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Abstract
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Responsible Parties
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By using IT-solutions, the flexibility
on the demand side in the electrical
systems could be indcreased. This is
called demand response and is part of
the larger concept called smart grids.
Previous work in this area has concerned
the utilization of demand response by
grid owners. In this thesis the focus
will instead be shifted towards the
electrical companies that have balance
responsibility, and how they could use
demand response in order to make
profits.

By investigating electrical appliances
in hourly measured households, the
business value from decreasing
electrcial companies power imbalances
has been quantified. By an iterative
simulation scheme an optimal value was
found to be 977 SEK/year and appliance.
It could however be shown that the value
became larger for energy inefficient
households, and that such consumer's
participation in a demand response
market would be prioritized ahead of
other measures like isolating walls is
rather unlikely. Thermal appliances
whose load depend on the outdoor
temperature are less valuable for demand
response during the summer months, and
the annual value would increase if less
seasonally dependent appliances were
used. Additionally, by increasing the
market price amplitudes and the
imbalance price volatility, it could be
shown that the potential for such demand
response markets is larger in e.g. the
Netherlands and Germany.
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Populärvetenskaplig beskrivning  
Genom att integrera IT-lösningar i elsystemet kan s.k. smarta elnät konstrueras . En del 

i detta koncept kallas förbrukarflexibilitet, och går ut på att konsumenter varierar sin 

förbrukning vid tillfällen då det gynnar elsystemet. Tidigare forskning och diskussion 

har ofta handlat om hur nätägare kan utnyttja förbrukarflexibilitet för att stabilisera 

nätet, men i detta examensarbete ska istället den potentiella ekonomiska nyttan för 

marknadsaktörer, närmare bestämt balansansvariga, undersökas. Balansansvaret går ut 

på att planera för att det ska bli balans mellan produktion och konsumption, och de 

avvikelser som upptstår innebär en kostnad. Idén är därför att förbrukarflexibilitet ska 

användas av balansansvariga för att reducera denna kostnad. 

Det krävs således en länk mellan balansansvariga och de konsumenter som ingår i 

dennes balansansvar. En sådan länk finns alltid i och med att konsumenten måste ha en 

elleverantör, som antingen själv är balansansvarig eller betalar en annan aktör för att ta 

över balansansvaret. I detta examensarbete ska en annan länk upprättas och undersökas, 

nämligen en ny sorts marknadsplats där konsumenten agerar leverantör, och den 

balansansvarige köpare, av förbrukarflexibilitet. På marknadsplatsen finns en mäklare, 

företaget Expektra, som är beställare av detta examensarbete. Expektra är en opartisk 

aktör som erbjuder denna nya marknad som en möjlig aveny för att minska 

balanskostnader. Den balansansvarige gör prognoser av reglerpriset för de kommande 

timmarna och den egna obalansen, och lägger bud till marknadsplatsen om förändrad 

förbrukning på timbasis baserat på detta. Konsumenter lägger också säljbud på hur 

mycket och i vilken riktning (ökning, minskning eller båda) de är villiga att förändra 

förbrukningen från orginalplanen. På marknadsplatsen genomförs sedan de eventuella 

transaktionerna för den aktuella timmen. Det finns många sätt denna marknadsplats 

skulle kunna fungera, och hur säljare och köpare skulle agera. Dessa variationer 

representeras av parametrar, som i sin tur kan varieras.  

Olika typer av elektriska applikationer i timuppmätta hushåll har använts på 

marknadsplatsen för att  kvantifiera affärsvärdet av att reducera balansansvarigas 

obalanskostnader. Med ett iterativt simuleringsschema, där många kombinationer av 

parameterinställningar testas, har det optimala värdet påvisats uppgå till 977 SEK/år och 

applikation. Det visade sig dock vara de minst energieffektiva hushållen som kunde 

generera de största värdena, och att dessa typer av hushåll skulle ingå i en marknad för 

förbrukarflexibilitet innan andra effektiviseringsåtgärder utförs, som t.ex. isolering av 

väggar, är diskutabelt. Termiska applikationer vars last berodde på utomhusklimatet var 

mindre värdefulla under sommarmånaderna, och indikerade att applikationer som inte är 

säsongsberoende torde öka den ekonomiska nyttan. Genom att förändra prisnivåerna 

och tilläggsprisets volatilitet visade sig potentialen även vara större i länder som 

Nederländerna och Tyskland. 
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1 Introduction 
The electric power system was historically developed and built around the generation, 

i.e. the power plants. If more power was needed, the production had to increase. 

Nowadays in the developed part of the world, the large and interconnected power 

systems rely on the same principle: the amount of power on the grid is determined by 

the flexibility of generation (Palensky and Dietrich, 2011). A predetermined frequency 

(suitably chosen for human purposes, 50 Hz in Sweden) is used everywhere in the 

system, and deviations from this nominal frequency may be damaging to the 

components and electrical appliances. Too large deviations will certainly destroy 

moving parts. Now, if the power supplied to and the power consumed from the system 

are in balance momentarily, the system frequency will be the same as the nominal one. 

If more power is supplied or less power is consumed the frequency will increase, 

whereas it will decrease if less power is supplied or more power is consumed. If the 

frequency begins to deviate from the nominal frequency, historically the production 

would be varied. But what if the historically used power plants driven by coal, oil, 

uranium had to be exchange to wind, solar and wave power plants, which has already 

begun to some extent? The reliability of the power sources’ flexibility would most 

certainly be diminished, since the large power plants driven by fossil fuel are manually 

controlled, whereas the erratic behavior of nature controls most of the renewable power 

generation. One could imagine that hydro power, the only controllable renewable power 

source, could act as the flexible part in the power mix consisting of only renewables. 

However, there are not many sites left for development of large-scale hydro power, 

either because the opportunities already have been exploited or because it these days is 

socially unacceptable, so this would imply that there is a limit for how much 

intermittent power there could be in any such system (Paish, 2002). So if e.g. more wind 

power were to be integrated, more controllable power would have to be added as well to 

balance the uncertainty of production. Unless, of course, the demand side was more 

flexible.        

 

The concept of smart grid encompasses such demand side flexibility, which is also 

called demand response (Albadi and El-Saadany, 2008). A typical example is to vary 

the consumption of large, industrial freezers (Candela and Petersson, 2013). The idea is 

that the temperature in the freezer has constraints in the form of an interval, but it may 

vary within this interval, i.e. it is not absolutely necessary that the temperature has a 

constant value. Simply put, if the frequency regulation gives incentives to increase or 

decrease the consumption, the compressor’s consumption could be increased or 

decreased accordingly, as long as the temperature constraints are satisfied. Since the 

freezer in this example can be viewed as a thermos, i.e. the freezer has some thermal 

inertia, there should potentially be possible to match the freezer consumption to the 

production deviations from e.g. wind power. The question then is how the consumers 

should be incentivized to vary their consumption and which actors on the electricity 

market should give these incentives.  

 

Taking the idea one step further we introduce the concept of an aggregator, a new 

potential actor on the electricity markets. The aggregator has a partnership with a 

collection of often smaller consumers, typically households, and aggregates them in 
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order to have large enough total power (Medina et al, 2010). If the aggregator for 

example controls many households’ electrical space heating, and gets an incentive to 

vary the consumption, the households’ consumptions wouldn’t have to be varied at the 

same time in the same direction. A household currently with a high indoor temperature 

could shut off the electrical heating whereas a household with a lower temperature 

could use the full power of the electrical heating appliance. A population of many 

households would thus be more flexible than only a few. Although, if the demand for 

consumption changes is larger than the total aggregated power, and the aggregated 

houses all lie within a specified region, i.e. depend on the same weather conditions, all 

household temperatures will converge. In that case the aggregation only contributes 

larger volumes. On the other hand, if there are different types of appliances in the 

aggregator’s portfolio, perhaps even including industrial applications, there would be 

more diversification, i.e. more flexibility (e.g. the heating systems get time to reach the 

reference temperature while an industrial application changes consumption instead to 

compensate).  

 

All power consumption is connected to a balance responsible party (BRP), which has a 

responsibility to plan the consumption each hour and ensure that there are financial 

contracts in place for delivery of the planned amounts (Svenska Kraftnät, 2014a). The 

planning is done day-ahead, and are constructed by using prognoses of temperature, 

solar irradiation, wind speed etc. as inputs, and are thus sensitive to prognosis errors. 

The actual consumption the day after the plans were made may be different than the 

planned consumption, but the BRP’s contracts for delivery have ensured that the 

planned amount was produced (unless there are deviations on the production side as 

well), i.e. an imbalance has arisen. The imbalances of all BRP’s constitute the total 

system imbalance of the whole region (a country or a market area, in Sweden called 

SE1 – SE4), which means that if no measures are taken, the grid frequency will deviate 

from the desired one. The system operator (TSO), in Sweden Svenska Kraftnät (SvK), 

takes measures by letting actors with power capacity bid on the secondary regulating 

market, and also has predefined collaborations with actors with fast-acting power 

reserves for the momentary frequency deviations. Bids on the secondary regulating 

market are placed based on up-regulation (more production or less consumption) or 

down-regulation(less production or more consumption). If up-regulation is needed, i.e. 

if the system imbalance is negative, BRPs who have negative imbalances have to buy 

the extra power needed from the TSO at the up-regulating price, which is higher than 

the spot price. Thus this constitutes a loss for the BRP. If on the other hand the BRP has 

positive imbalance, i.e. it has more power than planned, it sells that power to the TSO at 

the higher price, thus earning a profit (Nord Pool Spot, 2014a).  

 

When for example the intraday climate varies rapidly, the day-ahead plans may deviate 

from the actual consumption to a large extent, and as a result large amounts of 

regulating power will be needed. For some hours, this results in a substantial loss for the 

BRPs. What will happen if in the future more intermittent power is integrated and the 

capacity reserve is reduced? A higher share of intermittent power could result in a less 

predictable regulating market, i.e. a more volatile evolution of the regulating prices 

(Svenska Kraftnät, 2014b). The capacity reserve reduction on the other hand increases 

the incentives for the TSO to find e.g. market mechanisms to balance the grid (Fritz, 
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2006). Thus there is a void in the current markets where solutions to use the flexibility 

in power consumption could fit in. A solution should decrease the imbalance costs for 

the BRPs without increasing the power bill of the consumers. If the consumers are 

aggregated by a supplier of smart systems for electrical appliances, a collaboration 

between BRPs that also are electricity suppliers and the manufacturer could be set up 

where the economic value gained by demand response is used to decrease the 

consumers’ electricity bills. This would thus be a marketing devise for the power 

company and the manufacturer to increase their consumer base. Since the deregulation 

of the electricity markets the competition between power companies have become 

tougher, and more avenues to contract new customers are explored (Goding and 

Nilsson, 2009). If the participation in a demand response market decreases the costs, the 

power company could offer more competitive electricity contracts. The manufacturers 

on the other hand, develop new, smart systems for controlling the power usage of 

electrical appliances. In order to sell what is most likely a more expensive product, the 

decreased power bill could be used as a selling argument. The investment may be larger, 

but if the demand response market decreases the costs, the reduced power bill would 

retroactively finance it. 

 

In a system where the status quo for a long time has been set in stone, there is now more 

focus put on preparing for a future structure impacted by political, environmental and 

social factors. It may be the case that the implementation of the smart grid ideas should 

start at the market players, and not the system operator or grid owners. If there really is 

a viable economic value to be gained, why wouldn’t market actors change behavior? 

The question is then: what is the potential economic value? 

 

1.1 Purpose 
The purpose of this master thesis is to model a fictitious demand response market and 

by simulating the model with Swedish market and climate data as inputs quantify the 

realistically expected business value of demand response for BRPs. The sponsor of the 

project is the company Expektra, whose business idea is to create a market place for 

automated demand response of electrical household appliances. The model should 

comply with this idea and be implemented in a generic way, so as to make it easy for 

Expektra to implement additions to the model after this project ends.   

 

1.2 Goals and objectives 
The project plan for this Master Thesis had originally six deliverables that were meant 

to reflect the objectives and the purpose of the project. These deliverables were: 

 

 A summary of the factors, actors and circumstances that impact the cost 

reduction/profit BRPs can obtain through demand response 

 A collection of imbalance power data from BRPs as well as market and climate 

data 

 A mathematically formulated version of the problem, where the solution should 

correspond to the value of demand response 

 A model implemented in C# which combines previously developed sub-models 

and uses above data as input 
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 An analysis of the results in a market context, which answers the central purpose 

of the thesis 

 This report 

 

1.3 Scope and delimitations 
The scope and delimitations of the project is summarized in the following bullets: 

 Sweden is not necessarily the most suitable region for a demand response 

market: there are several countries in Europe where the electricity prices are 

higher and more volatile and thus where the economic value of demand response 

could be higher. However, because of more accessible data Sweden have been 

chosen as the reference region. 

 Models of electrical appliances from previous papers have been used, and those 

concern detached houses. Therefore, apartment buildings or other types of 

households will not be the primary focus. Also, apartment buildings are to a 

larger extent connected to the district heating grids (sv. fjärrvärmenäten), thus 

making them less interesting in this project.  

 The models of electrical appliances have to be implemented with some sort of 

control, and those control mechanisms have initially been chosen to be as simple 

as possible. The primary focus of the project is to complete a model which 

represents the whole demand response market, and the detailed study and 

development of the individual appliances are left outside the scope.  

 Since the modeled market place is not implemented in practice, some shortcuts 

have been made. For example, it is assumed that the communications between 

the different actors will never fail, and that the electrical appliances will 

consume exactly what they are obliged to by the market place. In other words, 

the response to signals from the marketplace is immediate and exact. The idea 

from Expektras point of view is that once the basic model of the whole 

marketplace is built, additions could be implemented to represent 

communication failures in different areas, and the handling of such failures. 

 The regulating prices are published by Svenska Kraftnät within an hour after the 

delivery hour. Some simulation cases will be completely speculative, where the 

regulating prices are assumed to be known earlier than what is possible today. 

Other cases will be more restrictive, where the assumptions are not wholly 

unreasonable, but would represent difficulties in practice. 

 The modeled electrical appliances are different space heating systems and 

accumulator tanks for domestic hot water usage. There are several other 

appliances that could be implemented, for example photovoltaic batteries (also 

electric vehicles for a future scenario), industrial freezers, other industrial 

appliances etc. Such models actually exist and could be accessed, but were left to 

the end of project as an “in case of time” addition. There was not enough time at 

the end, so those implementations are left for future projects. 

 The whole point in this project is to find out if there is a market mechanism that 

could be developed with demand response as a core, in order to better balance 

the electrical grid. Market mechanism is meant to imply that the market actors 

such as BRPs (which mostly are power companies with an added responsibility 
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of financial balance) could gain an economic value by using demand response. 

Another direction could for example be to study how grid owners can use 

demand response to avoid extreme power flow situations which wears on 

equipment. The incentive would in this case be to prolong the need to repair or 

invest in new hardware. This direction will not be part of this study, but is the 

main focus in the general demand response discussion. The reason for this is that 

the transportation of electricity is made more complex by integration of 

intermittent power sources, and the grid capacity limits how much from those 

power sources can be integrated. Demand response is a tool for extending those 

limits in certain ways, and could short term increase the potential of e.g. wind 

power integration. Also, demand response can be combined with distributed 

generation, i.e. electricity generation on the local grids. Often such generation is 

also intermittent, so the local loads should consume power based on when it is 

produced, in order to reduce long-distance transmission (Paish, 2002). All these 

benefits could be used to estimate an economic value, which could in turn be 

used as compensation to the suppliers of demand response. It is however more 

complex to compute the actual cost reduction compared to just looking at the 

regulating prices for BRPs, so the potential business case is more difficult to 

formulate. Therefore, focus on other actors than BRPs will not be part of this 

study. 
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2 The electricity market 
Below follows a description of the electricity market in Sweden, which consists of a set 

of rules and actors which this master thesis has to relate to. The sections about the 

electricity market and demand side management (sections 2 and 3) will not cover the 

themes very extensively. The purpose with these sections is only to give a quick 

overview and present the factors that are the most important to later understand the 

modelling. Wallén and Walsh (2013) and Pogosjan and Winberg (2013) survey the 

power markets, demand response and balance responsible parties in great detail in two 

papers with similar scope but different perspectives. The former investigates how the 

electricity industry can develop market mechanisms with demand response, whereas the 

latter covers how the TSO should act in order to incentivize such mechanisms. I would 

refer the reader to these pieces of work in case more extensive information is desired, as 

they comprise the base for this thesis. In English similar information can be found in for 

example Conejo et al (2010) and Fritz (2006). 

