
function and the boundaries remain though unchanged and the modi�cations in the resolution
procedure do not in�uence the �nal results whatsoever.

The optimisation problem is solved by calling fmincon [38], which minimises a given function
(here the opposite of the objective function) under speci�c constraints, both linear (load limits)
and non-linear (temperature boundaries).

4.4.1 Simulation Strategy

This subsection describes step by step the procedure the algorithm uses to solve the minimisation
problem.

Getting the Initial Parameters The programme �rst downloads the hourly data for Tout,
λmarket, Wind and Loadbase. For the purpose of the study, various sets of data from Gotland
have been used, but always originating from historical values.

Here, general customer data are already predetermined and receive �xed values. The quan-
tities Tmin, Tmax, T

ref , Pmax, Λ and τ are supposed to be identical for all service providers in
a given cluster and do not vary in time.

Once the external parameters have been downloaded by the programme, it proceeds to cal-
culate the expected heating consumption in the absence of the Aggregator. It is assumed that
the thermostat must maintain a reference inside temperature T ref at each instant and adapts
the heating power depending on the outside temperature, as shown in equation (4.2). The Ag-
gregator determines in a second step the regulation needs Pneed, i.e. the amount of power that
it has to shave and/or shift over the day, see equation (4.5).

Determining the Optimisation Strategy Based on the initial and calculated parameters,
the programme proceeds to determine how much power reserves the Aggregator can expect for
each hour from its service providers, corresponding to the di�erence between the installed heating
power and the heating use calculated in equation (4.2). The formula to get hourly values for
Pavail is detailed in equation (4.3).

Depending on the sign of Pneed for each time-slot, di�erent actions are possible. If there is
an excess in wind production (Pneed > 0), the Aggregator sends a signal to the service providers
in order to increase their consumption -compared to the predicted one- Pact up to the requested
level, or to the maximum power they can consume. Otherwise, it is a consumption-decrease
order that is sent to the consumers' premises: the thermostat adapts the heat load in the home
according to a new reference temperature, inferior to T ref . The consumption is then lowered
down to the requested level or zero, if all the radiators are o�. The new load LoadAgg is calculated
according to equation (4.7).

Finally, the algorithm checks if the proposed solution complies with the constraints listed
in 4.3.4. Equations 4.10 and 4.11 are quite straightforward. However, ensuring that the home
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temperature remains between reasonable boundaries for every single time-slot requires a set of
non-linear equations. Determining the current temperature T is a task that not only depends
on the current heat-load (Q̇base or Pact) and outside temperature Tout but also on the value of
T in the preceding time-slot. A detailed explanation of the phenomenon is provided in [34].
An auxiliary variable T eq is created in order to keep the calculations as clear as possible. It
corresponds to the equivalent temperature, i.e. the temperature that the building would attain
when time t→ +∞. The estimation of the home temperature for hour h is therefore presented
in equation (4.12):


T (h = 1) = T ref

(∀h ∈ N ∩ [1; 23])

{
T eq(h) = Tout(h) + Q̇base(h)+Pact(h)

Λ

T (h+ 1) = T eq(h)− (T eq(h)− T (h)) exp
(
− 1
τ

) (4.12)

After the temperature for the current time-slot has been calculated, the programme must ensure
that the comfort condition expressed in equation (4.9) is ful�lled.

If one or several constraints are not respected, then the programme tries with another solution
until the best response satisfying all the constraints is found. This trial-and-error approach is
repeated for each time-slot in the time horizon considered (here, every hour in a 24-hour period).

4.4.2 Flowchart

The whole algorithmic procedure is summarized in the �owchart presented in �gure 4.4.
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Figure 4.4: Flowchart for the Algorithm
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Chapter 5

Results and Analyses

The chapter presents the results from the numerical simulations the algorithm described in 4.4
has performed. Several rounds of simulations, each with an increased level of sophistication, are
analysed.

First, a simple scenario is devised in order to evaluate the global outcome of an Aggregator's
business in the current situation as well as to determine which are the decisive parameters. In
a second stage, a more re�ned model considering several household categories and stochastic
phenomena has been run.

5.1 Reference Cases

The �rst simulations had for objective to determine whether or not it would have been pro�table
to implement an Aggregator business on Gotland in 2010. This is why no uncertainties were
taken into account. All simulations were compiled with historical data from 2010 facilitated by
GEAB [6] and general assumptions concerning market and customer characteristics, as shown
in table 5.1.

Table 5.1: Summary of the Assumptions for Historical Simulations (source: [6, 35, 8])

Concept Description Assumed Value

Loadbase base-load global load for Gotland, 2010
Wind wind production wind production for Gotland, 2010

Loadmax max load on the island 183 MW (2010)
β transmission losses coe�cient 5.10−4MW−1

Tout air temperature temperatures in Visby, 2010
λmarket spot market prices prices in area SE, 2010

K number of households 13500
Pmax installed heating power 5 kW

Λ heat transfer coe�cient 75 W/K
τ time constant of the house 150 h

T ref reference home temperature 20°C
Tmin minimal comfort temperature 18°C
Tmax maximal comfort temperature 22°C

In order to calculate the savings that participating as a service provider for the Aggregator
would give to the average household, the variable electricity tari� was estimated to 123 öre/kWh,
i.e. 12.9 c¿/kWh [39]. As �gure 5.1 shows, the market electricity price only represents a minor
share of the total price paid by the private consumer. The savings' calculations have been made
using this value.

The results presented in the following subsections serve as a basis for extended calculations,
and only show an instantaneous picture of the impact of an Aggregator under fully deterministic
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Figure 5.1: Household's Electricity Price on Gotland, 2010 (sources: [6, 8])

conditions.

5.1.1 Scenarios

As the �rst version of the programme only simulates one-day periods, speci�c circumstances
have been favoured. Two extreme and one average situations have been chosen in order to give
a better understanding on what the Aggregator is able to do and the quality of the service
delivered, as well as the spreading in income such scenarios imply.

The �rst scenario considers the ideal situation when there is an excess of wind production
during the day. This is totally in line with the Aggregator's primary objective, i.e. modify
the consumption pro�le so as to better match the production curve. The quality of service
delivered is then determined by comparing the new load pro�le to the actual wind production.
This scenario is therefore most interesting from a technical perspective. The corresponding
data originate from November, 10th, 2010. Similar situations when there exists excess in wind
production are observed approximately 5% of the time.

The second scenario contemplates the situation when prices on the electricity market reach
extremely high levels while wind production is almost insigni�cant. Concretely, the prices attain
levels up to 15 times higher than the average, which is observed very seldom, only in two occasions
in 2010. This corresponds to a situation for which the Aggregator is not speci�cally designed.
The results show that the Aggregator still generates pro�ts in periods when its services are not
necessarily requested, since there is no wind production excess. This scenario is therefore most
interesting from an economic viewpoint. The corresponding data originate from February, 22nd,
2010.