 

2.1 Geographical structure and actors 
Before 1st of November 2011 Sweden consisted of one pricing area, but was after that 

date split into four pricing areas primarily because of congestions in the grid. In 

northern Sweden large amounts of power is generated, whereas most of the 

consumption occurs in the southern parts of the country. During hours of large power 

flows (from north to south) the transmission capacity is not large enough. The pricing 

areas were divided where congestion was particularly problematic, see figure 1 

(Svenska Kraftnät, 2014c). 

 

 

Figure 1. Division of market areas 2011-11-01 (Svenska Kraftnät, 2014c). 
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The main market actors are consumers, retailers, producers, grid owners and the system 

operator, see figure 2. 

 

 

Figure 2. Economic (red) and physical (blue) resources flow through the system. 

 

2.1.1 Consumers 
The consumers consist of everyone that uses electricity. The consumers must have 

contracts with retailers (Svenska Kraftnät, 2014d). 

 

2.1.2 Electricity supplier 
An electricity supplier is an electricity retailer that has a contract with the end consumer 

with the obligation to ensure the delivery of the demanded amount of electricity 

(Svenska Kraftnät, 2014d).  

2.1.3 Balance responsible parties 
A balance responsible party (BRP) has an economic responsibility to ensure that traded 

power is in balance between production and consumption. Every transaction has to be 

coupled to a BRP, and since every outtake from the grid has to be coupled to a supplier, 

it is the supplier that originally has the balance responsibility. The electricity supplier 

may handle the responsibility of its own operations, or it may engage another company 

to take the responsibility. In the first case, the supplier is a BRP, in the latter it is not. A 

single BRP can thus have the responsibility of many different suppliers’ balances. 

Companies have to apply to the TSO Svenska Kraftnät in order to become BRPs, even 

if the company only wants balance responsibility of its own transactions (Svenska 

Kraftnät, 2014d).  

 

2.1.4 Producers 
In Sweden almost half of the production mix consists of hydro power, and almost half 

of nuclear power (Svenska Kraftnät, 2014d). The producer has a choice between selling 
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the power directly to end consumers, to retailers or to the power exchange (Svenska 

Kraftnät, 2014e). 

 

2.1.5 Grid owners 
The grid owner has the responsibility over the physical transports of power from the 

power plants to the end consumers. There are different levels in the grid: the 

transmission grid, the regional grid and the local grid. These are separated by different 

voltage levels, primarily dependent on the length of transportation. In the transmission 

grid the power is transmitted from the large power producers to the regional grids. From 

the regional grid the power is transported to larger consumers and to the local grids, 

from which the power is distributed to households and other smaller consumers within a 

certain geographical area.  All grid owners report measured consumption and 

production to retailers and the TSO (Svenska Kraftnät, 2014d). 

 

2.1.6 Transmission system operator 
The transmission system operator in Sweden is Svenska Kraftnät, which also controls 

the transmission grid. As system operator the main responsibility is to ensure balance 

between production and import on the one hand and consumption and export on the 

other (Svenska Kraftnät, 2014d). 

 

2.2 The power exchange 
The Nordic power exchange is called Nord Pool Spot, and consists of a day-ahead 

market, Elspot, and an intraday market, Elbas. Most of the power in the Nordic region is 

traded on Elspot, where bids for the next day’s 24 hours are submitted before 12 CET 

(Central European Time). The seller and buyer bids are sorted based on price(per energy 

unit, MWh) in ascending order and a market price is set where the curves for sell and 

buy price intersect (see figure 3). The intersection determines both the volume that will 

be traded during a specific hour (turnover) as well as the market price (Nord Pool Spot, 

2014b). Since events can occur in the hours between the market price is set and the next 

day begins that would change the consumption needs or availability of production, there 

is also an intraday market called Elbas in place. The trading on Elbas may be done up 

until one hour before delivery. An intraday market has become more necessary with 

time because of the uncertainty of most importantly wind power production (Nord Pool 

Spot, 2014c).      

 

The price setting on the supply side mostly depends on how the power is generated. In 

figure 4 we can see an example of a Swedish supply curve. 
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Figure 3. Price setting on the exchange (Nord Pool Spot, 2014b) 

 

 

 

Figure 4. The Swedish supply curve (Svensk Energi, 2014) 
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2.3 The Regulating Market 
In order to manage frequency deviations the TSO uses primary and secondary frequency 

control. In the primary control, the so called regulating objects (for example a certain 

power plant that can be activated, or a large industrial consumption unit that can be shut 

off) all satisfy a set of specified conditions with respect to activation time and amount. 

When the frequency deviates, the regulating objects are employed automatically. There 

are two different types of primary control, one for normal operation (FNR, sv. 

Frekvensstyrd normaldriftsreserv) and one for when there are disturbances (FDR, sv. 

Frekvensstyrd störningsreserv). FNR is employed as soon as the frequency deviates 

from 50,00 Hz within the interval 49,90-50,10 Hz, whereas FDR is used once the 

frequency falls under 49,90 Hz (Svenska Kraftnät, 2014b). Regulating objects within 

FNR should be activated up to 63 % within 60 seconds and up to 100 % within 3 

minutes and objects within FDR should be activated up to 50 % within 5 seconds and 

up to 100 % within 30 seconds (Svenska Kraftnät, 2014f). BRPs can register objects 

with these properties to the TSO. 

 

The FNR are finite, so if they are exhausted there has to be some room for them to 

recover. Therefore there is a regulating market for secondary frequency control, where 

the conditions for regulating objects are not as strict as for the primary control. An 

activation time should be specified by the BRP, and the bid sizes are at a minimum 10 

MW in all pricing areas except SE4, where the corresponding size is 5 MW. The 

regulating market is also used for the recovery of FDR, which should be able to handle 

another disturbance within 15 minutes after activation (Svenska Kraftnät, 2014bf). 

A marginal pricing system is used on the regulating market (see figure 5). If the BRP 

has a production resource that can increase production or has a flexible consumption 

resource that can decrease consumption, a bid could be made for up-regulation, which 

may be used in order to increase the frequency when it is less than 50,00 Hz. If 

production can be decreased or consumption increased a bid for down-regulation could 

be made. The bids are placed per hour, with prices relative to the spot price. If an up-

regulating bid is activated, the TSO buys power from the BRP (since the BRP has 

offered to put more power to the grid), and thus up-regulating bid prices are higher than 

the spot price. Conversely, down-regulating bid prices are lower than the spot price, and 

correspond to the BRP buying power from the TSO at a lower price than the spot price 

(Svenska Kraftnät, 2014f). 
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Figure 5. Marginal pricing on the secondary regulating market. 400 MW up-regulation 

means that that amount was needed an hour, and corresponds to a price on the vertical 

axis (Nord Pool Spot, 2014c) 

 

2.4 The Power Reserve 
By law the TSO Svenska Kraftnät is obligated to have a power reserve in place in order 

to meet demand in crisis situations where there is a shortage of production. The market 

prices are only effected by the reserve when it is activated, which only happens after the 

bids not activated on Elspot have been activated through the regulating market. Since 

there is a cost for maintaining the power reserve even when it is not being activated, 

there is a plan to reduce the 2000 MW in the reserve step by step until 2020, when it 

will be cancelled altogether. The idea is that the actors in the market will be incentivized 

to come up with market solutions during the reduction phase which will be developed 

and ready to take the power reserves place in 2020 (Svenska Kraftnät, 2013).   

 

2.5 Balance responsibility 
All electricity retailers in Sweden have a balance responsibility, i.e. an economic 

responsibility to ensure balance between production and consumption, but also a 

responsibility to plan production, consumption and trade to correspond to this balance. 

A retailer could lease out the responsibility to another retailer which is a BRP. The 

deviations from the planned values that the measurements of the actual 

production/consumption indicate are in this paper called production/consumption 

imbalance power. The imbalance power per price area is the sum of the deviations from 

all the input or outage points in the grid in the price area for which the BRP has 

responsibility. The sum of the deviations from all BRPs will give the total system 

imbalance, so if this sum is non-zero, one specific BRP will either have contributed to 

the total imbalance (for which it will be penalized) or mitigated it (for which it will be 
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rewarded). The settlement for the BRP one specific hour will thus be positive, negative 

or zero, where positive values denote revenues and negative values denote costs. The 

price depends on the regulating market, where the difference between the net regulating 

price and the spot price is used. If the total system imbalance is positive, down-

regulation is needed, and thus the net regulating price equals the down-regulating price. 

If the system imbalance is positive, the net regulating price equals the up-regulating 

price (Svenska Kraftnät, 2014f). The net regulating price is the determinant of the 

settlement between the BRP and TSO, and will in this study be used rather than the up- 

or down-regulating prices. The net regulating price is often called the imbalance price, 

and will often be referred to as such.  

 

As an example, let’s say that the spot price is 300 SEK/MWh and a BRP one hour plans 

for 15 MWh production, 5 MWh bought as trade and 20 MWh consumption. 

Furthermore, let’s assume that the production could be held exactly at 15 MWh that 

hour, but that the consumers connected to the BRP consumed 21 MWh. The BRP thus 

needs to buy power from the TSO in order to satisfy the demand of the consumers. This 

is not a choice, but per definition the TSO has sold 1 MWh power to the BRP. The BRP 

will have to pay the net regulating price for this 1 MWh, but must sell it to the 

consumers for the spot price. Odds are that the whole system experienced larger 

consumption than expected, perhaps because of a sudden change in climate. The TSO 

would then have bought more power in order to meet this countrywide increase in 

consumption. The price of the highest activated up-regulating bid would thus have 

become the net regulating price, and since the actors on the regulating market know the 

spot price, the up-regulating bid prices would have been higher than 300 SEK/MWh. 

Let’s say that the last activated bid had a price of 320 SEK/MWh. Then the BRP would 

have had to pay a larger price than the spot price, i.e. had an imbalance cost for the 

hour, which would amount to (320 – 300 SEK/MWh) * 1 MWh = 20 SEK.  There are 

more parameters that impact the settlement, assume for example that the net regulating 

price was 300 SEK/MWh, i.e. there were no real imbalances system wide. The BRP 

will have no losses because of the price difference (since it is zero), but the BRP will 

have to pay a fee proportional to its imbalance. Even if the net regulating price was 290 

SEK/MWh and the BRP made a profit of 10 SEK on the price difference, the BRP still 

would have paid a fee for deviating from its planned consumption (Svenska Kraftnät, 

2014f). The price for deviations on the consumption side has been 2,50 SEK/MWh, but 

has in 2014 been changed to 4,50 SEK/MWh (Svenska Kraftnät, 2014g). In table 1 and 

2, a couple of examples to illustrate the construction of the settlement more 

pedagogically are presented.  
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Table 1. Simple examples of deviations between planned and measured power. 

Example Planned 

production 

and trade 

Planned 

consumption 

Measured 

production 

and trade 

Measured 

consumption 

BRP 

imbalance 

1 20 MWh 20 MWh 20 MWh 21 MWh -1 MWh 

2 20 MWh 20 MWh 20 MWh 18 MWh 2 MWh 

3 20 MWh 20 MWh 21 MWh 20 MWh 1 MWh 

4 20 MWh 20 MWh 18 MWh 20 MWh -2 MWh 

5 20 MWh 20 MWh 24 MWh 17 MWh 7 MWh 

6 20 MWh 20 MWh 17 MWh 24 MWh -7 MWh 

7 20 MWh 20 MWh 24 MWh 22 MWh 2 MWh 

8 20 MWh 20 MWh 17 MWh 18 MWh -1 MWh 

 

 

Table 2. The examples from table 1 in combination with different market scenarios. The 

last row shows that some fees will always have an impact. Only when the BRP 

imbalance is zero, the fee of 4,5 SEK/MWh does not impact the settlement. 

Example BRP 

imbalance 

System 

imbalance 

Net 

regulating 

price 

Spot 

price 

Settlement 

1 -1 MWh Positive 290 300 (-1)*(290-300)-

4,5*1=5,5 

1 -1 MWh Negative 320 300 (-1)*(320-300)-

4,5*1=-24,5 

2 2 MWh Positive 290 300 2*(290-300)-

4,5*2=-29 

2 2 MWh Negative 320 300 2*(320-300)-

4,5*2=31 

3 1 MWh Positive 290 300 1*(290-300)-

4,5*1=-14,5 

3 1 MWh Negative 320 300 1*(320-300)-

4,5*1=15,5 

4 -2 MWh Positive 290 300 (-2)*(290-300)-

4,5*2=11 

4 -2 MWh Negative 320 300 (-2)*(320-300)-

4,5*2=-49 

5 7 MWh Positive 290 300 7*(290-300)-

4,5*7=-101,5 

5 7 MWh Negative 320 300 7*(320-300)-

4,5*7=108,5 

6 -7 MWh Positive 290 300 7*(290-300)-

4,5*7=-101,5 

6 -7 MWh Negative 320 300 7*(320-300)-

4,5*7=108,5 

7 2 MWh Positive 290 300 2*(290-300)-

4,5*2=-29 

7 2 MWh Negative 320 300 2*(320-300)-

4,5*2=31 
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8 -1 MWh Positive 290 300 (-1)*(290-300)-

4,5*1=5,5 

8 -1 MWh Negative 320 300 (-1)*(320-300)-

4,5*1=-24,5 

8 -1 MWh Zero 300 300 -4,5*1=-4,5 

 

 

The particulars of the elements in the settlement will not be further explained here, only 

the principle illustrated above is what one essentially has to have in mind throughout 

this report. The importance of the difference between the net regulating price and the 

spot price will be motivated in the next section.     
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3 Demand response 
3.1 Demand response as a power market mechanism 
Demand response (sv. förbrukarflexibilitet, efterfrågeflexibilitet) is simply put the idea 

that consumers could vary their electricity usage based on the needs of actors in the 

electricity system. The consumers would in a certain perspective become prosumers, i.e. 

consumer of power and producers of flexibility of power usage. Theoretically this could 

be the base for a market mechanism where even small consumers could participate more 

actively in the market. Such a market mechanism could potentially contribute to the 

handling of the reduction in the power reserve, mentioned in the previous section, since 

the problems during production shortages could be mitigated through widespread 

consumption decrease. Of course, since the frequency control occurs quickly, such a 

market mechanism would have to handle transactions just as quickly. One idea would 

be to automate the electrical equipment to respond to market signals momentarily, 

where the applications potential for flexibility at a given time is only activated if a 

specified criterion is met. If the consumers involved all have contracts where their 

consumption is measured and bill is settled per hour, the criterion could consist of a 

weighted value function of spot prices and consumptions per hour. A simple example is 

electrical heating, where a thermostat often controls the power usage to hold the 

temperature at a reference temperature. The house which is to be heated has thermal 

properties as well, which has some inertia, i.e. the indoor temperature does not depend 

on the power usage linearly. If the power is decreased the temperature will fall, but the 

deviation from the reference temperature may not be especially large. The temperature 

should in most cases be within some sort of interval, when it comes to households most 

likely because of comfort restrictions. However, within that interval the temperature 

could be changed based on market incentives in order to reduce the electricity bill. The 

power capacity reserve that the TSO controls exists because of the risk of larger supply 

shortages. The reserve is thus not exactly part of the market, as the cost for maintenance 

is split among the consumers, and it only affects the prices when deployed. Focus in the 

discussion around the reserve and its reduction has primarily been that such regulation 

ideally should not be a factor in a deregulated market. Instead, the market actors should 

find efficient ways to reduce the need for the capacity reserve. That is, the market 

should by using market mechanisms decrease consumption during production shortages 

almost automatically. As the spot and imbalance prices increase enormously when the 

reserves are used, there should be room for the market actors to incentivize consumers 

to decrease consumption during these hours. Once that is possible, it should also be 

possible to maintain that communication line for all hours of the year, where the 

electricity supplier reduces balancing costs and the consumers reduce the electricity bill. 

Every actor would reduce their costs, since the market itself becomes more efficient. 

What are the potential barriers for demand response to become a substantial market 

mechanism? For one thing, the consumptions of smaller customers as households are in 

many cases not measured hourly, but often by profiles for a larger region. The customer 

in this case pays for the weighted average over the region, which the customer can only 

affect marginally. In practice, household consumers pay essentially the same amount no 

matter the own consumption. There is thus harder to create incentives, unless the 

electricity supplier communicates with all consumers within the region in question. In 

todays deregulated market the consumers can freely choose their supplier, so in reality 
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all BRPs could be active in the same profiling region. On the other hand, if a consumers 

consumption is measured hourly and at least part of the bill is impacted by current spot 

prices, there would be room for the BRP coupled to the consumer (by the supplier’s 

balance responsibility) to give incentives to change consumption, because that 

consumer’s exact consumption will impact the balance cost. The cost for the consumer 

to change its behavior would also be easier to compute (Fritz, 2006). 