Finally, an average day for the heating season has been created to evaluate the average daily
income that each involved participant can expect, as well as the extent in which the Aggregator
in�uences the consumption pattern and comfort of households.

5.1.2 Results

The �rst impression the simulations give is that the service appears to work under all circum-
stances and always allows for higher levels of wind penetration, even during low-wind periods,
as long as the optimisation horizon does not exceed one day1. Another observation is that the
Aggregator's business is not only pro�table for itself, but can also bene�t other actors, some-
times in a higher grade than the Aggregator itself. The indirect economic bene�ts that private
customers and mostly retailers obtain from the Aggregator's actions would perhaps ease the
implementation of such a service, and contribute to a more even spreading of the �xed costs
(mainly technical equipment and installation) between the di�erent actors. Such an eventual-
ity would naturally increase the probability of economic success for an Aggregator, as it would
reduce the capital expenses in the deployment phase.

1Simulations with one month horizon show on the other hand that a prolonged absence of wind seriously limits
the capacity for the Aggregator to modify the load curve.
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For the scenarios mentioned in 5.1.1, speci�c curves have been drawn depicting: the amount
of transmission losses and the expenses the DSO has to face in order to cope with them, the
temperature pro�le at home and �nally the load pro�les for Gotland. The base case scenario is
presented in blue, the Aggregator in�uence appears in green and the wind production is depicted
in red.

Windy Day

The objective here is to transfer the heating load from the peak period to the valley period
when there is an excess in wind production. The load pro�le and the DSO costs are modi�ed as
presented in �gure 5.2a. �gure 5.2b shows the modi�ed pro�le when an extra constraint is added
to the simulation programme: the home temperature T must follow the criterion Tend = Tstart.
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(a) Free setting of the �nal temperature

(b) Forcing Tstart = Tend

Figure 5.2: Curves from a windy day

As it can be observed by comparing the two curves, the extra limitation reduces the Aggre-
gator's possibilities and considerably limits its capacity to correctly follow the wind production
pro�le. On the other hand, setting such a constraint gives the possibility to perform a new
optimisation on the next day, without reduced capacities.

Expensive Day

Here, the wind production never exceeds instantaneous consumption whereas prices on the spot
market attain unusually high levels, with prices between 1000 and 1400¿/kWh during the morn-
ing (7-10AM) and evening (16-18) periods. It is therefore interesting for the Aggregator to reduce
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the heating load during the price peaks in order to minimise the DSO's costs. However, this
action is done to the expenses of the customers' comfort who experiment a temperature decrease
down to Tmin at the end of the day and it would therefore not be possible to repeat this action
twice, which limits its interest. The optimised curves are presented in �gure 5.3.
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Figure 5.3: Curves resulting from top prices

Average day

An average day during the heating season, which lasts from September 17th to May 21st [34], is
modelled here. The hourly mean-values for prices, load and wind production curves have been
computed and the results appear in �gure 5.4. Note that the economic outcome obtained for
this day cannot be multiplied by 247 to get the total income over the whole season, since the
�nal temperature is not the same as the initial one, and thus the conclusions for this speci�c
average day cannot be generalised for all situations.
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Figure 5.4: Curves for an average day during the heating season

Table 5.2 presents some �gures showing the e�ect of the Aggregator in the three cases. The
economic bene�ts for the actors involved as well as the technical impacts of the Aggregator's
actions are displayed.

Table 5.2: Summary of the simulation results

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
807 ¿ - 45 % 902 ¿ 0 + 26 % - - 35 %

High

Wind,

20°C

501 ¿ - 28 % 555 ¿ 0 + 12 % - - 17 %

High

Prices
38750¿ - 31% 265,3 k¿ 3 ¿ + 5 % - 10 % - 12 %

Average 1074 ¿ - 48 % 3750 ¿ 3 ¿ + 18 % - 17 % - 26 %

5.1.3 Analysis

First of all, it must be highlighted that the technical quality of the �wind follow-up service�
is very high. The results are very positive when the Aggregator has to act and modify the
consumption pro�le in order to adjust it to wind production.

Windy Day

As it is easily noticeable in �gure 5.2a and table 5.2, the wind penetration over the day increases
appreciably while DSO expenses and GHG emissions experiment a signi�cant reduction. Unfor-
tunately, setting the condition Tstart = Tend considerably alters the consumption pro�le (observe
�gure 5.2b) while worsening the service e�ciency, compared to the previous simulation.
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Special attention must be paid to the economic outcome of the scenario. Even though it
clearly appears to be the most interesting and promising technical service that the Aggregator is
able to o�er, the pro�ts both for the Aggregator and the retailer are limited, since no consumption
reduction is made and because the price variations do not allow considerable savings. Besides,
such an event when there is actually excess in wind production during the heating season is
extremely limited (in the current situation, about 5% of the heating days [6]).

Expensive Day

In a period of extremely high prices linked to very low wind speeds, such as observed in �gure 5.3,
the bene�ts for the Aggregator and especially for the retailer experiment sensible increases,
thanks to reduced consumption during the extreme peak-price periods. The households also
reduce their electricity bill but this is closely linked to their losing thermal comfort, as they
have to accept lower temperatures at the end of the day. As the consumption is reduced, the
wind share in electricity consumption mechanically increases even though it has to be seen as a
side-e�ect from the pure economic optimisation that is observed in this case.

Average Day

The above mentioned results are to be compared with the third use-case, or the average heating
day presented in �gure 5.4. It is in many aspects similar to the �expensive day�, with the
exception that the prices on the market do not reach equally high levels. As shown in table 5.2,
the Aggregator plays the same role independently of the price level, as long as the temperature
limits are respected. What makes the di�erence between the average case and high-price case is
the �nal economic outcome, directly proportional to market prices.

Even though the Aggregator has not been designed to actually perform any actions for pe-
riods when there is no excess in wind production, it clearly appears that from an economic
viewpoint, it would be absurd to disregard such events, since it is precisely during these days
that the Aggregator and the other economic actors would get highest bene�ts. Moreover, even
though it is extremely rare that prices on the market reach the levels observed in the �expensive
day�, the average day, as its name suggests, is very likely to be observed (about 95% of the time).

It has to be noted that in the results presented in �gures 5.3 and 5.4, the optimisation horizon
is only one day and no special attention has been paid to what is going to happen on the next
day, especially in terms of temperature. With other words, the programme starts the day with
an inside temperature T ref and does not take into consideration the starting temperature for
the following day. This is why such good results can be obtained since the inside temperature
decreases down to Tmin at the end of the day. On the other hand, if an additional constraint
is set to the optimisation programme in order to ensure Tstart = Tend, i.e. the continuity
of the service over more than one single day, the results are signi�cantly modi�ed. Indeed,
whenever wind production does not exceed consumption during the day, the optimal solution
for the Aggregator is to stay inactive. This is due to the constraint on the Aggregator that
cannot arti�cially increase the daily electricity consumption of the households compared to the
base-case.