 

3.2 The Aggregator 
As electricity suppliers often have many household customers, a communication line 

directly to each and every one of them may not be realistic. One household’s effect on 

the total volume sold by the supplier is probably negligible, so the flexibility of one 

household is not that interesting. Because of this and increasing integration of 

distributed generation (e.g. small wind and solar power plants installed decentralized, 

often in proximity to residential areas) the concept of the aggregator has been 

developed. The aggregator is an actor in the power market which collects and controls 

flexible resources (e.g. households) in a portfolio with the objective to maximize its 

value. With respect to demand response the aggregator could be an actor within the 

communication line between the electricity supplier and its hourly measured consumers. 

One advantage is that the total flexibility power could be made larger and thus more 

significant for the supplier. Another is that different consumers’ consumptions could be 

varied at different times, so that the total flexibility is not exhausted. It could also be 

easier to anticipate consumption patterns on an aggregated level where the impact of the 

variations of individual households are somewhat reduced. This was investigated and 

confirmed in e.g. Sandels et al. (2013). If contracts between the customers and the 

aggregator could be constructed in such a way that it is in the aggregators best interest 

to maximize the profit of the customers, the customers would not need to be especially 

involved in the technicalities of the operation (ADDRESS, 2011).  

 

3.3 Expektra’s business model    
Expektra is developing a virtual market place called Green Connect for automated 

demand response, where manufacturers of electrical appliances act as sellers of 

flexibility and power companies as buyers. The manufacturers sell appliances with 

smart control systems so that the consumption can be varied automatically. 

Communication with the appliance (machine to machine communication, M2M) is 

needed in order to facilitate transparency, i.e. so that the market place can ensure that 

the flexibility capacity reported actually exists. Measurement equipment keep track of 

the environment of the appliance. The power companies place bids on flexibility based 

on current spot prices, as well as predictions of the imbalance prices and volumes. The 

manufacturer act as an aggregator of all its customers’ appliances and implement an 

automated control system which uses the environmental measurements and spot prices 

as input. In that way the manufacturer can calculate an asking price automatically. If 

there is a match between the bid from the buyer (power company) and the bid from the 

seller (manufacturer of electrical appliances), the order is accepted and the appliances 

automatically change the power usage from what was originally planned (Expektra, 

2013).  
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Figure 6. Expektra Green Connect marketplace (Expektra, 2013). 

 

In figure 6 we see the actors and the interactions between them. The power companies 

act as buyers in one market each, i.e. they do not compete with each other in this model. 

Instead they place bids to the marketplace, which the broker Expektra operates, based 

on their predicted need for imbalance power reductions, which are matched and 

executed with the bids from the sellers. A single buyer could buy flexibility from any 

number of different sellers, as long as the sellers aggregate power from end consumers 

connected to that buyers balance responsibility. The idea is that the seller is a 

manufacturer of a certain appliance used in the market, and that it can aggregate its 

customers’ appliances. The customers are connected to a power company by the 

electricity contract, and one seller could have customers connected to different power 

companies, so that seller could participate in each market representing one of the 

buyers. Participating in such markets could be a way for the manufacturer to market its 

products, which is shown by the retail arrows in figure 4. In practice, the power 

company would already be connected to the end consumers by the electricity contract, 

and could thus also use the demand response market as a selling point to customers (this 

is however not shown in figure 6). In the simulation model that was built in this project, 

the aggregator is not explicitly represented. Instead a seller population act as the 

representation of the aggregation of consumers. There thus remain only three types of 

actors: a buyer, a broker, and seller units of different types (Expektra, 2013).   
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4 Methodology 
As mentioned previously, the project plan for this Master Thesis had originally six 

deliverables that were meant to reflect the objectives and the purpose of the project. 

These deliverables were: 

 

 An informal summary of the factors, actors and circumstances that impact the 

cost reduction/profit BRPs can obtain through demand response 

 A collection of imbalance power data from BRPs as well as market and climate 

data 

 A mathematically formulated version of the problem, where the solution should 

correspond to the value of demand response 

 A model implemented in C# which combines previously developed sub-models 

and uses above data as input 

 An analysis of the results in a market context, which answers the central purpose 

of the thesis 

 This report 

 

The project plan has during the project been revised and sometimes reinterpreted, as it 

initially was very wide in scope. The collection of data is strongly dependent on market 

actors’ willingness to give access to sensitive material. Once a collective agreement 

between the supervisors and student was reached that the data collection accessed 

satisfied the delivery point above, the focus could shift more towards the other 

objectives.  

 

Most of the work load has been assigned to developing and implementing the model. 

When problems arose which had to do with interpretations of e.g. the market or electric 

appliances, more work had to be put on collecting information in those areas. The first 

three points above were focused on largely in the first half of the project, and the last 

three mostly correspond to the end of the project. 

 

The next chapter delves into the model construction, and is therefore part of the 

methodology (although it is extensive enough to need its own separate section). The 

central point with the model is that it should be general and have a structure that 

represents the real situation concerning how the actors interact. Once that is done, 

adding more modules or changing functions is fairly simple: the structure will remain 

the same. The point is not really to exactly describe every single real object, but to catch 

the important interactions between actors and their basic behavior, to get a 

representation of the whole system, however simple. Thus the model will not be 

complete in the sense that most of the work is done, probably another six months will be 

needed to make it more detailed and representative. It is however complete in that it 

describes all parts of a fairly large system.  

 

The model will be used for simulations, with the main objective to investigate what cost 

reductions or profits can be made with automated demand response. Input data are 

hourly time series and consist of prices from the exchange Nord Pool Spot and the TSO 

Svenska Kraftnät, as well as climate data and consumption data from BRPs. In table 3 a 

matrix over available BRP data is shown, where the unit per convention is MWh/h. 

There are 33 BRPs in Sweden according to Svenska Kraftnät (2014h), and the nine 
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BRPs in question here are anonymous. The data consists of time series over certain 

periods of measured and forecasted consumption (day-ahead), the difference of which 

comprises the power imbalance on the consumption side. The availability of that data 

for the year 2012 (which is the reference period in this project) is indicated in table 3. 

For some BRPs there are longer time series, and in some cases measured and forecasted 

production and/or hour-ahead forecasts of consumption/production are included. That 

information is however not central to this project, and therefore details will be omitted.  
 

Table 3. The number of BRPs in this study, and the regions where data is available. 

BRP\Region SE1 SE2 SE3 SE4 

BRP 1   Available Available 

BRP 2   Available Available 

BRP 3   Available Available 

BRP 4   Available Available 

BRP 5   Available Available 

BRP 6 Available Available Available Available 

BRP 7 Available Available Available Available 

BRP 8 Available Available Available Available 

BRP 9   Available  

 

Why was this methodology chosen? Well, the central point is that Expektra requested 

this master thesis in order to develop software, and that the project also would include 

analysis of the results, both academically and with respect to the existing markets. 

Another aspect is that there have been fairly little previous research which quantifies 

what can be realistically expected to be gained economically by smart grid/demand 

response solutions. A large part of the smart grid discussion has primarily been about 

the grid owners and their opportunities to stabilize the grid. Perhaps that will be the 

future incentive of demand response, but it could be that it is both easier and better if 

the market players themselves found value in the stabilization. If the model developed 

in this project shows simulations where the economic value is large, then this would 

incentivize the market to further develop such market mechanisms. To this end, a model 

that describes the whole system has to be implemented. Also, before this thesis began, 

Expektra had already developed a .NET-platform in which the model would be 

implemented. The structure of the platform was as generic as possible, in order to 

capture many different perspectives. The idea was additionally that it should be easy to 

implement new objects in the structure. Software of this type exists to some extent, e.g. 

Power Matcher or ADDRESS, which could have been used for the modelling. However, 

Expektra’s business model includes constructing a virtual market place for demand 

response, which the software should ideally map perfectly. Thus, there really was no 

other alternative, even though projects involving for example Power Matcher could be 

developed where the focus is more towards market actors.  

 

This study is not very literature heavy, which comes from a deliberate choice to keep 

the previous sections about the electricity market and demand response short, in order to 

make room for a more extensive focus on the actual model and the results from it. To 

build the model, some information is necessary, and some of that was gained from 

sources in industry or academy, in form of very informal interviews. In that process, I 

learned more about the subject in general, and this has impacted how other literature 
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sources have been interpreted. No reference is made to those “interviews” in this paper, 

but it should be mentioned that they probably have impacted the work in general.     

 

The title and purpose of this paper ask the question “what is the value of demand 

response?”. It is now time to define what exactly is meant by value within this project. 

It is simply put a sum of three terms, each of which representing the total profits and 

cost reductions for the three actor types on the flexibility auction respectively. Since the 

electrical appliances can be aggregated, different simulations will have different 

population sizes. So there is a need to divide the total value by the number of electrical 

appliances, or seller units, participating.  

 

 The buyer value consists of the reduced imbalance costs minus the payment to 

the broker and seller units, divided by the number of seller units.  

 The broker value consists of the payment from the buyer, divided by the number 

of seller units 

 The seller value consists of the reduction of the electricity bill plus the payment 

from the buyer for all seller units, divided by the number of seller units. Thus, 

this is the average seller profit. 

 The value is the sum of the buyer value, the broker value, and the seller value. 

 

This definition may be somewhat flawed, since the capacities of the seller units 

might vary, and thus have more or less flexibility to offer. Perhaps a better definition 

would include normalizing the power capacities in the seller population. The results 

will be discussed with this in mind. The total value is thus the determinant alone, 

and not the distribution among the three types of actors. The idea within this project 

is that although it is interesting to study the distribution, as it would imply what is 

needed for a well-functioning market, the total value answers the actual purpose of 

the master thesis. During the simulations, different parameter choices will impact 

the value, with the goal to find the optimal value. When/If such an optimum is found 

one could argue that the distribution between the actors is not most important, since 

the profits in a practical implementation of the demand response market could be 

redistributed retroactively in a fair way.  

 

In the next section, the model and how the value is computed will be described in 

more detail. 
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5 Model description 
The model used in the project has a strong correlation to the Expektra Green Connect 

platform, with some simplifications. By using the object-oriented software C#, real 

actors as heat pumps, BRPs, buildings etc. could be represented as objects constructed 

within classes, where the object’s properties are specified. This was largely done in 

order to create a hierarchy that corresponds to reality in an intuitive way, see figure 7.  

 

 
Figure 7. Hierarchical diagram of the used model. 

 

Below follows a short description of the component in each block. 

 

Simulation Tool 

This is where the chronology of the program is specified. The loading of data and 

collecting of results take place here, as well as the order in which actions take place 

within each delivery hour.  

 

Balance Responsible Party 

Based on the market situation and the BRPs own imbalances, the buyer places bids for 

the next coming hours. Because the TSO controls the regulating market, the buyer’s 

behavior is impacted. Only one buyer is represented in this structure, as the point is that 

the BRP communicates with its own customers since they are the ones who can affect 

the imbalance costs. Thus there is no competition between power companies in this 

auction, the competition instead takes place in the deregulated power market, i.e. out of 

this project’s scope. 

 

Seller Population 

This is a collection of all the power consumers in the power market that take part in the 

demand response market. A division is made between consumers on the regional grid 

(e.g. industry) or the local grid (e.g. households). The households contain a building, 

occupants and a combination of electrical appliances, mostly used for thermal 

processes. The appliances are connected to seller units, which measure the climate in 
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the building and control the power input accordingly. The occupants impact the 

temperature in the building by their own metabolism, and the water boiler’s behavior 

depends on their water usage. 

 

Flexible Power Auction 

Here the matching and execution of buyer and seller bids take place, this is an example 

of a demand response market. The function is to automatically determine if the parties 

can agree in terms of price and to ensure as well as possible that the constraints imposed 

by the seller units will be satisfied. See figure 8 for an illustration of the model 

interactions.  

 

Buyer volume with 
direction

Buyer module

Flexibility auction module

Based on buyer 
strategy and input 
data bid volume, 

direction and prices 
are specified

Buyer price

Price data

Buyer strategy

Population module

Seller units calculate 
load plan

Seller units calculate 
available flexibility 

and set prices

The total available 
flexibility in the 

population is 
calculated

Based on the 
buyer’s and seller 

population’s 
specifications as 

well as the market 
type, bids are 

matched

Transactions are 
executed

Checks whether 
seller units whose 

bids were accepted 
can actually deliver

Load plan is 
changed

Climate data

Seller prices

Seller felxibility 
volumes in both 

directions

Seller strategy

Occupant behaviour

Market type

Broker profit is 
calculated

Sellers’ profits are 
calculated

Buyer profit is 
calculated

∑ Total value

Simulated units 
counsumption 

without demand 
response is 
calculated

∑ 

Imbalance data

Figure 8. Flow chart of the module interaction during one delivery hour. Grey boxes are 

input data, orange user settings, white module functions, green output being used as 

input in other modules, and red represent profits. 

 

5.1 Seller modules 
The models of the electric appliances have been constructed in other master theses and 

academic papers, in this project the base structure of those have been implemented in 

the same programming language as different classes. Once e.g. a heat pump model is in 

place, for each hour a load plan can be calculated, i.e. the power needed the coming 

hours in order to supply the heat needed from the pump. This load plan is in the model 

what will be used if no demand response transaction is made. The flexibility each hour 

of an appliance is how much the used power could be increased or decreased, i.e. there 

is flexibility both in an upward and downward direction. By convention, in the point of 

view of the BRP and the TSO, increased consumption equals down-regulation of the 

grid frequency, which is why bids of increased consumption are also called down bids, 

or bids in the down direction. Decreased consumption bids are analogously called up 

bids, or bids in the up direction. The down bid volumes depend on the difference 

between the maximum capacity of the appliance and the load plan, as well as 

temperature constraints, which in turn depend on the comfort specifications from the 
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occupants. The up bid volumes take the same constraints in mind, but the volume 

depends only on the load plan, as this indicates how much the power could be 

decreased. In section 6.1 this will be further explained. The price the seller asks for 

selling the flexibility is computed based on the strategy of the selling unit. A couple of 

different price setting mechanisms have been tried out in order to get indications of 

what maximizes the value. The point is not however to optimize the control of the 

appliance, as this would be an own master thesis project by itself. Of course, in a real 

implementation there would be in the best interest of the aggregator of the seller units to 

find the optimal control in order to maximize the seller profit, in this project the 

assumption is that if the total value for the buyer, sellers and broker altogether is 

positive, the profit would be distributed amongst them retroactively if e.g. a specific 

seller unit lost money. There is still however relevant to investigate how the price 

setting strategies should be formulated in order to get a fair distribution of the value 

automatically.  

 

Below follows descriptions of some of the different seller modules used in this project. 

 

5.1.1 Space heating module (SH) 
The module structure with parameters comes from a master thesis by Quentin Lambert 

(2012). The model consists of two heating components with different capacities and 

coefficients of performance (COP, sv. verkningsgrad). The COP of electrical heating is 

one, this is therefore also called direct heating. A heat pump is generally more efficient, 

with COP ranging from 2-5, i.e. 2-5 times more heat is delivered than the electrical 

power used. If only direct heating is studied, the COP of both components are set to 

one, and the power capacity is the sum of the components capacities. In the same way, 

the COP could be set to e.g. 3 in order to model a heating system with only a heat 

pump. There are however systems where a heat pump is dimensioned to supply the heat 

to a building during most of the hours in a year, but during especially cold hours a direct 

heating component has to supply some heat in combination. This sort of heating system 

could thus also be simulated. The outside temperature and insolation impacts the 

heating demand, and the indoor temperature has to be within a specified interval, e.g. 

19-21 °C in a household where the comfort is important or 18-23 °C in a household 

where there is a willingness to maximize the value of demand response. There are a few 

different controls that can be tried out. One follows a reference plan where the 

difference between the outdoor temperature and the reference temperature impacts the 

load plan. The consequence of this is that while the indoor temperature may not equal 

the reference temperature in every time step, the load curve is relatively homogenous, 

i.e. there are only small changes in the load plan based on differences in outdoor 

temperature. Another control follows the current indoor temperature more closely in 

order to reach the reference temperature as soon as possible when there have been 

disturbances (like quickly decreasing outdoor temperatures). This is thus a feedback 

control. 

 

In table 4 some relevant parameters for the SH module are shown. The default values 

for the different modules constitute the reference case for the later simulations, see 

sections 5.5 and 6.1. The defaults have been constructed based on different sources as 

suitable choices, whereas the ranges simply imply what kind of variations can be made 
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for the simulations. For example, that a heating system would consist of a compressor 

with COP 4 of 5000 W together with direct heating with a total power of 10000 W is 

not realistic, so that particular combination is not interesting. It is however possible that 

heating systems that only use direct heating come to 10000 W in total capacity, but that 

is a question of how the heating system should be dimensioned based on the building 

parameters and typical local climate. Such large power levels are only realistic for fairly 

inefficient buildings, see table 5 and 6 below. The point is that the ranges in table 4 

should not always be taken in combination with one another, but only imply what is 

possible values for the parameter in question alone when the other parameters can be 

suitably varied. For example, the direct heating power can be 10000 W, but only if the 

compressor power is 0 W, i.e. there is no heat pump in combination. 
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Table 4. Parameters for the SH module. 