5.2 Sensitivity Analyses

Once the �rst simulations have been run and a global overview over the possible e�ects of an
Aggregator has been obtained, it appears interesting to investigate a bit further the contribution
of a choice of parameters taken separately. Here the objective is to get an idea of how and to
what extent the modi�cation of a set of inputs can in�uence the economic outcome of the Aggre-
gator, all other things remaining unchanged. Compared to the base-case scenarios, reasonable
changes in the customers' comportment, building insulation or wind power production have been
introduced in order to determine the key parameter for the Aggregator to obtain a successful
business model.
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In order to o�er a global vision on all the sensitivity analyses that have been performed,
�gure 5.5 summarizes the approach that has been applied in this section.

Deterministic Model
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Figure 5.5: Summary of the sensitivity analyses performed.
Note that only the branch �windy day� has been detailed.

5.2.1 Customer In�uence

The �rst key set of inputs relates to the customers' in�uence on the Aggregator's outcome, as
they constitute the core of its business. In 5.1, it was simply assumed that all electric-heated
households on the island would participate with a standard temperature deviation acceptance
of +/- 2°C. In this section, the impacts of more re�ned scenarios have been evaluated, such as
several clusters and a lower number of providers.

Several Clusters

Modelising the entire spectrum of electrically heated houses on Gotland with only one standard
model might appear slightly too simplistic. The annual electric consumption between two houses
can vary by a factor of three, depending on its characteristics. The actual implementation of
an Aggregator would probably require the acquisition of individual data for each and every
single customer, but for obvious simplicity reasons, the houses have been separated into three
categories, each with its own characteristics independent of the others.

The �rst category includes the summer houses with electric heating during the winter to
avoid damages caused by the cold. These houses are small and characterized by low thermal
constant and e�ciency. On the other hand, they o�er rather high �exibility, since they are usually
inoccupied during the winter period. The electric heating is designed essentially to maintain a
given temperature in order to avoid damages in the construction. The remote control possibilities
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are very wide since the inside temperature does not need to ful�l comfort requirements, and can
experience wide variations.

The second category is composed by conventional, standard villas with the same character-
istics as in the basic model.

Finally, the third segment consists of bigger houses, assumed to comply with the current stan-
dards for passive houses in Sweden [40], i.e. low energy needs per surface unit and high thermal
resistance with higher heating needs. The inhabitants also have lower discomfort acceptance.

A comparative description of these categories is given in table 5.3.

Table 5.3: Comparison between the new Customer Categories and the Original Model

Concept
Symb-
ol

Reference
Case

Summer
House

Conventional
House

Passive
House

Consumption
(MWh p.a.)

X 8 ≤ X ≤ 25 8 ≤ X ≤ 13 13 ≤ X ≤ 20 20 ≤ X ≤ 25

Quantity K 13500 5750 5750 2000

Installed Power
(kW)

Pmax 5 3 5 8

Temperature
Setting (°C)

T ref 20 15 20 20

Temperature
Span (°C)

Tmin
Tmax

18 ≤ T ≤ 22 10 ≤ T ≤ 25 18 ≤ T ≤ 22 19 ≤ T ≤ 21

Thermal
Resistance
(W/K)

Λ 75 100 75 60

Time Constant
(h)

τ 150 75 150 300

Increasing the complexity of the model seems to have bene�cial e�ects on the outcome of the
Aggregator business, essentially due to the extra �exibility o�ered by the summer houses. In
each of the use cases considered, the bene�ts for the Aggregator are higher than in the reference
scenario, proportionally distributed according to the number of houses in each category. It is
nevertheless not as patent in the case of the retailer. The results are detailed in table 5.4.

Table 5.4: Results with three Clusters of Households

Aggregator

Bene�t

DSO

Expense

Reduction

Retailer

Net Bene�t

Household

Savings

GHG

Emissions

Decrease

High

Wind
944 ¿ - 53% 495 ¿ 0,5 ¿ - 29 %

High

Prices
42830 ¿ - 34% 277 k¿ 3 ¿ - 11 %

Average 1203 ¿ - 53% 3205 ¿ 3 ¿ - 27 %

Reduced Amount of Customers

Starting from the reference case but lowering the amount of service providers to only 5000
obviously reduces the possibilities for the Aggregator to deliver a service of good quality. The
calculations show that the amount of customers does not have a linear e�ect on the di�erent
actors' revenues. The Aggregator would comparatively earn more per capita in this case whereas
the retailers su�er from the low number of customers. A comparative summary is made in
table 5.5
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Table 5.5: Results with 5000 Households

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
365 ¿ - 21 % 326 ¿ 0 + 9 % - - 11 %

High

Prices
15300¿ - 12% 98 k¿ 3 ¿ + 2 % - 4 % - 4 %

Average 440 ¿ - 20 % 1125 ¿ 3 ¿ + 6 % - 6 % - 10 %

5.2.2 In�uence of Temperature Settings

A second key set of parameters corresponds to the temperature limits. In order for the Aggregator
to perform its wind integration optimisation, it needs to modify the heat load of its customers
and as a result, the home temperature will be modi�ed. This section analyses the e�ects of
setting higher comfort requirements, i.e. smaller temperature span; as well as removing this
barriers and letting the Aggregator act as needed.

Higher Thermal Comfort

In this more conservative scenario than the reference case, the temperature tolerance has been
reduced to +/- 1°C. The results are displayed in table 5.6.

Table 5.6: Results with Reduced Temperature Boundaries

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
787 ¿ - 44 % -386 ¿ 0,6 ¿ + 22 % - 2 % - 31 %

High

Prices
28669 ¿ - 23 % 189 k¿ 1,6 ¿ + 1 % - 23 % - 6 %

Average 637 ¿ - 28 % 2292 ¿ 1,6 ¿ + 8 % - 28 % - 13 %

It can be observed that dividing the temperature span by two does not a�ect the incomes of
the actors in the same proportion. In fact, the economic optimisation is such that the losses for
the Aggregator are limited, transferring all the economic e�ort on the retailer, which has to stand
for lower bene�ts. In the high wind situation, the lower capacity to follow the wind production
leads to reduced incomes that are partly compensated by a decrease in power consumption. For
the two other cases however, the business is less pro�table for the simple reason that only about
half of the power reduction is available, even though the bene�ts are not reduced in the same
proportion.

Removed Temperature Boundaries

A much more optimistic (though clearly unrealistic) scenario would be to remove any tempera-
ture bounds. The results of the simulations therefore give the (almost) unconstrained possibilities
of the Aggregator. Even though the economic results will never be attained, they are of par-
ticular interest to the study since they show the upper limit for the Aggregator's bene�ts. If
this value is not high enough to allow for a business case, then it can easily be concluded that
the Aggregator is not an interesting solution in the given conditions. On the other hand, if the
simulations conclude to pro�table investments in the mid term, then it could be interesting to
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�nd out the temperature conditions for the economic break even, depending on the Aggregator's
other business constraints.

The results of the simulations are presented in table 5.7.

Table 5.7: Results without any Temperature Boundaries

Aggreg-

ator

Bene�t

DSO

Ex-

pense

Reduc-

tion

Retailer

Net

Bene-

�t

House-

hold

Sav-

ings

Wind

Share

In-

crease

Power

De-

crease

GHG

Emis-

sions

De-

crease

Temp-

erature

Span (°C)

High

Wind
807 ¿ - 45% 902 ¿ 0 ¿ + 26% - - 35%

19, 8 ≤
T ≤ 21, 4

High

Prices

44216
¿

- 36%
311
k¿

6,6 ¿ + 30% - 21% - 25%
16 ≤ T ≤

20

Average 1194 ¿ - 53%
2595
¿

4,3 ¿ + 35% - 23% - 36%
17, 4 ≤
T ≤ 20

As table 5.7 shows, removing boundaries does not have any in�uence on the Aggregator
during a windy day, since the temperature variations stay into the conventional boundaries set
for the reference case. The �nancial outcome is however substantially increased in the case of low
wind production coupled to high prices and in the average situation. The Aggregator's bene�t
increases by 10 to 15%, though it is done at the expenses of the households that have to su�er
from temperatures down to 16°C at home, 4 degrees below T ref .

5.2.3 Building's Characteristics

In addition to the customers, each house's thermal speci�cations are of utmost importance to
determine the heat load. These characteristics are also bound to evolve.

Passive House

Energy e�ciency measures are expected to take place in the coming years. Concretely, this
means a progressive improvement in the dwellings' insulation, which can be bene�cial to the
Aggregator, yet accompanied by a change in heating sources. It is expected that direct electric
heating will gradually be replaced by heating pumps. Due to the much higher thermodynamic
e�ciency of such equipment compared to an electric heater [34], the total available power will
dramatically decrease. The e�ects of such a modi�cation has therefore been measured, and is
presented in table 5.8.

The scenario assumes that all houses have undergone insulation renovations that have changed
their characteristics to passive houses [40]. On top of that, all consumers have modi�ed their
heating source to heat-pumps instead of conventional electric heating. As a consequence, Λ =
60W/K and Pmax = 2 kW are drastically reduced whereas the time constant τ = 300h increases
considerably.

The revenues for both the Aggregator and the retailer are signi�cantly lower than in the
reference case, since there is less available �exibility to perform the service. This also proves
that the evolution of the building characteristics towards improved insulation and heat-pumps
will have a clear negative impact on the Aggregator's business model.

Summer House

Another interesting aspect to evaluate is the characteristics for summer houses with electric
heating. These buildings are designed to be only inhabited during the summer season and
seldom dispose of tight insulation. Moreover, as heating is only needed to avoid major problems
during the winter while the house is not inhabited, direct electric heating is the conventional
solution.
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Table 5.8: Results from Improved Insulation

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
427 ¿ - 24% 392 ¿ 0 ¿ + 11% - 3% - 14%

High

Prices
12698 ¿ - 17% 82 k¿ 1,6 ¿ + 8% - 9% - 10%

Average 369 ¿ - 26% 692 ¿ 1,1 ¿ + 13% - 10% -16%

A scenario assuming that all houses on Gotland have the same characteristics as summer
houses has been evaluated, in order to see the impact of such di�erences on the Aggregator's
outcome. The results are presented in table 5.9.

Table 5.9: Results from Summer Houses

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
902 ¿ - 51% 173 ¿ 1 ¿ + 11% - 3% - 14%

High

Prices
29386 ¿ - 24% 202 k¿ 1,7 ¿ + 8% - 9% - 10%

Average 647 ¿ - 29% 2 314 ¿ 1,7 ¿ + 13% - 10% -16%

Even though the bene�ts for the Aggregator are slightly higher in the case of windy days, it
su�ers in average due to the fact that the bad insulation limits the length of the period when
the heating can be turned o� before it reaches the temperature boundaries.

5.2.4 Increased Wind Production

Coming to external factors that can have a decisive in�uence on the Aggregator's outcome,
windpower production will certainly be the triggering paramater. Although it is di�cult to
forecast how fast the changes will come, essentially depending on the scheduled grid-upgrades,
it can be ascertained that the objectives of a ten-fold increase in the production on the island
by 2025 compared to 2010 are far from being unreasonable [25]. It is also true that an increase
in wind production will automatically make the service of distributed generation integration
much more interesting from a practical viewpoint, as the number of days with an excess of wind
production will increase.

The simulation results displayed in table 5.10 correspond to a situation with twice as much
wind production as in the reference case.

Curiously enough, the impact of the Aggregator and its bene�t are lower than in the reference
case, despite the fact that an increased wind production should help ful�l its task to match
consumption with production. However, the results can be explained by the fact that, in the
case of windy days, the excess of wind production is likely to be much higher than what the
Aggregator can deliver, hence the relatively small increase in wind penetration observed, as it is
already very high. When it comes to average days on the other hand, the technical bene�ts are
obvious, even though most of the economic outcome is due to the global decrease in consumption,
and is therefore lower than in the reference cases since Pneed is also reduced.
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Table 5.10: Results with higher Wind Power Production

Aggreg-

ator

Bene�t

DSO

Expense

Reduc-

tion

Retailer

Net

Bene�t

House-

hold

Sav-

ings

Wind

Share

Increase

Power

Decrease

GHG

Emis-

sions

Decrease

High

Wind
572 ¿ - 32 % 359 ¿ - + 5 % - - 3 %

High

Prices
36184 ¿ - 29 % 261 k¿ 3,2 ¿ + 4 % - 10 % - 14 %

Average 448 ¿ - 20 % 3111 ¿ 2,9 ¿ + 16 % - 15 % - 57 %

5.2.5 Impact of Electric Vehicles

The question of the integration of electric vehicles into the deterministic model has not been
deeply studied. The main reason being that the number of electric vehicles needed to reach a
signi�cative impact in the Aggregator's o�er requires technical and behavioral changes beyond
what is expected in a foreseeable future. As an illustration though, the model for Gotland
has been designed with 5000 purely electric cars, corresponding to 15% of the total �eet. Be-
sides, it has been assumed that the additional charging cycles the car batteries face due to the
Aggregator's actions are done at no extra-cost for the latter.

To sum up, by the time those conditions for electric vehicles are ful�lled on Gotland, it is
highly probable that all other parameters will have experimented drastic changes, especially
regarding wind production and market conditions.