Parameter Range Default Explanation Source 

𝑃𝑐𝑜𝑚𝑝,𝑚𝑎𝑥 2000-10000 5000 W The heat pumps 

compressor 

power 

Nibe(2013) 

𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛,𝑚𝑎𝑥 

 

4000-10000 0 W Direct heating 

power.  

 

𝐶𝑂𝑃𝑐𝑜𝑚𝑝 3-5 4  Coefficient of 

performance of 

the compressor 

Nibe(2013) 

𝐶𝑂𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 1-2 1  Coefficient of 

performance of 

direct heating, 

always less than 

that of the 

compressor 

 

𝑄𝑦𝑒𝑎𝑟 15-30 20 MWh Annual heat 

demand of 

detached houses 

Boverket(2013a

) 

𝜏 1-10 3 days Time constant 

of building 

Boverket(2013b

) 

𝑇𝑟𝑒𝑓 19-21 20 °C Reference 

temperature 

VB 

Energi(2013) 

𝑇𝑚𝑖𝑛 18-19 19 °C Minimum 

temperature for 

consumer 

comfort 

VB 

Energi(2013) 

𝑇𝑚𝑎𝑥 21-24 21 °C Maximum 

temperature for 

consumer 

comfort 

Om 

Boende(2013) 

𝑃𝑜𝑐𝑐  90 W Occupant’s heat 

radiation(metab

olism) 

Sandels et 

al.(2013) 

 

This module consists of a heating system and a building, which interact with each other. 

In practice, the dimensioning of the heating system depends on the building parameters 

and the local/regional conditions. To help with the dimensioning, one uses the so called 

dimensioning winter temperature, 𝑇𝐷𝑈𝑇. This parameter is based on the time constant 𝜏, 

which is a measure of how large the thermal inertia is of the building(how long a certain 

temperature can be sustained), as well as the lowest annual outdoor temperature at the 

location in question. The following values of 𝑇𝐷𝑈𝑇 for the four price regions have been 

chosen, in accordance with the measurements of the climate data that is used in the 

model, see table 5 (Boverket, 2014; Sandels et al, 2013). 
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Table 5. Dimensioning winter temperatures for the different regions and time constants 

(Boverket, 2014). 

City 

(Region)/Time 

constant 

1 day 2 days 3 days 4 days 

Luleå (SE1) -27,7 °C -26,9 °C -26,1 °C -25,6 °C 

Sundsvall (SE2) -24,4 °C -24,2 °C -23,5 °C -22,4 °C 

Stockholm 

(SE3) 

-17,1 °C -16,5 °C -16,0 °C -15,0 °C 

Lund (SE4) -11,6 °C -10,6 °C -10,1 °C -10,0 °C 

 
Now, the heating system’s maximal capacity is determined by the following equation: 

𝑄𝑚𝑎𝑥 = 𝐾 ∗ (𝑇𝑟𝑒𝑓 − 𝑇𝐷𝑈𝑇)    (1)

  

where 𝐾 [W/°C] is the building’s heat loss coefficient, which in the model linearly 

depends on 𝑄𝑦𝑒𝑎𝑟. By taking the default values from table 4 we get that 𝑄𝑦𝑒𝑎𝑟 = 20 

MWh, which corresponds to 𝐾 = 160 𝑊/°C. The values of 𝑄𝑚𝑎𝑥 can be seen in table 

6. 

Table 6. Dimensioning power for the different regions and time constants. 

City 

(Region)/Time 

constant 

1 day 2 days 3 days 4 days 

Luleå (SE1) 7632 W 7504 W 7376 W 7296 W 

Sundsvall (SE2) 7104 W 7072 W 6960 W 6784 W 

Stockholm 

(SE3) 

5936 W 5840 W 5760 W 5600 W 

Lund (SE4) 5056 W 4896 W 4816 W 4800 W 

 

The maximal heating need can be calculated from the default values in table 4 as well, 

simply taking the product of the maximal installed capacity and the corresponding 

COP-factors. Thus the result is 20000, which is not necessarily reasonable for 𝜏 = 3 

days. The default values are however only a starting point for a long series of 

simulations, and more reasonable values will be chosen later (see section 6). The point 

with the simulation tool is the ability to manually choose different parameter 

combinations without being restricted by what actually is feasible today. When the 

results are analyzed however, the parameter choices should be motivated in a practical 

context.  

 

5.1.2 Domestic hot water module (DHW)        
An academic paper at the Royal Institute of Technology by Sandels et al. (2013) has 

supplied a model of a water boiler in a detached house. The most important thing here is 

the water consumption patterns by the occupants. Based on statistics from SCB (the 

Central Bureau of Statistics in Sweden) a Markov chain was estimated for describing 
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the behavior when it comes to larger water consuming activities as showering and 

taking baths. The original model was constructed in a minute resolution, which was 

deemed not suitable for the application in this project. The consumption pattern was 

therefore aggregated in hourly resolution, and a new Markov chain was estimated for 

this purpose. The water consumption is stochastic, however the pattern is somewhat 

predictable in that there for example is not much consumption in the day time during 

week days etc. The control of the water boiler is such that a reference temperature at 

around 60-65 °C together with a difference parameter at 2-4 °C are specified which give 

the temperature bounds. During hours without water usage the boiler consumes no 

power and the temperature falls towards the minimum temperature because of heat 

losses to the surroundings. Once the minimum temperature is reached, the boiler 

consumes power at full capacity until the maximum temperature is reached, and then the 

process begins anew. When the stochastic water usage disrupts this plan, the boiler 

quickly has to work at full capacity. Of course, the boiler is dimensioned to cover most 

of the hours where the water usage follows a “normal” pattern, so during hours of 

especially large water usage the boiler capacity will not be able to keep up. Once such a 

situation has arisen however, the water temperature will be so low that more usage is 

practically unnecessary, so a built-in communication signal from the water boiler will 

give it time to recover the temperature in the water tank. The maximal possible 

temperature is 100 °C, which means that if the seller unit gets a large enough price 

incentive from the BRP, it could increase consumption so that the temperature is above 

the reference plus the difference parameter.  The room for decreasing consumption is 

smaller, and according to Nibe (2013) there are not many conventional control systems 

which would leave room for up-regulating bids. The problem is that the temperature 

should not be below 55 °C to avoid bacterial accumulation, but during normal 

employment a too high temperature is not cost efficient. The consequence is that the 

water boiler module implemented will mostly be active in the flexibility auction when it 

comes to increasing consumption. 
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Table 7. Parameters for the DHW module. 

Parameter Range Default Explanation Source 

𝑃𝑏𝑜𝑖𝑙 2000-5000 3000 W The boiling 

power 

Nibe(2013); Sandels et 

al(2013) 

𝑃𝑙𝑒𝑎𝑘 
 

 60 W/°C Heat leakage Sandels et al.(2013) 

𝑉 200-500 300 l Volume of 

accumulator 

tank 

Nibe(2013); Sandels et 

al(2013) 

𝑇𝑚𝑎𝑥  100 °C Theoretical 

maximal 

temperature in 

the tank 

Sandels et al.(2013) 

𝑇𝑚𝑖𝑛  55 °C The minimal 

temperature to 

avoid bacterial 

growth in the 

tank 

Lambert(2013);Sandels 

et al.(2013) 

𝑇𝑟𝑒𝑓 60-65 65 °C The reference 

temperature 

Nibe(2013); Sandels et 

al(2013) 

𝑇𝑑𝑖𝑓𝑓 2-5 5 °C How many 

degrees the 

temperature in 

the tank may 

deviate from 

the reference 

temperature 

Nibe(2013) 

𝑇𝑖𝑛𝑓𝑙𝑜𝑤  10 °C Temperature 

of inflow 

water 

Sandels et al.(2013) 

𝑇𝑜𝑢𝑡𝑓𝑙𝑜𝑤  40 °C Temperature 

of outflow 

water 

Sandels et al.(2013) 

𝑇𝑚𝑎𝑥,𝑠𝑒𝑙𝑙 70-100 75 °C The maximal 

temperature 

allowed when 

selling 

consumption 

increase 

Nibe(2013) 

𝑇𝑐𝑢𝑡𝑜𝑓𝑓  50 °C The 

temperature 

by which the 

occupants stop 

consuming 

large amounts 

of water  

Lambert(2012); 

Nibe(2013) 
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5.1.5 Seller market strategies 
The seller units have to determine the price for selling flexibility up and down each 

hour. The price is determined based on the spot prices and what kind of control the 

seller unit is equipped with. The spot prices for at least the next eleven hours are always 

public at Nord Pool Spot, and it is reasonable to assume that a unit participating in this 

demand response market would use that knowledge. The control is what determines the 

seller unit’s load every hour. For example, in the SH module, one type of control 

changes the load based on changes in outdoor temperature. If flexibility is sold, the load 

that hour will deviate from what was recommended, and thus the indoor temperature 

will deviate from what is desired. The next hour the control will try to compensate for 

this, so the load will be different not only the hour of delivered flexibility, but the 

coming hours as well. The seller unit therefore tries to calculate how selling flexibility 

will change the load plan, and by using the spot prices the next coming hours the added 

cost of selling flexibility can be estimated. This added cost comprises the base for the 

selling price on the flexibility auction. 

 

If the spot price is comparatively high during the delivery hour, then increasing 

consumption will be costly, whereas a consumption decrease may give a cost reduction 

by itself for the seller. In the case where there is an additional cost for the seller to make 

the delivery of demand response, the seller unit demands that this cost will be covered, 

as well as an additional margin for taking part in the demand response program and thus 

reducing the comfort. This margin can either be a constant parameter or a dynamic 

variable which changes during the simulation based on how often the seller units bids 

are accepted. If the seller unit calculates that there will be cost efficient to sell 

flexibility, it still takes the margin into account, since it still sacrifices some comfort.  

 

In order to measure the value of this demand response market for the seller units (the 

seller value), the electricity bill during the simulation period is compared between the 

unit participating in the auction and the same unit following the load plan without 

selling flexibility. To this difference, the settlements from the buyer are added to give 

the seller value. In the case of a heat pump which follows a reference plan, this works 

relatively easily, since the load plan does not depend on the current indoor temperature. 

Thus, if for example a load increase is sold on the market, the unit can simply decrease 

the load by a third of the sold volume the coming three hours. Thus it will make sure 

that the total power used will roughly be the same as the same unit that does not 

participate in the flexibility auction. If the heat pump has a control which uses feedback 

from the building indoor temperature, this is more complex. If a load increase is sold, 

the indoor temperature will rise above the reference temperature, and the unit will the 

next hour decrease the load to reach the reference temperature as soon as possible. But 

if the outdoor temperature happens to change rapidly during this time, the total power 

consumption may have changed and thus impacted the general power cost. Another 

example is the water boiler, which is impacted by the stochastic water usage of 

occupants in the building. When large amounts of water is used the boiler will have to 

use its full capacity, and based on this it can be difficult to calculate a representative 

price for selling flexibility, because there is no way for the seller unit to make sure that 

the transaction will in fact be profitable.  
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Below in table 8, some settings determining the seller unit strategies are summarized. 

Table 8. Seller strategy parameters. 

Setting Module Default Alternatives Explanation 

Level of 

smartness 

SH A A Follows a 

reference plan 

and 

compensates 

changes in the 

load plan the 

next 3 hours 

B Feedback from 

current indoor 

temperature 

and 

compensation 

next 3 hours 

C Feedback from 

current indoor 

temperature 

without 

compensation 

Price setting SH, DHW Basic Advanced The seller base 

price is 

computed 

based on how 

the load plan 

will change if 

flexibility is 

sold and the 

spot price the 

coming 10 

hours 

Basic The seller base 

price is only 

based on the 

spot price 

variability the 

next 3 hours 

Seller margin All 5 SEK/MWh >0 Adding this to 

the seller base 

price gives the 

total seller 

price 

Seller window All 3 h >0 The number of 

hours the seller 

calculates load 

plan etc. 

 



31 
 

5.2 Buyer module 
The buyer module represents the BRPs actions on the flexibility auction. There are 

many different buyer strategies which could be tested. Some assumes that the imbalance 

volume the coming hours could be predicted, which today is not a valid assumption. 

The imbalance volume which the BRP settles with the TSO is exactly known first a few 

weeks after the delivery hour, and in some cases a prediction can be made a day or so 

after. In either case this is not useful in the flexibility auction structure implemented. 

Since the purpose of the simulation tool is to both assess the value of demand response 

today, as well as the value in alternative or future scenarios (speculative scenarios), 

these buyer strategies could still have some value. The results from the simulations with 

such buyer strategies would indicate how well the BRPs hour-ahead predictions of the 

imbalance volumes would have to be in order to obtain a certain value by demand 

response. The strategies which uses predictions of the imbalance volumes seek to 

minimize the imbalance if the prediction implies that the BRP will have negative 

consumption imbalance(i.e. the customers consumed more than planned) during hours 

of up-regulation(the total consumption in the system is to large) or positive 

consumption imbalance(i.e. the customers consumed less than planned) during hours of 

down-regulation(the total consumption in the system is to small), as these cases imply 

that the BRP augments the total imbalance and means that there is an associated 

imbalance cost which has to be settled with the TSO (buying more expensive power or 

selling cheaper power than the spot price respectively). In the cases where the 

imbalance helps the system the BRP will get paid, and thus will not act on the flexibility 

auction. There is also a prediction involved in determining if there will be up or down-

regulation during the hour in question, i.e. determining the imbalance price. 

 

As previously mentioned, assuming that it is reasonable to predict the imbalance 

volumes is not valid today. Therefore, there are also strategies that only use information 

that in theory actually could be used today. One such strategy is simply to use the 

imbalance prices from the previous hour to use as a guess for the coming hours. This is 

called the persistence method, and will throughout this paper be referred to as such. If 

there seems to be up-regulation based on this prediction, the BRP will place bids for 

consumption decrease etc. As long as the prediction of the direction (up or down) is 

correct, it need not matter that the BRPs own imbalance is relatively unknown, since 

either way, the action will help decrease the system imbalance. What happens if the 

prediction is incorrect? Then the action will further the system imbalance and increase 

the total imbalance cost for the BRP. Thus the core of the strategy will be that there 

really is a correlation between consecutive hours regulating direction, and that the BRP 

will reduce the total cost more during the hours when the predictions are correct than it 

will increase the cost during hours when they are incorrect. The persistence method for 

prices is used as a default, even in the above strategies where predictions of imbalance 

volumes are used.  

 

Another strategy is based on placing bids on the regulating market itself. A regulating 

object has to be accepted by the TSO in order to participate on the secondary regulating 

market, and the idea of an object consisting of aggregated household appliances is most 

probably one for a future situation. However, if the total aggregated power is large 
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enough to reach the limit of regulating bids, it is still interesting to investigate what 

value this would give, even if it is not a practically feasible strategy today. The limits 

are based on pricing area, in SE4 it is 5 MW and in the other three 10 MW.  

 

Except for the strategy where demand response is used for bids on the regulating 

market, the simulation tool has a setting which determines the maximal power that the 

buyer wants to use from the seller population. This parameter is used to ensure that the 

seller population’s flexibility potential is not completely exhausted (if all seller units 

decrease consumption during consecutive hours, the minimum temperature limits will 

be reached, and then the seller units will be obligated to consume at full power without 

being able to participate in the flexibility auction).  

 

Another setting is a parameter which determines how much the buyer is willing to pay 

in order to buy flexibility. The difference between the imbalance price and the spot 

price is what will constitute the price per MWh which the BRP will pay or get paid. 

When the predictions of this price are used in order to determine if the BRP should 

place bids for increasing or decreasing consumption, it could also be used to set the 

price to the seller units. The parameter is called willingness to pay and is a number 

between zero and one which indicates what fraction of the difference between the 

imbalance price and the spot price should be offered the sellers. As with the margin 

parameter for the seller units, this parameter could either be constant during the 

simulation or dynamically changed based on how often bids are accepted (if the 

willingness to pay from the buyer is too low, there will be no transactions since the 

seller units demand more). By simulating different combinations of seller margin and 

the buyer’s willingness to pay, reasonable default values of these parameters could be 

found. In the buyer strategy where bids are placed on the regulating market, the bids for 

up and down-regulation are placed based on the spot price for the hour in question. Two 

parameters determine how much above or below the spot price the regulating bids 

should be. Since marginal pricing is used on the regulating market this will at a 

minimum be the price that the BRP gets paid, and the difference to the spot price will 

give what the BRP earns per MWh. A fraction of this price is then what the BRP is 

willing to pay for the flexibility. 
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Table 9. Buyer strategy parameters. 

Setting Default Alternatives Explanation 

Buyer strategy 2 1 The imbalance 

power volumes and 

imbalance prices 

from the previous 

hour are assumed to 

be known and are 

used to forecast the 

current hour in 

order to minimize 

the imbalance 

2 The imbalance 

prices from the 

previous hour is 

assumed to be 

known and is used 

to forecast the 

current hour in 

order to change 

imbalance in 

accordance to the 

imbalance price 

3 Same as 1 except 

that real hour-ahead 

forecasts are 

used(only for the 

BRPs which have 

these) 

4 Same as 1 except 

that the imbalance 

volume prediction 

accuracy is chosen 

by the user of the 

simulation tool  

5 Regulating bid 

strategy where a 

setting determines 

how much 

above/below the 

spot price bids 

should be placed for 

up/down regulation  

6 Same as 1 except 

both imbalance 

volumes/prices are 

assumed to be 

known  for the 

current hour, i.e. 

perfect information 
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Maximum bid size 1 MW >0 Determines a upper 

limit for hourly 

flexibility volumes 

in all strategies 

except 5 

Willingness to pay 15 % 0-100 The part of the 

buyers predicted 

profit it is willing to 

use for flexibility 

bid 

Buyer window 2 h >0 How far in the 

future the buyer 

tries to predict the 

market and the own 

imbalance costs 

 

5.3 Flexibility Auction module   
In this class the bids from the buyer and sellers are matched and executed based on a 

parameter which determines the market type. Expektra is represented by the broker, 

which gets compensated based on what market type is chosen. The seller bids are 

accepted in ascending order based on their seller bids. Either the broker takes a pre-

specified part of the buyers bid price, the difference between the buyer and seller bids 

for each seller or the difference between the buyer bid and the highest accepted seller 

bid (marginal pricing among sellers). From Expektra’s point of view it is interesting to 

investigate how the choice of market type distributes the value amongst the actors. The 

buyer may have placed a bid with a maximum power volume specified, in which case 

the seller bids are accepted based on price until this volume is reached. In the case 

where the buyer seeks to place bids on the regulating market, transactions only take 

place if the minimum (region specific) bid size can be accumulated amongst the seller 

units with low enough bid prices. 
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Table 10. Market strategy parameters. 

Setting Default Alternatives Explanation 

Market type 1 1 Marginal pricing, 

broker earns the 

difference between 

the highest 

accepted price and 

the buyer bid price 

2 Broker takes the 

difference between 

each sellers price 

and the buyer price 

3 Broker takes a 

specified share of 

the buyer price, the 

seller gets the rest 

Spot price 

amplitude 

1 >1 Changes the 

amplitude of the 

prices(default 1 

represents real 

Swedish prices) 

Imbalance price 

volatility(with 

respect to the spot 

price) 

1 >1 Changes how much 

the imbalance price 

varies with respect 

to the spot 

price(default 1 

represents the real 

Swedish volatility) 

 

5.4 Determining the value of demand response 
The method for determining the value of demand response is to simulate many different 

combinations of parameters in order to see how this impacts the cost reduction/revenue 

for the different actors. The key result parameter is the total value per unit, which adds 

the revenues for all actors and divides this sum by the number of seller units. One could 

imagine that in a specific setting, the BRP has a large revenue but the seller units lose 

money because of an unfortunate strategy, in which case that setting could be deemed 

worthless. The goal however is to maximize the total value, a fair distribution is only an 

added bonus. This reasoning comes from the idea that an unfair distribution would 

mean that this sort of demand response market never would be implemented, but if the 

total value is large enough, the resources could simply be redistributed retroactively. 

This would keep the market going since all actors would make a profit. The 

implementation of buyer/seller strategies as well as market types was simply a means to 

give all actors agency and thus more accurately depicting what a real implementation of 

the flexibility auction would be like. Real actors would of course act on the market in a 

self-preserving way, and most likely find optimal strategies to obtain profits. Such 

optimal strategies may not necessarily be found in this project, but by testing different 

strategies a sense of what should further be investigated could be obtained. Determining 

the total value is also an iterative process, as it is hard to intuitively realize exactly 
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which structure gives the largest total value. Testing many simulations with different 

settings would thus increase the likelihood of finding the optimal total value.   

 

5.5 The reference case and the simulation method 
The model depends on many parameters, both physical parameters for modules as well 

as strategic or “behavioral” parameters. Since the structure of the simulation part of the 

project is iterative and in some respects like a sensitivity analysis, with the objective to 

find an optimum, the setup is such that about 20-25 parameters actually are variable, 

whereas the rest are hard-coded in the program (i.e., cannot be assigned from the user 

interface). In table 11, some of the parameters that can vary are displayed, along with 

the possible variations.  

Table 11. The simulation parameters in the user interface. 

Section Parameter Value Unit Alternatives 

Population Region SE1-SE4  SE1-SE4 

Population Number of SH 

units 
1000  ≥0 

Population Number of 

DHW units 
1000  ≥0 

Market Market type 1-3  1-3 

Building 𝑇𝑟𝑒𝑓 20 °C 19-21 

Building 𝑇𝑚𝑖𝑛 19 °C 18-20 

Building 𝑇𝑚𝑎𝑥 21 °C 21-24 

Building 𝑄𝑦𝑒𝑎𝑟 20 MWh/year 15-30 

Building 𝜏 3 days 1-10 

SH 𝑃𝑐𝑜𝑚𝑝,𝑚𝑎𝑥 5000 W 2000-10000 

SH 𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛,𝑚𝑎𝑥 

 

0 W 4000-10000 

SH 𝐶𝑂𝑃𝑐𝑜𝑚𝑝 4  1-5 

SH 𝐶𝑂𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 1  1-2 

SH Level of 

smartness 
A-C  A-C 

SH Price setting Basic-

Advanced 

 Basic/Advanced 

DHW Price setting Basic-

Advanced 

 Basic/Advanced 

Sellers Seller margin 5 SEK/MWh >0 

Buyer Name BA8  BA1-BA9 

Buyer Maximum bid 

size 
1 MW >0 

Buyer Strategy 2  1-6 

Buyer Willingness to 

pay 
0,15  0-1 

Simulation Start date 2012-01-01  2004-2013 

Simulation End date 2012-12-31  2004-2013 
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Of course, the parameters like for example the seller margin cannot be varied 

continuously, so assume that the attainable discrete values are chosen to be 5, 10, 15 

and 20 SEK/MWh. The population can be varied both in number of each type of unit, as 

well as the number of types, but again, assume that we chose 3-4 population types. 

Continuing this way, having at least three values for 20 parameters, at a minimum there 

would be 320 simulations, and if one simulation takes at a minimum 3 minutes, or one 

twentieth of an hour, there thus would be a simulation time of 200000000 hours, or 

about 20000 years. So testing all possible cases is out of the question. Instead one has to 

try to find tendencies when a parameter is varied, and afterwards assume that this 

parameter setting in general is roughly correct, even for other combinations of the other 

parameters. There will therefore be no way to ensure that the global optimum will be 

found, instead one can find rough estimates of local optima in interesting cases where 

only one or two parameters are varied and the other are fixed, representing e.g. some 

real-world situation. 

 

The reference case has the default input parameters in the modules from table 7 - 10 as 

well as the bold faced values in table 11 of variable parameters (there is some overlap). 

As seen from the tables, the parameters are fixed except the seller unit’s control and 

price setting mechanisms. This is done in order to get a first rough overlook of which 

combinations of the basic strategy settings give the largest value.  
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6 Results 
As mentioned throughout this report, an all-encompassing collection or review of the 

results will not be possible to do. By going through the results of the reference case the 

reader might get a feeling of what the problems and opportunities are, and view this as a 

justification of the direction of the investigation from the reference case. Though the 

meaning of this section in part is to illustrate how some of the modules work in practice 

as well as (although sketchy) the whole simulation tool, the object of the project is also 

to find the optimal value of demand response. The choices to vary some parameters 

more than others will have more to do with finding as large a value as possible than in 

detail analyzing specific cases for purely academic purposes. Of course, there will be 

many perspectives inspired by this project that will be interesting to study, there is 

however simply not enough time during this master thesis to collect them all.  

 

The key figure for determining the value of this system will be the average unit value 

per year defined previously, as it represents what the total value is for the BRP because 

of reduced imbalances (or regulation market revenues), for the broker because of the 

revenue for connecting the BRP with its consumer and for the seller units because of 

reduced electricity bills. 

 

 

6.1 The implemented model in practice 
Before the reference case is handled, a review of how the different modules interact will 

be presented. The goal is to show how the results from the sub-modules together 

comprise the total result in later sections. The reference period is the year 2012, but 

other periods will be simulated as well in some cases. It is difficult to illustrate how the 

results are computed over all of the hours of 2012, so instead a cross-section of one day 

will be shown, the 1st of January. This day is chosen because there is a suitable amount 

of activity on the flexibility auction, and many interesting aspects of the model are 

included. Only one heat pump is simulated, where only the outdoor temperature and the 

heating power impact the building’s indoor temperature. It is also assumed that the 

outdoor temperature is measured exactly, so the heating system will know exactly the 

amount of power needed to ensure an indoor temperature of 20 °C. If flexibility is sold 

one hour, for example a consumption increase, then the unit has to compensate the 

corresponding heat increase the next three hours by reducing one third of the power in 

the load plan. Thus, the total heat consumed should be the same, but the indoor 

temperature may not be equal at all times. If the consumption is increased, the 

temperature will increase correspondingly, and the total energy in the house will be 

larger. This means that the energy loss due to the temperature difference between indoor 

and outdoor temperatures will be larger and thus a bias will appear. If no more 

flexibility is sold, there will be an energy deficit which makes it impossible for the 

heating system to reach the reference temperature. This is the problem by using systems 

without feedback from its own output (the indoor temperature, not the heat output), but 

as we will see, the bias is rather small and not a particularly substantial problem in the 

illustration. The buyer strategy 2 is used here, i.e. the buyer speculates on the imbalance 

price. 
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One necessary condition to make a transaction possible is that the buyer predicts there 

will be an opportunity to make a profit, i.e. the buyer’s prediction of the imbalance price 

(net regulating price) indicates this. The persistence method simply uses the imbalance 

price from the previous hour for the prediction, so by studying the imbalance prices we 

should be able to see which hours the buyer would be willing to participate, and in 

which direction.  

 

Figure 9. Spot and imbalance prices during one day. 

 

In figure 9 we see the price situation. No transactions can be made the first hour, since 

the simulation just started and no information is available yet. However, the information 

the first hour is that the imbalance price is larger than the spot price, which means that 

the buyer believes this to be the case the next hour as well. Therefore the buyer should 

place a bid that first hour in the up direction, i.e. a bid for consumption decrease. The 

consumption decrease would mean that the buyer’s imbalance power increases 

compared to if no flexibility is bought, since less power was consumed but the same 

amount of power was contracted on the spot market the day before. If the imbalance 

power was very negative, it would become a little less negative, and since the imbalance 

price is believed to be larger than the spot price the imbalance cost will be reduced (the 

cost is the product of the difference between imbalance and spot prices and the 

imbalance power, positive cost means revenue). If the imbalance power already was 

positive, it would become more positive and thus give a larger revenue from the 

increased imbalance power. In figure 9 we see that the imbalance price the next hour 

(hour 2) is actually a little less than the spot price, which means that the buyer’s 

speculation will have back-fired. First we show the transactions on the flexibility 

auction this day. 



40 
 

 

Figure 10. The transaction volumes on the flexibility auction during one day. 

 

In figure 10 we see which hours there were transactions together with the volumes and 

directions. In this generic case the heating system is 5000 W with COP 1. Positive 

volumes mean by convention that the flexibility will contribute to up-regulation, i.e. a 

consumption decrease. Thus, somewhat counterintuitively perhaps, positive values in 

figure 10 stand for how much the load was decreased. Comparing figure 9 with figure 

10 we see that the persistence prediction of the price difference is a necessary condition 

for transactions, but not a sufficient one. In hour 2 a transaction took place as expected, 

but during hour 8 no flexibility was sold even though the prices hour 7 indicate that the 

buyer would want a consumption increase (imbalance price lower than spot price). 

What happened? Well, the seller unit sets an asking price based on the predicted load 

after flexibility is sold together with the spot prices during the hour of transaction and 

the coming three hours(since the sold flexibility in this scheme has to be compensated 

the next three hours). Also, a seller margin of 1 SEK/MWh is used which adds to the 

total asking price. The buyer on the other hand sets a price based on what it believes 

could be earned from the transaction, i.e. a share of the difference between the 

imbalance and spot prices. This share (willingness to pay) is in this case 14 %. Only if 

the seller price is lower than the buyer price a transaction can take place. We therefore 

look closer at the situation hour 2 and hour 8 respectively. Below in table 12 we see the 

prices. 
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Table 12. Spot and imbalance hours the first eleven hours 2012-01-01. 

Hour Spot [SEK/MWh] Imbalance [SEK/MWh] 

1 285,65 322,74 

2 267,47 267,46 

3 259,00 259,00 

4 254,54 254,54 

5 247,32 247,32 

6 246,60 246,60 

7 244,55 187,14 

8 236,71 189,45 

9 217,54 187,14 

10 217,54 166,72 

11 238,85 163,06 

 

For hour 2 the buyer price is based on the prices hour 1 and the factor 0,14. The 

difference is 322,74 - 285,65 = 37,09 SEK/MWh, and the buyer price is thus 37,09 * 

0,14 = 5,1926 SEK/MWh. The seller price for hour 2 is for a decrease in consumption. 

Thus the consumption is smaller hour 2 but larger hours 3-5 by a third of the volume. 

We see that the spot prices hours 3-5 are smaller than the spot price hour 2, which 

means that shifting the load towards hours 3-5 is profitable no matter what the seller 

gets paid. Therefore, the seller price is simply the seller margin, i.e. 1 SEK/MWh, since 

there is no added cost for the seller to decrease consumption hour 2. The seller price is 

less than the buyer price, and because of that a transaction took place. The difference 

between the prices is the revenue of the broker in SEK/MWh. 

 

We now turn to hour 8. The price difference in hour 7 is 187,14- 244,55= -57,41 

SEK/MWh, and then the buyer price becomes 57,41 * 0,14 = 8,0374 SEK/MWh. The 

negative price difference means that the buyer wants a consumption increase for hour 8, 

i.e. the sign determines direction and the absolute value the magnitude. The added cost 

for the seller to increase consumption hour 8 is 236,71 - (217,54 + 217,54 + 238,85) / 3 

= 12,0667 SEK/MWh, where it will decrease consumption hours 9-11. Including the 

seller margin the total seller price becomes 13,0667 SEK/MWh, which is larger than the 

buyer price. That is the reason why no transaction took place that hour. Most of the time 

though, it seems as if figure 9 and figure 10 follow the same pattern, so instances like 

the one hour 8 do not happen all that often. 

 

Below in figure 11 we see the temperatures during the day compared to the case where 

no flexibility is sold, which since there are no unanticipated disturbances always is 

equal to the reference temperature. 
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Figure 11. The temperature deviations due to flexibility transactions. 

 

Figure 11 captures many of the traits of the model mentioned previously. The 

temperature decrease in the beginning is due to the large consumption decrease 

transaction as seen in figure 10. After the compensation the temperature is not quite 20 

°C, but a little larger, due to the bias previously mentioned. It is not visible from the 

figure, but during hours 6-9 the bias actually decreases, which is reasonable since a 

higher indoor temperature means a larger energy loss from the building. The sold 

flexibility correspond to the temperature variations, and at the day’s end the temperature 

is lower than if the heating system followed the load plan without participating on the 

flexibility auction. Hour 22 a consumption decrease was sold, which was compensated 

hours 23-25. Part of this compensation would have taken place the next day, and 

explains the temperature difference at the end of the day. The compensation is for 

consumption, not temperature, so the total consumption should be the same whether or 

not the seller participates in the flexibility auction, as long as the compensation has been 

completed. We therefore look at the consumption the first 8 hours, a consumption 

decrease happened hour 2, and the corresponding compensation hours 3-5, and no other 

transactions until hour 9. 
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Table 13. The difference in load the first eight hours 2012-01-01. 