The study of EV impact for the Aggregator is nevertheless not totally useless. It gives a very
interesting perspective on how the management of the battery charge level can contribute to
enhance the Aggregator's pro�t. It also shows that batteries are a useful complement to remote
control of heating, especially when it comes to more precise consumption models. The heating
load during the day, when the house's inhabitants are away can be controlled much more �exibly
than when they are at home and heating load must comply to stricter comfort requirements.
It is then the electric vehicle can take over and replace heating in the regulation thanks to its
�exible use of charging and discharging capacities. Besides, this service, conversely to the electric
heating is expected to be available all year round.

The characteristics for the average driver and electric vehicle were taken from [24, 32]. The
scenario di�ered substantially from the reference case since the simulations were not performed
over a whole 24-hour period but only an 11-hour period from 8PM to 7AM on the next morning.
This is to imitate the users' behaviour. As this model was just designed to get an idea of the
magnitude of the pro�t that EV could bring to the Aggregator, a very basic behavioral pattern
has been assumed: all the users take their fully-charged vehicles to work at 7AM in the morning,
drive in average 30km and all come back at 8PM with a partially emptied battery. The only
constraint for the Aggregator is to ensure that the battery is fully loaded at the end of the night.

The actual impact of EV �exible charging has not been numerically evaluated yet.

5.3 Summary of the Deterministic Scenarios

The results from the di�erent scenarios computed have been compiled in �gure 5.6. All the
results have been normalized to the reference case.

When it comes to the revenues, it can be observed in �gure 5.6a that the less power is o�ered
by the service providers, the less pro�table the actions of the Aggregator will be: less customers,
higher constraints on home comfort and improved insulation are therefore threats for the revenues
of both the Aggregator and the retailers. Where the results are slightly surprising, is that lower
constraints and increased wind production do not necessarily imply increased bene�ts. In the
case of removed temperature boundaries, this is due to the fact that the extra power delivered
to the Aggregator only brings a negligible extra income to it; while for increased production, it
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Figure 5.6: Summary of the Sensitivity Analyses

is a pattern that has been recurrent in all the tables of this chapter: though interesting from
a technical viewpoint, the high-wind situation is not �nancially the most pro�table use-case as
most of the revenues come from load-shaving instead of load-shifting, due to the low intra-day
variations in the spot prices.

The environmental side-e�ects of wind power integration follow the same pattern: the more
the Aggregator can modify the consumption curve, the more environmental impacts its actions
will get. This is particularly visible when all temperature boundaries are removed and the
Aggregator can really follow the production curve. The fact that high wind share gives lower
integration improvement depends essentially on the already high penetration for this use-case,
so the increase is comparatively lower. In the case of passive houses, the extreme variations do
not allow for sound conclusions with respect to the environmental bene�t they bring.

Finally, the quality of the Aggregator's service is measured by its capacity to reduce the
DSO's expenses caused by the transmission losses to and from the Swedish mainland. Always
taking the reference case as a basis for comparison, the conclusions are similar to the previous
paragraphs. Increased wind production tends to reduce the transmitted power, since a higher
share of power can be consumed locally and thus lowers the power �ows between the island and
Sweden. This is why the savings the Aggregator brings in this case are not as important as
in the reference situation. It must also be noted that the bene�ts never reach very high levels
compared to the reference case, even in the case of more categories or removed temperature
boundaries.

The sensitivity analyses have highlighted some key parameters that must be attentively
studied before an actual implementation of an Aggregator for distributed generation integration.
These factors are listed below:

� Customer Pool Size: The service providers' pool size is essential to guarantee a favorable
outcome for the Aggregator. In a nutshell, it can be said: �the more the merrier�: the higher
the number of customers, the more power will be available for load shifting and the service's
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quality will improve accordingly.

� Comfort Criteria : It is important for the Aggregator to be able to count on a �exible
resource, i.e. households that accept possibly long periods with a home temperature lower
than their reference comfort value. +/- 2°C is a reasonable band, which is believed to be
accepted by most of the houseowners. Besides, removing boundaries would considerably
increase the discomfort without any neat economic impact for the Aggregator.

� Clusters of Houses: A more detailed version of the optimisation model is advised. Going
down to individual level and integrating every single house's thermal and comfort charac-
teristics would be pointless. Dividing the population in clusters with prede�ned common
values however, has a bene�cial impact and does not require any dependence on external
parameters, since it only corresponds to an improvement in the optimisation programme.
The better �nancial outcome is essentially due to the speci�c conditions for Gotland that
possesses a vast amount of summer houses unoccupied during the winter season and can
therefore accept higher temperature variations.

� Wind production : As strange as it might sound, in order to perform pro�table business,
it is preferable for the Aggregator that the wind production share in the total consumption
does not exceed a certain percentage. A very important di�erence must be made between the
technical quality of the service, which improves with a higher share of wind production; and
its �nancial outcome that mechanically diminishes when wind production already covers a
substantial amount of the load.

� Spot-Market : It would be convenient to have expensive prices and high intra-day varia-
tions on the electricity market in order to guarantee high incomes for the Aggregator, as
the use-case �expensive day� clearly illustrates.
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Chapter 6

Improvements in the Model

6.1 Dependence on Forecasts

The model built in chapter 4 and the simulations analysed in chapter 5 were treated as a
deterministic problem, disconnected from reality in many aspects. In fact, all the parameters
used in the calculations were historical data i.e. no uncertainties on the forecasts were included.
In order to take into account the deviations from the forecasted values, an evaluation of the
revenue spreading has been preferred rather than including each stochastic phenomenon in the
initial Matlab [37] code.

Yet, the business model for the Aggregator is extremely dependent on the quality of the
forecasts for a series of data. Incorrect predictions can put in jeopardy the promised action, if
the conditions substantially di�er from what the Aggregator expected with the day-ahead data.
In the worst case, no action will be taken and the DSO will incur in high imbalance costs that
will a�ect the Aggregator's revenues.

6.1.1 Stochastic Phenomena

There are several stochastic phenomena on which the Aggregator relies in order to calculate the
optimal load response. An overview of them and their �nal impact is given in this subsection.
Those factors are: spot prices, temperature, load and wind production.

Another factor to take into account is the availability of the customers at the moment of
their remote activation. Several events can in�uence this availability and in the absence of
relevant pilot projects testing customer involvement, it has been assumed that the totality of
the customer base is available at every single instant.

Spot Prices

The spot market closes at 12PM on the day before the delivery period. This means that the
optimisation must be done before this time by the Aggregator, so that the DSO is able to use
the new optimised load curve to place its bids and puchase on the spot market before its closure.
The optimisation is therefore performed without actual prices, and these have to be assumed and
predicted thanks to advanced tools, such as those currently used by the power utilities. There is
nevertheless always a risk that the settled price curve completely di�ers from the assumed one
resulting in a suboptimal load-shifting pattern made by the Aggregator.