Hour Load – flexibility sold 

[W] 

Load – normal 

operations [W] 

1 3903,0 3903,0 

2 1541,9 3936,0 

3 4816,3 4018,3 

4 4717,5 3919,5 

5 4717,5 3919,5 

6 3886,6 3886,6 

7 3804,2 3804,2 

8 3639,5 3639,5 

Sum 31026,6 31026,6 

 

 

The numbers in table 13 are truncated, but the difference between the columns show the 

desired principle. Even though the temperatures hours 6-8 are not the same, the same 

amount of power was consumed. The bias in the temperature is not a big problem as 

long as flexibility is sold both up and down regularly. We can see the compensation in 

load hours 3-5 for the sold load decrease hour 2. 

 

Let us now look at the profits for the different actors. The single seller unit’s changed 

load profile will impact its electricity bill simply because different power volumes are 

bought different hours with different prices. The total profit is thus the profits from the 

transactions on the flexibility auction plus the added cost from the changed power bill.  

 

 

Figure 12. The seller profits during one day. 

 

We see in figure 12 that the actual profit is made when the consumption is decreased, be 

it at the actual delivery hour or the compensation hours. The important thing here is that 
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the sum of the values is positive, i.e. that the profits are larger than the losses seen over 

all the hours. Of course, the compensation was not completed at the day’s end, so the 

sum will be larger than the actual profit (in longer simulations such deviations are 

negligible). The sum is 0,58 SEK, but we could also look at the sum the first 8 hours, 

where the compensation is complete for the transaction in hour 2. Then the sum is 0,03 

SEK. 

 

The buyer profits are calculated based on how the changed imbalance volume impacted 

the imbalance cost, corresponding to the actual imbalance prices during the hour of 

transaction. The amount paid to the seller and broker has to be subtracted. 

 

 

Figure 13. The buyer profits during one day. 

 

In figure 13 we see the buyer’s profits. For example, we see that during hour 2 the buyer 

lost money. This shows the danger of using the simple persistence method for price 

predictions. During hour 1 there was significant up-regulation, so the buyer thought that 

would be the case hour 2 as well. This is not the case, as seen in figure 9. The buyer 

made no money on the imbalance side, but still paid money to the seller and broker. 

Comparing figure 13 to the other figures, we see that a suitable imbalance price 

prediction and corresponding action on the flexibility auction does not necessarily mean 

that profits were made those hours. This is so because of the compensation mechanism. 

During the hours 9-16 the buyer bought consumption increase, see figure 10. After the 

first transaction was made, the seller was obligated to compensate the next three hours. 

Those hours the buyer bought the flexibility available after the compensation was 

included in the load plan, but still in comparison to the case where the unit did not 

participate, the consumption could mean a cost. As in the seller case, there will be 

losses some hours, but the important number is the sum, which here is 0,25 SEK, i.e. a 

profit. 

 

In figure 14 below we see the broker profits. 
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Figure 14. Broker profits during one day. 

 

The broker always makes a profit as long as there are transactions. This would not be 

the case in a real implementation of the flexibility auction. Therefore, throughout the 

rest of this section, the key number focused on will be the average unit value, i.e. all 

actors’ profits divided by the number of seller units. In this case we only have one unit, 

so the value is thus the sum of all the actors’ profits. The broker profit is the sum of the 

values in figure 14, and is 0,19 SEK. The total value, i.e. the sum of all the actors 

profits, becomes 0,58 + 0,25 + 0,19 = 1,02 SEK. Note that the buyer and seller can 

make/lose money a specific hour, even if no transaction was made that hour, if the load 

plan was changed because of a previous transaction. 

 

This concludes the review of the model functions. Now we turn to the more extensive 

simulation schemes. 
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6.1 The reference case 
 

 

Figure 15. Histogram of all the simulations in the reference case. 

 

In figure 15 we see not only that the value at most is very low (50 SEK per year and 

unit which all three actors will share), but that there is some variance as well. This 

indicates that among the parameter combinations there are better and worse options. 

The most indicative of the result though is that the DHW units on average did not profit 

at all. This could also be seen when the DHW module was separately tested: the 

stochastic nature of the modeled water consumption makes it difficult to control the 

heating needs over time. If the temperature in the water tank is changed because of sold 

flexibility compared to if the original load plan was kept, the water consumption will 

impact the power consumption differently and may end up increasing the power bill 

because the consumption was shifted to hours with higher prices. This is in the 

implemented model difficult to mitigate, since one would need to integrate a more 

complex interaction between the water consuming occupants and the DHW unit. For 

example, the unit could signal to the occupants how much water at most could be 

consumed at any given time in order to not be exposed to price differences. Many 

different layers could be implemented in the model, however it was deemed that it was 

better to concentrate on the space heating in this project because of time limitations. 

Populations with only DHW modules were simulated with a Monte Carlo 

method(because of the stochastic water consumption) and different parameter 

choices(larger tank volumes and power capacities increased the value for example) but 

still the space heating showed much more promise. Below in figure 16 a histogram of 

the simulations of the DHW units is shown. 
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Figure 16. Histogram of cases with only DHW units in the population. 

 

There seem to be different areas where the simulation results are concentrated. This is 

because of the different input settings. Next the settings giving the largest value were 

tested in a Monte Carlo simulation in order to compute mean and standard deviation, 

shown in table 14: 
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Table 14. Statistics of the case with only DHW units. 

avg 30,44836778 

max 31,30081363 

min 0,59058615 

std 7,544255561 

 

This case seems feasible, at least the average value in these simulations was positive. 

Yet the space heating shows much more promise as of now. 

 

The next step excluded the DHW units and concentrated on the space heating. 

Intuitively, the value should be larger with seller units that are less efficient. This was 

also the case: when the annual heat demand of the buildings was increased(less energy 

efficient houses) and the coefficient of performance of the heating systems decreased 

(changed from heat pump to direct electric heating) the value increased. In order to 

optimize the value these parameters should thus be pushed to there limits. In practice 

this corresponds to the oldest, least isolated houses possible with direct electrical 

heating. The question of if there actually are feasible populations of such houses that 

could be aggregated is left as an assumption, but in any case the theoretical study of 

such populations should provide an upper limit of the potential of the flexibility auction 

with automated heating systems. Additionally, if the value is larger for these types of 

populations, they should also be the first target group of the demand response solution. 

Therefore, one could imagine that such populations also would be willing to widen the 

comfort temperature interval in order to reduce what should presumably be a large 

power bill.  

 

The reference case also provided indications of which strategy settings should be chosen 

for the optimization. The too large number of possible simulations made it a necessity to 

without deep reflection take these settings at face value, and begin the sensitivity 

analysis of the other parameters which mostly have to do with how the bids on the 

flexibility auction should be executed(buyer strategies, seller margins, willingness to 

pay, etc.). Below follows a summary of which parameter values will comprise the 

“new” base case for most of the further analysis.     
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Table 15. New default parameter values to optimize the economic gain. 

Section Parameter New default Unit Alternatives 

Market Market type 1  1-3 

Building 𝑇𝑟𝑒𝑓 20 °C 19-21 

Building 𝑇𝑚𝑖𝑛 18 °C 18-20 

Building 𝑇𝑚𝑎𝑥 23 °C 21-24 

Building 𝑄𝑦𝑒𝑎𝑟 30 MWh/year 15-30 

Building 𝜏 3 Days 1-10 

SH 𝑃𝑐𝑜𝑚𝑝,𝑚𝑎𝑥 0 W 2000-10000 

SH 𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛,𝑚𝑎𝑥 

 

10000 W 4000-10000 

SH 𝐶𝑂𝑃𝑐𝑜𝑚𝑝 4  1-5 

SH 𝐶𝑂𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛 1  1-2 

SH Level of 

smartness 
A  A-C 

SH Price setting Basic  Basic/Advance

d 

DHW Price setting Void  Basic/Advance

d 

 

Note that 𝑄𝑦𝑒𝑎𝑟, 𝑃𝑐𝑜𝑚𝑝,𝑚𝑎𝑥, 𝑃𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛,𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 have been modified in order 

to increase the potential flexibility power volumes. 

 

6.2 Possible directions for further analysis 
A few different perspectives would be interesting to isolate to study how variations of 

closely affiliated parameters impact the value. One could imagine that the total 

simulation space has a dimension 𝑑, and by keeping all but two or three fixed at a time 

and varying the rest we could reduce the dimension of the studied space to two or three 

(i.e., the studied space is a level surface), which is helpful when it comes to illustrating 

the results with figures (2D and 3D plots). Below follows a summary of the 

perspectives. 

 

 Vary the seller margin and buyer willingness to pay when speculating on 

imbalance prices with the persistence method 

 Find an optimal population for the regulating bid strategy and vary the 

corresponding parameters(share of spot price, willingness to pay, seller margin, 

maximal bid size) 

 Compare the persistence method with perfect price information in order to 

quantify how much of the maximal value when knowing the imbalance prices 

during the hour of delivery can be obtained 

 Vary the prognosis accuracy of imbalance volumes when the goal is to minimize 

the buyer’s imbalances 

 Study how the population size impacts the value for a fixed maximal bid size 

 Study how the value depends on the market, i.e. if the price levels and 

volatilities are as in the Netherlands or Germany, or as they might become in the 

future when the capacity reserve has reduced and the wind integration increased 
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6.3 Distribution for all cases 
Below in figure 17 follows a histogram of the value distribution for all simulations. 

During the simulations trends could be seen that indicated where local optima could be 

found in a certain range. The largest global value found was not found immediately, but 

after extensive simulation schemes with higher and higher resolution. Rather small 

variations could increase the value drastically, which implies that indeed there is no 

practical way to ensure that a global optimum has been found. In theory it should be 

possible to make use of optimization schemes to find out what for example the maximal 

possible profit for the BRP is by simply using the spot/imbalance prices and the BRP’s 

imbalance volumes, but this value would in no way be realistically feasible, and would 

not indicate how much larger or smaller the seller unit’s power bill’s would become. 

The implemented model is far too complex and the simulation periods too long to back-

track equations and calculate such things manually. Thus we are stuck with the idea that 

simply because a local optima in an isolated region of the simulation space was found, 

this does not mean that the local optima is in the same place when one of the fixed 

parameters is changed.  

 

However, the large variance as seen in the histogram implies again that there are some 

basic facts about the model that in almost all cases will increase the value. The 

somewhat awkward distribution in part comes from the fact that different seller 

populations are used, i.e. there are different power capacities included. In that respect it 

would be suitable to normalize the value with respect to the total power capacity, and 

express the value in SEK/year, unit and MWh installed power capacity. Different 

strategies also have different optima, and close to those the resolution of the parameter 

variations was increased and thus there are more simulations run which give close to the 

optimal value. Also included are simulations with perfect imbalance price predictions, 

which are not realistic but give large values. Anyhow, the point of figure 17 is to show 

the many different results, and that there was a need to isolate specific parts of the 

parameter space for further analysis.      
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Figure 17. Histogram of all simulations. 

 

6.4 Two practical situations feasible today 
The one big problem with the BRP’s strategies on the flexibility auction is that the 

assumption that current or future imbalance power volumes could be accurately 

predicted is flawed. This is not realistic today, but can still be simulated. If instead the 

two main directions are speculation on the imbalance prices (buyer strategy 2) and using 

the flexibility on the regulating market (buyer strategy 5), we get cases that better 

represent the value attainable right now. In the case of speculating on the imbalance 

prices it is in the model assumed that the BRP can act with knowledge of the previous 

hour’s price situation. The TSO often (but not always) publishes the prices with one 

hours delay, e.g. the imbalance prices for the delivery hour from 10 am to 11 am is 

published sometime between 11 am and 12 am. If the price info comes too late, and 

indicate that the BRP should act, the seller units will have followed their load plans up 

until then, and thus the consumption could only be varied for the time left until 12 am. 

Thus the strategy is not completely realistic, but the assumption is not necessarily far-

fetched, since e.g. other Nordic countries publish the imbalance prices earlier. If this 

proposed system was actually implemented, there would probably exist more incentive 

for the TSO to publish the prices earlier in Sweden as well.  As for the regulating 

market bids, since the bid prices actually correspond to a share of the spot price (which 

is always known for the next couple of hours), there is no need to predict the regulating 

prices (although it would help in order to prioritize between different delivery hours). In 

both cases the year 2012 is the default simulation period.  

 

6.4.1 Speculation on the imbalance price 
First the four regions SE1-SE4 were simulated with this buyer strategy, in a roughly 

discretized interval of seller margin and buyer willingness to pay. A high seller margin 

means that the seller units only participate during those hours where they can make a 

large profit, whereas the willingness to pay is what share of the buyers predicted profit 

the buyer is ready to use as payment to the seller units. This gave an idea of which 

region would have been most profitable 2012, which was SE2. Thus a more refined 

simulation scheme was implemented for this region, i.e. the two settings were varied 

with higher resolution. The end result can be seen in figure 18. 
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Figure 18. The value function’s dependence on buyer and seller parameters. 

 

We can immediately see that a combination of high seller margin and low willingness to 

pay is not preferable. There is also the indication that perhaps the seller margin is not 

meaningful, since it seems as it could be zero. If the seller margin is exactly zero, this 

means that the seller units are willing to sell flexibility if they get exactly compensated 

for the potential loss of load shifting from hours with low spot price to hours with 

higher prices. However, if the load shifting is in the best interest of the seller unit, they 

change their consumption if it is what the buyer wants. Both actors thus profit without 

any transaction taking place. This in turn means that the broker profits less, and is an 

indication that much of the potential value lies in optimizing electricity consumption to 

the spot price for hourly measured consumers. However, since such an optimization 

would some hours mean losses because of increased imbalances in the wrong direction 

for the buyer, the total value would decrease. When the seller margin is zero, the total 

value is close (950 SEK/year and unit) to the largest value found (977 SEK/year and 

unit), and this value is almost evenly split between the buyer and seller units. Since no 

transactions took place this means that half of the value comes from the buyer 

speculation, which could not be obtained in a system where the seller units were 

optimized with respect to the spot price only. Simulations of spot price simulations have 

not been made, but would in future studies be interesting to include in order to make 

comparisons.  

 

In the region where the willingness to pay is sufficiently large with respect to the seller 

margin, the value function seems to be relatively constant. This could imply that the 

persistence method for predicting prices is fairly good, at least for the prices 2012. If we 

assume that the persistence method is sufficient, this would mean that on average, the 

buyer would profit each hour where demand response is bought. Thus the buyer would 

want to buy flexibility as many hours as possible, i.e. increase the buy price. In figure 

19 we have the buyers profit separated from the total value. 
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Figure 19. The buyer value’s dependence on buyer and seller parameters. 

 

The buyer value decreases with the willingness to pay for a fixed value of the seller 

margin setting. In a large part of the region where the total value is largest, the buyer 

value is low or negative. The reason for this is simply that the buyer pays too much, and 

that it should recalibrate the willingness to pay in order to redistribute the profits in a 

fairer way. It is thus a balancing act between getting a fair share of the total value and 

still pay enough so that the seller units are willing to participate often. In other words, 

the two settings should be chosen in the region where the total value is almost constant 

and the buyer share is somewhere between zero and the total value. For a fixed seller 

margin the buyer should increase the willingness to pay until as many bids as possible 

are accepted, then stop. This principle is shown in figure 20, with a level surface of 

figure 19 with fixed seller margin. 

 

Figure 20. How the value and buyer value evolve with respect to the buyers willingness 

to pay. 
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We can see that the value indeed increases with the willingness to pay until a certain 

point. The buyer value also increases in the beginning, but quickly starts to fall 

thereafter. If the willingness to pay is chosen to be at the first peak, which is 0,14 in this 

case, the buyer value will still be positive. Of course, the fairly constant behavior of the 

value function after this peak means that the profits go to the broker instead, which is 

unreasonable(the broker should realistically get paid only if the other actors are). 

However, as mentioned previously, the detailed programming to get a near perfect 

distribution of the value among the actors has not been within the scope of this project. 

The total value instead shows how much can be extracted through the flexibility 

auction, and thus answers the purpose of this master thesis. The distribution could be 

achieved retroactively, but of course, since the point of this new market is to automate 

as much as possible, it is preferable if the right distribution could be achieved as part of 

the algorithm.     

 

A practical question concerns how large populations of seller units the buyer should be 

coupled with. Since the buyer in this case speculates on the imbalance prices, the 

imbalances in the right direction should be increased and in the wrong direction 

decreased to the point where they turn into imbalances in the right direction. The TSO 

has in the recent years successively increased the penalty fee for all consumption 

imbalances, and it is problematic to incentivize the market to increase imbalances. Thus 

one could imagine that the buyer/auction has a limit for how large a bid the buyer can 

place in any given hour, based on minimizing imbalances. With a given value of this 

maximally allowed bid size, the population size should be below some limit as well, 

since if the total flexibility capacity in the population is larger than the maximum bid 

size, then some units would not participate and their load remain unchanged. An 

example of this can be seen in figure 21. 

 

Figure 21. The value’s dependence on population size, when a maximally allowed bid 

size is fixed. 
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We can in figure 21 see that the value per unit decreases with the population size. This happens 

because many units make no impact at all but the total profits are still divided by the population 

size.  

6.4.2 Bidding on the regulating market 
In this strategy there is an additional relevant parameter, which has to do with the 

bidding strategy from the buyer to the TSO. For simplicity’s sake, the default is to place 

bids in relation to the spot price. If the parameter is 0,10, then the bids will be activated 

if the up-regulating price rises above 1,10 of the spot price or if the down-regulating 

prices fall under 0,90 of the spot price. Of course, bids are only placed if the population 

has flexibility enough for the minimally allowed bid size dependent on region (5 MW in 

SE4, 10 MW in the others). Even if the population has more flexibility, this bid size still 

holds, i.e. it is also a maximum bid size.  This is not a necessary condition in all cases, 

but the idea is to not exhaust the population of flexibility in case there will be better 

opportunities to profit at later hours.  

 

Since the buyer in this strategy only places bids on the regulating market, a too small 

total flexibility capacity in the population will result in that no transactions take place. 

So the first thing is to determine a suitable population size, and then later use this as 

default in other investigations. For region SE3 we see in figure 22 how the value 

depends on population size for the regulating bid strategy.  

 

 

Figure 22. The value’s dependence on population size for regulating bid strategy. 

 

The behavior shown in figure 22 confirms that a too large population will impact the 

value negatively, mostly because of how we in this project chose to define the value (an 

average over the number of units). If there are too many units, some will be inactive, 

and thus have zero profit and impact the average. We see that there seems to be a clear 

peak, and in figure 23 this is shown in a higher resolution. 
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Figure 23. The value’s dependence on population size for regulating bid strategy 

zoomed in at the peak. 

 

 

A population size of 1940 seems to be suitable, why this will be used as a default in 

other simulations. We can now vary the three parameters mentioned above to see if a 

larger value can be achieved (above we have 470 SEK/year and unit). First the 

variations with respect to the seller margin was studied, with fixed regulating bid 

parameters (0,1 of the spot price, willingness to pay 0,5). This can be seen in figure 24. 

 

 

Figure 24. The value’s dependence on seller margin for the regulating bid strategy. 

 

There seems to be more valuable the more the seller units are willing to participate, but 

be aware of the scale on the y-axis: the differences in the figure are almost negligible. If 

the seller margin is increased a lot the value will continue to decrease, which is both 
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intuitive and for our purposes uninteresting. We instead turn to fixing the seller margin 

while varying the other two parameters. The result is shown in figure 25. 

 

Figure 25. The value’s dependence of regulating bid parameters. 

 

We see that the share of the spot price for the regulating bids should be around 0,10, i.e. 

in a 10 % interval around the spot price. As the willingness to pay gets larger, the value 

increases as well. This has to do with the fixed seller margin, as that is a measure of 

how much the seller units demand to participate, and if the buyer is not willing to pay 

the actors will never agree.  

 

We can also note that the values in this strategy are lower than in the speculation case. 

Why is that? Well, in the regulating bid strategy the buyer acts as soon as the regulating 

prices leave the interval decided by the user. Since the regulating market is based on 

marginal price setting, the buyer gets paid the actual regulating price, which then could 

be larger than the bid price. Also, the direction on the regulating market ensures that the 

buyer’s own imbalances costs are reduced. To explain this, imagine that there is up-

regulation and that so much regulating power is needed that the price exceeds 1,10 of 

the spot price (see figure 5 of the regulating market). Then the buyer’s bid has been 

activated, and the seller units will consume 10 MWh less (in SE3) than was planned. 

This means that the imbalance volume is increased compared to what would have 

happened if the seller units followed their original load plan. Increase in imbalance 

volume during hours of up-regulation results in revenue for the buyer, so the buyer will 

profit from two sources. However, a fixed limit with respect to the spot price is set, so 

the population might be exhausted during hours where the regulating needs almost 

exactly reflect 10 % of the spot price, and when an hour with larger regulating prices 

come, there is no flexibility left to sell. If the share of the spot price is lowered to e.g. 1 

%, then the buyer tries to buy flexibility almost all hours where there is regulation, so 

there may be more hours where the seller population is exhausted and the regulating 

prices are large(with respect to the spot price) at the same time. If on the other hand the 

limit is increased to 20 %, then all those hours where the regulating price is lower than 

1,20 of the spot price (in the up-regulating case) but perhaps still profitable are 
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unutilized. There seems to be that the total value is roughly the same when that 

parameter is changed, so that probably means that the increased gains from the 

regulating market is coupled with decreases of transaction hours on the flexibility 

auction of the same size. An interesting future method for optimizing this strategy is to 

use an algorithm that based on previous success on the market for different parameter 

choices dynamically can set the parameters to new values intra-simulation. The 

algorithm would thus learn what parameter choices are more suitable than others for 

different market situations. 

 

Thus far, the regulating strategy has been implemented to only place bids of the 

minimally allowed bid size for the specific region. The maximal bid size could be 

increased, in order to utilize the hours where there is more flexibility than the minimally 

allowed bid size. Of course, the population size could also be increased when the 

maximum bid size is. In figure 26 we see an example of where the population 1940 

from above is used with increasing maximum bid sizes.  

 

Figure 26. The value’s dependence on maximal bid size for regulating bids. 

 

We see that the value function converges, which means that the limit for the 

population’s flexibility is at around 17-18 MW, which fits well with the 10 kW capacity 

of each of the 1940 units (19,4 MW in total capacity, available flexibility is generally 

less in both directions). The value is increased though, so this is something that should 

be further investigated. 

 

6.5 Prediction of imbalance volumes 
In the beginning of this project, the thought was that imbalance volume data from real 

BRP’s would be used to see how much the imbalances could be reduced. The problem 

is that this information is not available until well after the fact, which makes it 

complicated to assume that the BRP actually would know what it wants to reduce. The 

persistence method is not applicable in reality since the previous hours’ imbalances are 

also unknown. Perhaps the previous day’s imbalance could be used, but that was 
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deemed to inefficient. The day-ahead prediction is hard to beat, and that is what causes 

the imbalances, so the whole strategy may seem pointless.  

 

We thus have concentrated on more feasible strategies, and this strategy will instead 

become more speculative. The question is: how much economic value could be gained 

if better predictions of current imbalances could be made? That this will become more 

important in the future is not completely unrealistic an assumption. If measurements to a 

larger extent are made hourly or in real time, then it probably would be the case. In this 

section the strategy is always to try to minimize the imbalance volumes, i.e. imbalances 

in the right direction are never sought after. The persistence method for both prices and 

volumes have been tested, as well as a comparative strategy where the information 

about prices and imbalances are perfectly known. Also, the quality of predictions will 

be varied as a user input as well, in order to see the correlation to the value. In this case 

the persistence method of imbalance prices is used throughout, the only thing that is 

varied is the prediction method of the imbalance volumes. The worst predictions from 

this user input will equal the persistence method, and the best the perfect price 

information case. In figure 27 we can see the results. 

 

 

Figure 27. The value’s dependence on imbalance volume predictions when the objective 

is to minimize imbalances. 

 

The mean prediction rate measures how accurate the predictions are on average, and the 

prediction deviation is the corresponding standard deviation. If both are zero we have 

the persistence case, if the mean prediction rate is one whereas the deviation is zero we 

have the perfect price information case. We can see that there is significant increase in 

the value function with better information, yet the persistence method captures about 76 

% of the value for perfect predictions.   
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6.6 Measure of quality of the persistence method for imbalance 
prices 
In the previous section we saw how the value depended on the imbalance volume 

predictions. We would also like to get a measure of how well the persistence method 

works for the speculation strategy (buyer strategy 2) in section 6.4. This could be done 

by simulating the same cases with the only difference that the imbalance prices are 

exactly known. The value should be larger with better price predictions, so the question 

remains how large share of the value the persistence method can capture on average. 

This share was calculated to 91,5 %. The next step is to take the case where predictions 

of imbalance volumes are used to reduce imbalances. The case where both volume and 

price is predicted by persistence is compared to the case where volumes and prices are 

known exactly. The share of the value was in this case 94,51 %, but should decrease as 

the population size increases (as more of the imbalances can be reduced). Simulating 

large population sizes is time consuming, and this was not further investigated. The 

percentage 94,51 % is not comparable to the result 76 % from section 6.5, as the other 

parameters were different.  

 

It seems as if the prediction methods in these cases work fairly well. In part this comes 

from the fact that there is a correlation between consecutive hours, but it is not large 

enough to account for the shares. The persistence method is “wrong” in the sense that it 

does not depict the real values, but that does not mean that the buyer always loses 

money when it is wrong. Some hours the persistence method may give a larger value 

than the perfect information case, because the fallout of the incorrect prediction means 

larger imbalances in the right direction. On average though, the persistence method is 

worse, anything else would be counterintuitive and hard to explain. The shares should 

also decrease in the strategy where imbalances are reduced, when the population sizes 

increase.    

 

6.7 Seasonal dependencies 
Since the focus with respect to the seller units fell on space heating, it is interesting to 

study the seasonal dependencies of the demand response program. The value should be 

very dependent on the outdoor temperature, which has large variations in Sweden 

between seasons. The period from January 2004 to December 2013 was simulated, and 

the monthly value is plotted below in figure 28.  
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Figure 28. The value’s dependence on seasonal variations in SE2 from Jan 2004 until 

Dec 2013. 

 

We can see that indeed the large portion of the total value is gained during the winter 

months. During the summer the value is negligibly low or even negative. One could 

argue that a system with only space heating is useless during many months of the year, 

and such seller units should be complemented with some other power consumer, e.g. 

space cooling or ventilation appliances. If the electricity consuming appliance instead is 

mechanical in nature, and not thermal, the value would depend on the seasons in another 

way. In figure 28 the conclusion is clearly that the temperatures are too high during the 

summer, so the houses’ indoor temperatures are close to or exceeding the maximally 

allowed limit. Thus the power to the space heating is shut off and there is little or no 

flexibility available. If the mechanical seller unit uses power the whole year, the 

corresponding monthly plot would perhaps still show that most profits can be gained 

during the winter, since the climate impacts the total consumption, which in turn 

impacts the price situation. However, the very large volatility shown in figure 28 would 

probably be decreased, and perhaps there would be a larger total value on annual basis. 

If the largest value (January 2010) is calibrated to annual basis we have around 5000 

SEK/year and unit, significantly larger than the values previously achieved. In figure 29 

the annual value per year is shown for the period in question. 
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Figure 29. The annual value in SE2 for the period 2004-2013. 

 

There are significant variations between different years, the plot gives an idea of both 

the mean value and the variance.  

 

In figure 30 and 31 we also show the seasonal dependence of transacted flexibility and 

the available flexibility. The seller units may be ready to sell flexibility during more 

hours than the buyer is willing to buy, which means that the plots give an indication of 

how large share of the population is utilized. 

 

Figure 30. The actually sold consumption decrease and the available flexibility for up-

regulation. 
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Figure 31. The actually sold consumption increase and the available flexibility for 

down-regulation. 

 

 

6.8 Price scenarios 
When comparing the spot and imbalance prices between Sweden on one hand and 

Germany and the Netherlands on the other, it was shown that the price levels were 

higher in general and that the volatility of the difference between the imbalance price 

and the spot price was considerably higher in the latter countries. It is thus of interest to 

see how the value gained is changed when the price amplitude and the volatility is 

increased, even if the model is not exactly representative of a central European case 

(there are small amounts of electrical space heating in the Netherlands, different 

building parameters, market has quarter-hourly resolution instead of hourly etc.). With 

more wind power generation in the production mix in the future, as well as a reduced 

capacity reserve, a situation where the price levels are different could also occur in 

Sweden. The best candidates in the two cases from 6.4 (buyer strategies 2 and 5) were 

simulated for larger values of price levels and volatility, in order to see how the 

evolution of the value. 
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Figure 32. The price situations impact on the value when the buyer is speculating on the 

imbalance price. 

 

 

Figure 33. The price situations impact on the value when the buyer is placing bids on 

the regulating market. 

 

 

The maximal parameter values are not realistic, in the Netherlands and in Germany the 

corresponding amplitude would be around 1,5 and the volatility roughly 2,5. From 

figure 32 and 33 we see that the value has almost doubled (2000 SEK instead of 1000 

SEK and 950 SEK instead of 500 SEK respectively) with those parameter values.  

 

6.9 Generic industry application 
 An attempt to show why future work is needed and important was done. A large 

generic industrial unit (perhaps mechanical in nature) that usually consumes according 
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to a schedule was studied. As Candela and Petersson (2013) noted, industrial 

applications in a demand response market may not be unproblematic, since the cost of 

changing routines and personnel shifts is very large. It is hard to evaluate how changing 

a company’s structure and organization will impact the costs, and is outside of the scope 

of this paper, but we can assume that it is extremely large. However, we could imagine 

that the unit is mechanical and automatic, so as the need for human supervision 

disappears. The industrial application has a power of 1 MW and must operate on full 

power 10 hours a day. The power is chosen to be very large so only one unit would be 

needed, and with the idea that the load plan could consist of ten hours with full power 

and thus cover the whole daily operation in a ten hour period. Still, to be worth it, 

demand response would have to give a large profit. Anyway, the unit’s load could be 

changed based on price incentives from the BRP, and the unit only participated when 

profitable. The more flexibility was sold during a day, the less there was left (because it 

has to consume exactly 10 MWh, perhaps in order to produce enough of a good). No 

difference is made between weekends and weekdays or other holidays, i.e. every day is 

treated the same. In figure 34 we see the seasonal evolution during the year 2012. 

 

Figure 34. The value’s evolution through 2012 in SE2, for a generic industrial unit with 

1 MW capacity and a fixed daily energy consumption of 10 MWh. 

 

The value here is simply the sum of the profits for the industrial unit, the BRP and the 

broker, since the population only has one member. Compared to the other simulations, 

the value is extremely large, 246775 SEK/year, 20607 SEK/month on average with a 

volatility of 9513 SEK on a monthly basis. The large values come from the fact that the 

program shifts the load towards hours where the spot price is low. So the seller unit 

could of course optimize the load plan against the spot price in order to create value 

independent of the demand response market. Then again, the imbalance price volatility 

would not be utilized. It should be made clear that the large values are not to be taken as 

representative. The reason for creating figure 34 is to show how the value from a non-

temperature dependent unit depends on the seasons. We clearly see that the summer 

months are least profitable, which is not surprising. The whole economy shuts down in 

a sense during the summer, and the climate decreases the need for heating power, which 
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impacts the spot price amplitude as well as the volatility of the imbalance price with 

respect to the spot price. We could thus conclude that not only the outdoor temperature 

impacts the seasonal variations when the heating systems were studied. In this case, the 

only data used as inputs were price data, so figure 34 only depends on the market prices. 

The climate may (and does, of course) impact the prices, but in another, more indirect 

way than the climate impacts the heating systems’ available flexibility. Future 

investigations should compute the correlation between market prices, climate data, and 

the seasonal values for heating systems as well as temperature independent systems as 

the one shown in figure 34. Another very important observation is that the value does 

not decrease as much during the summer for this unit. This indicates that perhaps 

heating systems alone are not the best starting point for demand response, and that the 

value that could be earned (perhaps even in households) could theoretically be larger 

than the largest value found (977 SEK/year and unit) in this report. Below figure 35 

shows the difference of the distribution of the annual value among months for the 

industrial unit and heating system respectively, for 2012.  

 

Figure 35. The value is more evenly spread out for a unit that is not directly dependent 

on the outdoor climate. The correlation between the curves indicates what impact the 

market prices have vs. the varying climate. 

 

6.10 Theoretical maximization of the value 
As a last experiment, the inefficient heating system in the inefficient building used for 

the simulations which gave the largest total value of 977 SEK/year was studied with a 

simple linear optimization algorithm. The idea is that the prices are completely known 

for the whole period 2012 in SE2 (where the largest value was found), and thus that an 

optimal load plan for the heating system could be found for the whole period. The 

reference temperature is 21 °C as before, and the temperature must lie between 18-23 

°C. The year is divided in four periods, in which the total load has to be the same as if 

the reference temperature was kept constant. That is, the total amount of power 

consumed cannot be varied. The constraints are the temperature interval and the heating 
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system’s capacity. The climate during the year also has to be known beforehand, in 

order to ensure that the constraints are not violated. The BRP wants a reduced 

imbalance cost and the consumer (owner of the heating system) wants a reduced 

electricity cost. Every deviation on an hourly basis from the reference load plan (where 

the reference temperature is kept constant) is multiplied with the imbalance price for 

that hour, and in the end the sum of all such products represents the total profit. The 

BRP earns the difference between the imbalance price and spot price times the deviation 

of power consumed (the deviation is here defined as the difference between the 

reference load plan and the actual load), whereas the consumer earns the spot price 

times the same deviation, for each hour. Thus the total profit is simply the imbalance 

price times the deviation, and the optimization becomes simple. Of course, the 

consumer could optimize the load based on only the spot price, not minding the BRP, 

and therefore that was also studied. Different imbalance price volatilities and price 

amplitudes where tested. 