It must be noticed that the actual price does not really matter. It is rather the shape of the
curve that is important to guess: the price level determines the value of the revenues whereas the
intraday variations determine if they will be pro�ts or losses. Indeed, the Aggregator prioritises
load-shifting depending on the price for each hour: the highest-price period will be dispatched
with highest priority, so as long as this period is correctly predicted, the physical dispatch of the
Aggregator will not have a negative impact on its �nancial outcome.
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Temperature

Wheather forecasts are assumed to be given by the national meteorological agency [35]. Accord-
ing to the level of con�dence achieved for day-ahead forecasts [41], it can be seen as reasonable
to assume that day-ahead temperature predictions coincide with the actual values. Besides,
the geographical extension of Gotland can even out the temperature deviations over the whole
island, and higher local temperatures in some area can be compensated by slightly lower ones
in another.

It is though useful to have an approximate idea of the impact that an error can cause on the
heating consumption. As a rule of thumb, the electricity need for heating the 13500 villas on
Gotland can be estimated around 1 MWh per hour per Celsius degree. In other words, if the
real temperature on a given hour di�ers from the forecast by one Celsius degree, then the total
heating consumption Q̇base will be modi�ed by 1 MWh. At an average winter temperature of
0°C, this also corresponds to ca. 5% of the total hourly load.

Yet, this 5% di�erence does not necessarily have a tangible impact on the Aggregator's action:
it is instead its action range that is reduced by 1 MW/°C, meaning that the available shiftable
capacity Pavail will vary. Yet, as long as the shifted power Pact remains inferior to the new
Pavail, the revenues of the Aggregator will not be a�ected, assuming that the rest of the load on
the island is independent from temperature.

Load

It was not possible to get access to region-speci�c prediction data, but the analysis of national
load data for Sweden [8] shows that the day-ahead prediction almost coincides with the measured
outcomes. The standard deviation is very low: 95% of the time, real consumption di�ers with
less than 4% from the predicted load curve. In the case of Gotland, the maximal error that can
be expected is therefore +/-7 MW mismatch in the case of top load, or 4 MW concerning the
mean load on a given hour.

Wind Production

This is undoubtedly the parameter for which the forecasts di�er the most from the real outcome.
According to [42], the wind forecast errors compiled from Nordpool data and scaled down to
Gotland's size would amount to more than 14% in the case of day-ahead predictions. Related
to the installed capacity on the island in 2010, the con�dence interval becomes quite impressive:
it corresponds to a deviation interval of +/- 33 MW in 95% of the cases. In other words, wind
prediction errors originate changes ten to thirty times as important as the ones a�ecting the
load curve.

Another important aspect to take into account is that such errors can have a dramatic
impact on the Aggregator's actions, as it can cause the needed regulation Pneed to suddenly
change sign. For instance, the Aggregator schedules a load increase relying on forecasted wind
production data, while the real data would actually have required a load decrease. Unfortunately,
no miracle solution is suggested to counteract the e�ects of forecast errors.

6.2 Improved Monte Carlo Model

Stochastic phenomena are likely to have a signi�cant in�uence on the Aggregator's physical
actions and its �nancial outcome. The initial numerical optimisation model did not re�ect this
additional complexity as it was run with deterministic inputs. In order to provide results as
near reality as possible, the stochastic phenomena described above in 6.1.1 have been integrated
into a more advanced programme. The algorithm also o�ers a more detailed division of the
households in three clusters, like those described in table 5.3.

A second version also includes a fourth category consisting of electric vehicles, in order to
represent the forecasted situation in 2020.

69



6.2.1 Simulation Strategy

The algorithm employed in this more advanced version is almost identical to the previous one.
First, the user chooses the scenario (2010 or 2020) and the strategy for the Aggregator, with

or without temperature set-back. In the case of temperature set-back, the Aggregator only acts
every other day, allowing the system to return to Tref so as the initial conditions are the same
every time the Aggregator performs its service. This option potentially reduces the revenues by
two but at the same time, the total amount of available power to shift is likely to be higher and
will compensate for the revenue losses.

Then, random data based on historical values are generated for Wind, Loadbase, Tout, and
λmarket. Daily pro�les are created with hourly values.

The optimisation is then performed as explained in 4.4.1, with the di�erence that it is done
cluster by cluster instead of considering the 13500 houses as a whole.

When the output is optimal for the whole month, the results are displayed.

6.2.2 Flow-chart

A graphical representation of the optimisation strategy is presented in �gure 4.4.
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Figure 6.1: Flowchart for the Monte Carlo Algorithm
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6.3 Results and Analysis

6.3.1 Present Situation

The results of these Monte Carlo simulations show that despite the integration of cluster, the
average daily expected outcome for the Aggregator is 700¿ over the whole heating season. If
the service is performed only once every other day, allowing the home temperature to go back
to T ref , the revenues increase to 860¿ a day. The retailer is on the other hand much more
bene�tted: either 6600¿ or 9700¿. These means hide very wide di�erences between the core
winter months like February, when the Aggregator earns in average 1500¿ per day and the end
of the heating period. In may, the revenues of the Aggregator do not even attain 280¿ a day.
The summary for the daily revenues both for the Aggregator and the retailer over the whole
winter period is presented in �gure 6.2. The wide variations that are observed are due to the
in�uence of the stochastic phenomena.
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Figure 6.2: Summary of the Daily Incomes in the Monte Carlo Simulations

6.3.2 Forecasted Situation in 2020

Under the 2020 conditions summed up in table 6.1, the results are slightly improved when it
comes to the Aggregator's bene�ts. However, its action is limited due to the small amount of
�exible power compared to the very high wind production. The existence of EV does improve
its outcome but to a rather limited extent, as the prices on the spot market are quite low.

Table 6.1: Conditions for the 2020 Model

Concept 2010 2020

Wind Production real 7-fold increase
Load real 5% reduction

Customers 13500 no changes
EV No 3000

Market Prices Sweden, average 2008-2011 DK1, average 2010-2011

All in all, the preliminary conclusions that can be drawn from the simulations are that
despite increased incomes in the future for the Aggregator, the service will still su�er from
heavy investment costs. What is more, the retailers will no longer bene�t from the Aggregator's
modi�cation of the load, which makes a successful partnership between Aggregator and retailer
doubtful.
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Chapter 7

Potential Barriers and Suggested

Solutions

The simulations, which results were presented in chapter 5, presented the degree of in�uence
of a range of chosen parameters on the outcome of the Aggregator. These calculations have
nevertheless been made under the sine qua non condition that the Aggregator is already in
place. This is currently not the case, and some attention must be paid to the foreseeable
barriers that can prevent the creation of such an entity. The obstacles are of several kinds and
can be presented as follows: �nancial needs, management of private information from the service
providers and dependence on stochastic phenomena.

7.1 Financial Impediments

The �nancial barriers for the Aggregator concern both investment and operation costs and
constitute one of the key problems to be solved in order to ensure a sustainable business.

7.1.1 Technical Equipment

The business model as it has been designed in the master thesis is directly inspired from the
French Aggregator Voltalis [7]. This company is built on a functioning and successful business
idea. The Aggregator pays for the installation of the technical equipment and leases it for free
to its service providers (private households with electric heating). These o�er in return their
�exibility for free and get access to their consumption data in real-time via a computer-based
interface.

In the case of Gotland, it would be interesting to adopt a similar solution, which presents the
advantage to be easy to handle and does not bring any variable costs in the operation phase. The
technology allowing for a double-way information exchange between the Aggregator's control
centre and every single home is not very widespread yet. [15] lists a selection of the devices
available on the market for particular customers, but as they lack mass production, they usually
have high prices: up to 1000¿ and a return on investment time from 3 to 10 years for individual
houses.

It is unlikely that an Aggregator would get the same tari�s as private consumers. If we assume
that an Aggregator on Gotland could get the same tari�s as Voltalis in France [7], the total cost
for the equipment and installation would amount to ca. 250¿ excluding taxes. Even then, the
total investment to equip the whole island would be 3,375 M¿. Compared to the average daily
income slightly above 1000¿ (see table 5.2) and taking into account that the heating season only
lasts 247 days a year, it would take the Aggregator around 5 years of operation to pay back for
the investment, disregarding any other variable costs such as wages and computer equipment.
This is clearly too long to allow for a sustainable business. On the other hand, the pay-back time
is extremely sensitive to high price periods, since one month with such characteristics would be
enough to repay.
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Another solution to consider would be to involve the retailer in the investment phase, since
it would indirectly bene�t from the Aggregator. Summing the revenues of both entities, the
average pay-back time goes down to slightly more than a year, and less than �ve days with high
prices.

All in all, it clearly appears that the cost for the equipment and installation would constitute
a �nancial burden for the Aggregator, and what is more, it would only be an investment cost,
meaning that the capital would most certainly come from a loan, di�cult to negotiate due to
the wide uncertainties on the actual outcome of the business. This is why, although still o�ering
a service to the DSO, it would be �nancially interesting for the Aggregator to be associated to
a retailer, which would considerably reduce the �nancial risk of the investment.

Table 7.1 summarizes the cost and revenue dispatch between the Aggregator and the retailer
as well as the impact of the Aggregator's actions on the DSO's expenses.

Table 7.1: Cost and Revenue Comparison for the Present Situation

Normal Set-back

Investment Costs 3,4 M¿

Yearly Revenues 173 k¿ 213 k¿
RoI 20 years 16 years

Retailer's Bene�ts 1,6 M¿ 2,4 M¿

DSO expenses 1,4 M¿ (winter period)
DSO expense reduction 12% 15%

7.1.2 Additional Costs for the DSO

Once the problem of the investment costs has been solved, there still exist variable costs that
can a�ect the revenues of the Aggregator. It has been assumed in the model that the DSO would
pay the Aggregator according to the quality of the service delivered, measured according to the
di�erence between the real expenses and the predicted ones in the absence of load shifting.

What the optimisation model does not properly show, is that the optimisation is performed
in day-ahead, and proceeds with forecasts only. The DSO then buys the amount of power
corresponding to the predicted transimission losses after the Aggregator's optimised suggestion.
But the real load will without any doubt di�er from the predicted one, as it is described in 6.1.
The DSO will then have to pay for these di�erences on the balancing market, as the blue arrows
show in �gure 4.3. If the actions of the Aggregator incurred in additional balance needs compared
to the predicted situation, then the DSO will discount it from the Aggregator's revenues. Should
the contrary happen, the extra savings would be redistributed to the Aggregator. Two scenarios
can be considered:

Day-ahead Optimisation This is the case modelled in the master thesis. Here, the Aggre-
gator is subject to the same uncertainties as the DSO, regarding forecast errors. Its actions
will most probably not have a strong impact on the DSO's participation on the balance market.
In average, the amount of power purchased by error will be in the same order of magnitude
regardless of the presence of the Aggregator.

Intraday Optimisation Another business case can be imagined, where the Aggregator would
perform an intraday optimisation, with virtually no uncertainties, and thus operating in an
(almost) deterministic situation. Its actions would therefore not incur in any errors and the
perfect optimal load curve would be obtained. The DSO would nevertheless still have to buy the
power on the day-ahead market based on prognoses without the intervention of the Aggregator.
Thus, the Aggregator's intervention, despite its positive e�ect on losses, can originate additional
costs to the DSO in terms of added exchange on the balance market.

This case shall be studied further in order to evaluate the actual magnitude of power nego-
tiated by the DSO on the balance market and its �nancial value.
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7.2 Information Management

The second crucial aspect to take into account when it comes to manage private consumers'
data in real-time to o�er a service to a third party actor is data protection. The laws protecting
the private users are usually well designed. The Aggregator should be very attentive to how the
consumption pro�le and the home's internal data should be managed when writing the terms of
the contract binding it to the households. This part has already been treated in 1.3.

However, even if the immaterial right of information management is protected by the terms
of the contract, the physical treatment of the information �ows shall also be dealt with. The
whole information �ow has to be protected to prevent external intrusions.

Figure 7.1: Information exchange between customers and Aggregator

As �gure 7.1 shows, there exist several loopholes in the physical path of the information. Some
of them are easy to protect, other are more complex. Intrusions from external hackers during
the transmission phases, both at home and between the Energy box and the Aggregator can be
avoided through the utilisation of a properly secured protocol, ensuring that the information sent
and received is encrypted and only accessible to the end-users: house owner and Aggregator.

The storage of historical information entails much higher challenges. This information is of
course of vital importance for the Aggregator to improve the quality of its optimisations. But,
if the information is stored externally, i.e. the physical facility is not handled by the Aggregator
itself, the storing company can treat the information with commercial purposes. Having real-
time historical data for individual consumption is of invaluable importance for many other actors
in the electricity market, especially retailers and BRP that could signi�cantly improve their load
forecasts.

This is why it is of utmost importance for the Aggregator to clearly de�ne the terms of
contracts both with the private clients and with the storing company, ensuring that no vital
information from the consumers will be disclosed to competitors or external actors.

75



Conclusions

Summary

Developments in Information and Communication Technologies (ICT) have opened a whole new
range of opportunities for the traditional electricity market. They have, among other things,
enabled the active participation of private consumers on the market. The studies carried out in
the �eld of demand response, included in the vast concept of smart grids, have foreseen bright
opportunities for Aggregators, new actors on the market whose role would be to gather and
manage a decentralised load consisiting of several clusters of consumers, ranging from private
households to medium industry. Despite the abundant literature, very few concrete examples
have already been implemented, with the noteworthy exception of Voltalis in France [7].

In the �rst part, literature and �eld studies have been carried out in order to clearly de�ne
the concepts employed in the project. Demand-side management, both through active demand
and controlled response bring bene�ts to the entire chain of actors in the electricity market
and even has a positive environmental impact. The barriers for its large-scale implementation
have been identi�ed as the lack of regulatory framework and con�icts of interests between the
di�erent actors involved. Beyond the technical, geographical and economic prerequisites for
the implementation of demand response, the real key parameter is the end-user involvement.
Without a clear acceptance and implication of the �nal consumer, DSM will not function at all.
In order to implement an Demand-response solution on Gotland, the island's power system's
characteristics have been analysed in details. The study has highlighted the problems that the
current grid has to face due to the fast development of wind power, even though the DSO has
already decided to remedy them with extensive upgrades. Despite this decision that will limit
the future needs for demand-side management on Gotland, favorable conditions have been found
to develop an Aggregator using electric heating from private households. Based on the technical
needs and load availability, it appeared that wind power integration enhancement with load-
shifting from electric-heated homes remotely controlled by an Aggregator was the most suitable
Aggregator business to implement on Gotland.

The Aggregator has the objective in this case to reduce the transmission losses that the
DSO has to pay for, when exchanging power through the HVDC-cable to and from the Swedish
mainland. The Aggregator uses the predicted load and wind production curves, as well as
day-ahead temperature and price forecasts as external inputs to come up with an optimally
redesigned load curve. This new curve is obtained using the �exibility of the heating load: the
private owners accept small temperature variations at home and contribute to minimise their
environmental impact by consuming locally produced and renewable electricity. The results of
the numerical simulations display that under the current circumstances, the service would hardly
be pro�table for the Aggregator. The retailer would on the other hand greatly bene�t from the
side-e�ects of these actions. The simulations also underlined the parameters that would have
a decisive in�uence on the business case: an important, �exible consumer base coupled with a
detailed description of their characteristics would favour the physical optimisation while not too
high shares of wind penetration and high price variations would induce higher revenues.

In the end, the limits of the model have been outlined. Like every model, it fails to represent
the exact reality. Although the simulations seem to show somewhat positive results, there are
several barriers an Aggregator has to overcome before actually being implemented. First and
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foremost, the technical equipment without which the service cannot be performed has to be paid
by the Aggregator. That would seriously put tough requirements on the rate of return for the
service performed. A shared investment with the retailer would however considerably ease the
process. Second, the valuable consumption data from private consumers must be protected and
shall not be used for other means than just improving the Aggregator's forecasting tools. Finally,
the load-shifting service is extremely dependent on stochastic phenomena, the most important
one being wind production, which varies considerably between the day-ahead forecasts when
the optimisation is run and the actual time when actions are implemented. This is why a more
advanced model, including Monte Carlo simulations has been tested. The results show a higher
volatility for the daily incomes but no noticeable improvement in the global outcome.

All in all, the thesis has demonstrated that an Aggregator o�ering load-shifting for wind power
integration on Gotland is technically possible and advisable but would hardly be economically
sustainable. The DSO's needs for such a service are limited due to its decision to undertake
extensive upgrades of the distribution network in order to deal with up to 1 GW wind power by
2025. Besides, the �nancial outcome of such a service would not cover for the high invesment
costs, because of the low variations on the electricity market, and the end-users' involvement for
this new type of innovative solution is hard to predict beforehand.

Seen in a broader perspective, the study has given a state-of-the-art overview of the knowledge
on Aggregators. The broad spectrum of what can be achieved with demand-side management
has been described and the business case modelled has demonstrated that, despite the absence
of Aggregators in the current market design, there exist neither technical nor legal barriers to
implement them. On the contrary, the results of the simulations have highlighted the good
quality of the physical delivery. The low bene�ts for the Aggregator are partly due to the spe-
ci�c conditions prevailing on Gotland. Provided that there are distribution networks with high
penetration of electric heating, large amount of summer houses, intermittent local distributed
generation, the results could be radically di�erent under modi�ed market conditions with higher
price volatility. As this thesis has identi�ed the key parameters for a successful implementa-
tion of an Aggregator and as the simulation tool developed is versatile and not case-speci�c;
this study and the optimisation model can be used to test the same business model with other
scenarios.

Future Work

The Master thesis' work has just investigated a particular aspect of the vast subject of Aggre-
gators and has paved the way for pursued research in the �eld. As this concept is still mostly
in the research phase, the natural pursuit would be to carry out a small-scale pilot project on
Gotland. The objective of this project would not be to create a pro�table business but rather
to put into practice the technical conclusions of this research work.

Only a real implementation could help understand more in depth the complex intercon-
nections between the Aggregator and the other market actors. It would give a quantitative
appreciation of how the activities of retailers, DSO, BRP are a�ected by the presence of an
external actor that handles active demand. This would also be the occasion to develop further
and analyse which synergies exist between an Aggregator and the other actors, depending on
the service o�ered. In other words, it shall be determined whether the electricity market in its
entirety bene�ts more from an independent actor or from an Aggregator as part of an already
existing actor.

Another interesting aspect to investigate more deeply is the in�uence of stochastic phenomena
on both the physical delivery and the economic outcome. The simulations performed here are
not conclusive, since they are just simulations and can only give an idea of how complex it would
be to deal with so many uncertainties and still ensure a pro�t. Powerful forecasting tools ought
to be developed if Aggregators want to compete without any handicap on the electricity market.

Third, the predicted emergence of electric vehicles opens new opportunities for aggregated
load management. The future power systems will certainly provide Aggregators with higher
amounts of �exible load that can then be used for various purposes. The speci�cities of batteries,
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which can be charged and discharged, would be an interesting subject to investigate and simulate
further.

Finally, the sociological aspects around customer involvement are essential to investigate and
understand. This work mostly focused on the technical aspects of the Aggregators, but it is ob-
vious that the best business case and the best techology are worthless if consumer involvement
is missing. The triggering factors to get end-users genuinely interested in their electricity con-
sumption need to be determined before entering into the marketing phase. Beyond the savings
and the environmental bene�ts that active demand generates, it is essentially a shift of paradigm
that is required. Consumers must become more aware of their electricity consumption and how
they can act to modify it.

In conclusion, the master thesis has evaluated the market possibilities for an Aggregator,
under a given set of technical, economic and geographical hypotheses. Further investigation on
the matter is certainly needed but the most interesting surely consists in checking whether the
conclusions of the work are con�rmed by the actual results from a full-scale implementation,
hopefully in a near future...
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