 

Figure 36. Optimized load 2012 with different volatilities but unchanged amplitude. 
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Figure 37. Optimized load 2012 with unchanged volatilities but the different price 

amplitudes. 

 

The results are the same for figure 36 when the volatility factor is one, and in figure 37 

when the amplitude factor is one. The total value of the imbalance and spot price 

optimization is called “Imb value” and “Spot value” respectively. “Imb buy” and “Imb 

sell” are the BRP (buy) and consumer (sell) parts of the total profit respectively, and 

analogously for the spot price optimization. Looking at the most left in the figures we 

see that the total value for imbalance price optimization is around 2400 SEK/year and 

unit, whereas the same result for the spot price optimization is 1850 SEK/year and unit. 

As could be expected, the change in imbalance price volatility makes it more profitable 

to optimize based on imbalance price, whereas changes only in price amplitude makes 

the relative difference between imbalance and spot price optimization smaller. 

Optimization based on the spot price still gives a profit for the BRP, as can be seen in 

“Spot buy”, although it is smaller.  
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7 Analysis, conclusions and future subjects of study 
The largest value found from the simulations representing current practically feasible 

situations was 977 SEK/year and unit, which on average results in around 80 

SEK/month and unit. If the power company and the manufacturer of electrical 

appliances with smart control systems use that amount for marketing alone (all profits 

go to the seller units), the question is whether even that is enough to make any real 

impact. Since the partial objective of the result section was to optimize the value, the 

house and appliance parameters were quickly changed to represent the least energy 

inefficient household possible. With 30 MWh/year in heat demand and only direct 

electrical heating the monthly power bill would be so large that only 80 SEK/month 

might hardly make any impact at all. 30 MWh with a spot price of on average roughly 

300 SEK/MWh results in 9000 SEK annually, and that is the cost that came from the 

simulations as well. This corresponds to 750 SEK/month on average, so perhaps 80 

SEK would make a difference, but then no other actor profits. That these consumers in 

particular would actually go from their current situation directly to a demand response 

program without first isolating walls, upgrading windows and changing heating systems 

is perhaps not believable, but such considerations was outside of the scope of this 

project. It is however a very relevant aspect when analyzing the results with respect to 

today’s market. Changing the parameters to represent more efficient houses and heating 

systems decreases the potential economic value from demand response, but also the 

original power bill. The share of the bill that could be shaved would perhaps still not be 

sufficient for the end consumer, but different households could view the potential cost 

reduction differently dependent on many factors. The psychology of electrical 

consumers have been reviewed in other papers, and also in relation to demand response 

solutions. This project has dealt with the quantitative economic value of demand 

response, but should in the future be further integrated with the qualitative value that is 

investigated in such studies. 

Leaving the seller units’ willingness to participate in demand response for a moment, 

would the power company and the manufacturer of the appliances be willing to use the 

whole profit for marketing purposes? This is at least more believable, as the competition 

for customers is tough and the gain from contracting new customers is large. Still, to 

participate in the demand response market the actors would have to invest man-hours 

and resources, and the question is if that investment is too large a barrier to cross. It 

does not suffice that there eventually will be a net profit, the magnitude of that profit 

would also have to be fairly large in order to invest in this system instead of 

investigating other avenues.  

The value achieved within this project is in the market analysis above not enough. That 

does not however mean that demand response directed at BRPs could not be feasible, 

either in the future or more short term. As seen from the seasonal variations of the 

value, space heating is probably not the optimal appliance viewed on an annual basis. 

At least not as the only appliance type in the population. More diversity in the 

population should be a subject of further study, where the population is sort of a 

portfolio of assets that could be used strategically based on the current market situation 

and the individual appliances’ strengths and weaknesses. If the months where the largest 

value was gained were extrapolated the value would directly increase to around 5000 
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SEK/year and unit. However, appliances would have to be found that could accumulate 

such a monthly value even in the summer, and the generic industrial unit showed that it 

is improbable. One could also see that there are large yearly variations, which indicates 

that the theoretically maximal value achievable varies between different years. This in 

part again depends on climate variations, but also on the market prices. Perhaps the 

market prices in Sweden are simply too low to generate large economic value from 

demand response. Then again, from 2009-2013 the yearly values are relatively large, 

which may indicate that there is an increasing need for demand response, and perhaps 

this trend will continue. If the price levels and/or volatility actually increases 

significantly, there will be a larger value to be gained. This also implies that markets for 

demand response in e.g. central Europe would be more valuable in the near future than 

in Sweden. 

The optimized value when all input parameters are completely known beforehand 

implied that changes in price levels and imbalance price volatility would impact the 

total value. It was shown that the theoretically optimal value for the heating system in 

2012 was 2400 SEK/year and unit. More than 977 SEK/year and unit, but still seasonal 

variations makes it hard to earn any money during the summer months. An aspect that 

has been left outside of this thesis, is that the spot price for the consumer only makes 

out a part of the electricity bill. Grid fees, taxes and VAT all contribute to make the 

electricity bill around three times larger than the spot price, with deviations for different 

consumers with different circumstances and electricity contracts. It was partly with this 

in mind the theoretical optimization was made. Looking at figure 37 and letting the 

amplitude factor be three times larger is representative of the actual situation. This 

means, as was discussed in 6.10, that the difference between optimizing based on the 

imbalance price and the spot price is much smaller than in all other cases, i.e. the cost 

for the consumer is so much larger than the imbalance cost for the BRP, that there really 

is no substantial incentive that can be made from the BRP to the consumer. Unless the 

imbalance costs become much larger in relation to the consumers costs, or an 

arrangement is made where the flexibility transactions counts as reductions of the 

electricity bill such that the consumer does not have to pay taxes and/or VAT even if the 

consumption was increased, as long as it was used as flexibility. Even the grid owners 

could reduce the grid fee for such purposes, and all those things together could in theory 

make for a more suitable environment for demand response markets. In any case, many 

things have to change in order to make demand response viable in a market perspective 

in Sweden.    

It was somewhat surprising that the regulating bid strategy was not more profitable. By 

speculating on the imbalance prices larger values could be gained in general. The 

explanation for this could be that an additional strategy has to be implemented for 

placing bids on the regulating market. In this project, this was done by simply 

determining a margin around the spot price for the regulating bids. If the margin is 

lowered, more bids are accepted by the TSO, but the average profit per bid would be 

smaller. When the bids occur more often, the seller population could more easily be 

exhausted, and potentially very profitable hours would not be exploitable. If the margin 

is increased, a larger share of the hours are cancelled, and those hours no profit can be 

made whatsoever. Thus, with the methodology used, for a specified time period the 

margin could only be varied in order to see which fixed seller margin was optimal. This 
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however does not necessarily mean that simply speculating on the imbalance price is 

not more profitable, but that both strategies could be further developed. A more 

sophisticated regulating bid strategy should be implemented in order to see if the value 

could be made larger. Also, since the maximum bid size did in fact impact the value, 

there should be a mechanism for assessing the maximum bid size for individual hours 

based on historical data and results.  

How reliable are the results in this project? The software produced is fairly extensive, 

and therefore there is a risk of implementation errors, i.e. “bugs”. In section 6.1 a 

simulation period of one day was studied, and the results showed that the software 

worked as desired, at least for that specific set of parameters. This is a small validation, 

but does not say much of individual results, and it is hard to “prove” that the program 

works perfectly. The yearly results do not seem completely unreasonable, and as 

mentioned earlier in this section, the largest value found was not especially large, so at 

least no incredibly optimistic results were falsely presented. It takes time to validate the 

model completely, since in theory every possible combination must be confirmed to be 

working as it should. So only a partial validation was done, and after that the 

simulations began. Even though the purpose of the thesis was to find an optimal value, 

one could instead view the result section as a presentation of how the program works 

and the ways it could be used, and accept that the truly interesting real world results 

could come at a later time. There is also the issue of delimitations and simplifications. 

The purpose of the model used here is to in some way quantify a value that in practice 

would depend on extremely many factors, many of them purely technical. How would 

the communications between the actors on the flexibility auction work, and what if they 

fail? How will the measurements the seller units consumption be reported, so that the 

BRP can actually ensure that what it paid for was delivered? Other issues concern 

electricity consumers as a sociological group, and how this group ideally should be 

included in the process in order to get the best possible solution. First and foremost, the 

consumers studied here are all hourly measured, and all real consumers can by law 

nowadays choose to be hourly measured, but perhaps even that threshold to becoming 

more active is too high for it to be realistic to make use of an automated demand 

response market for household appliances. Industrial consumers might have more 

incentive to participate, since they should have more to gain being hourly measured, and 

also have loads that can participate on the regulating market.       

The discussion has thus far mostly concerned the actual results from this project. That 

there is a need to optimize the model with the results in hand is an understatement. The 

problem has been that many cases have had to be simulated, which has been fairly time 

consuming. The analysis of the results has given ideas for more cases which would need 

to be simulated, but since this project has a finite time frame, at some point the 

simulations had to end. Thus, many future improvements have been left outside of the 

scope of this project, but they should still be mentioned: 

 

 Optimizing the control of the electrical appliances. The implementation of these 

have been as basic as possible, in order to in time complete a model of the whole 

system. There is much more work to be done for each appliance. 
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 Adding more appliances to diversify the seller population. When it is not 

especially profitable for one appliance to participate, others could complement. 

Examples are PV batteries, industrial freezers, paper industry appliances etc. 

 Develop the buyer strategies. These are in some cases as simple as possible (the 

persistence method is the simplest autoregressive model there is), and could 

probably be made better with for example machine learning, where the 

parameters that have been constant during the simulations throughout this 

project instead change dynamically based on what happens on the market. Such 

algorithms could also be implemented on the seller side.  

 Convert the model to quarter-hourly resolution. In order to simulate cases for 

countries as the Netherlands and Germany this would be needed. 

 Collect more results. Which hours are most profitable, and how often do 

transactions take place in different simulations? The correlation between such 

results and the input data should give more ideas for future algorithms.  

 Calculate the theoretically maximal value if all information is known. Doing this 

often involves large optimization problems, but should be relatively obtainable. 

The theoretically maximal value could determine if a particular portfolio of 

applications should be further investigated or rejected.  

 In each simulation, have a parallel simulation that minimizes the seller unit’s 

electricity bill with the same restrictions as the demand response case. It has not 

been the focus of this project, but a part of the value obtained simply comes from 

shifting the end consumer’s load to hours with lower prices. How much of the 

value from demand response could be gained by spot price optimization? If the 

share is large, there is perhaps more incentive for the end consumers and 

appliance manufacturers to focus on such unit’s. However, since the consumer is 

hourly measured, there could be a negative impact on the BRPs imbalances, so 

the value as defined in this paper could be different. In any case, all such 

considerations should be studied and compared to each other.  

 

The upside is that none of these changes necessarily are especially complicated to 

implement, as it won’t impact the model structure in any significant way. Most of the 

work has already been done, with the sacrifice of maybe more interesting results. It 

should thus again be mentioned that extremely many cases have not yet been simulated. 

Interesting interdependencies and implications of directions for further investigation 

could come up simply by simulating more, unfortunately there was not enough time 

within this project to do so. 

  



73 
 

Bibliography 
ADDRESS. 2011. Algorithms for aggregators, customers and fore their equipment 

which enables active demand. Address interactive energy. 

 

Albadi, M.H. och El-Saadany, E.F. 2008. A summary of demand response in electricity 

markets. Electric Power Systems Research 78: 1989-1996. DOI: 

10.1016/j.epsr.2008.04.002. 

 

Boverket. 2013b. Mindre olja, bättre miljö – men till vilket pris. 

http://www.boverket.se/Global/Webbokhandel/Dokument/2008/Mindre_olja_%20battre

_miljo.pdf (Hämtad 2013-12-12). 

 

Boverket. 2013b. Dimensionerande vintertemperatur, DVUT. 

http://www.boverket.se/Global/Bygga_o_forvalta/Dokument/Bygg-och-

konstruktionsregler/BBR_avsnitt_9/dvut_2009%201_4_dagar.pdf (Hämtad 2013-12-

12). 

 

Candela, E och Petersson, C. 2013. Analysis of a Mid-size Industry Load Management 

Aggregator on the Swedish Nordic Control Market. Examensarbete, KTH. 

 

Conejo, A.J, Carrión, M och Morales, J.M. 2010. Decision Making Under Uncertainty 

in Electricity Markets. Springer, New York. 

 

Expektra. 2013. expektra.se/ (Hämtad 2013-09-30) 

 

Fritz, P. 2006. Market design project. Elforsk. 

 

Goding, J. och Nilsson, N. 2009. Vem konkurrerar om din elfaktura? Magisteruppsats, 

Södertörns högskola. 

 

Lambert, Q. 2012. Business Models for an Aggregator – Is an Aggregator economically 

sustainable on Gotland? Examensarbete, KTH. 

 

Medina, J., Muller, N. och Roytelman, I. 2010. Demand Response and Distribution Grid 

Operations: Opportunities and Challenges. IEEE Transactions on Smart Grid 1 (2): 

193-198. http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5545489 (Hämtad 

2014-02-24) 

 

Nibe. 2013. Telefonsamtal med kundsupport. 2013-12-12. 

 

Nord Pool Spot. 2014a. The Nordic Electricity Exchange and The Nordic Model for a 

Liberalized Electricity Market. 

http://www.nordpoolspot.com/Global/Download%20Center/Rules-and-regulations/The-

Nordic-Electricity-Exchange-and-the-Nordic-model-for-a-liberalized-electricity-

market.pdf (Hämtad 2014-02-10). 

 



74 
 

Nord Pool Spot. 2014b. Elspot. http://www.nordpoolspot.com/How-does-it-work/Day-

ahead-market-Elspot-/ (Hämtad 2014-01-20). 

 

Nord Pool Spot. 2014c. Elbas. http://www.nordpoolspot.com/How-does-it-

work/Intraday-market-Elbas/ (Hämtad 2014-01-20).  

 

Om Boende. 2013. Temperatur inomhus. http://www.omboende.se/sv/Hyra/Att-

hyra/Temperatur-inomhus-/ (Hämtad 2013-12-12). 

 

Paish, O. 2002. Small hydro power: technology and current status. Renewable and 

Sustainable Energy Reviews 6: 537-556. http://ac.els-cdn.com/S1364032102000060/1-

s2.0-S1364032102000060-main.pdf?_tid=bedd2662-9d2b-11e3-82bd-

00000aab0f01&acdnat=1393229876_2d85ef72795b6d6c18419f0becf9ad0b (Hämtad 

2014-02-24) 

 

Palensky, P och Dietrich, D. 2011. Demand Side Management: Demand response, 

Intelligent Energy Systems, and Smart Loads. IEEE Transactions on Industrial 

Informatics 7 (3): 381-388. 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5930335 (Hämtad 2014-02-

24). 

 

Pogosjan, D och Winberg, J. 2013. Förändringar av marknadsdesign och deras 

påverkan på balanshållningen i det svenska kraftsystemet – En kartläggning och analys 

av de balansansvarigas arbetsgång. Examensarbete, Uppsala Universitet. 

 

Sandels, C, Widén, J och Nordström, L. 2013. An approach to model household 

consumer electricity profiles with a Markov chain methodology. Akademisk artikel, 

KTH. 

 

Svensk Energi. 2014. Vattentillgångens prispåverkan. 

http://www.svenskenergi.se/Elfakta/Elmarknaden/Vattentillgangens-prispaverkan/ 

(Hämtad 2014-02-10). 

 

Svenska Kraftnät. 2013. Effektreserven – en uppföljning och analys av avvecklingen av 

den svenska effektreserven.  

 

Svenska Kraftnät. 2014a. Balansansvar. http://www.svk.se/Drift-och-

marknad/Balansansvar/ (Hämtad 2014-02-24) 

 

Svenska Kraftnät. 2014b. Integrering av vindkraft. 

http://www.svk.se/PageFiles/54963/20130313-Integrering-av-vindkraft.pdf (Hämtad 

2014-01-20). 

 

Svenska Kraftnät. 2014c. Elområden. http://www.svk.se/Drift-och-

marknad/Kraftsystemet/Elomraden/ (Hämtad 2014-02-24). 

 



75 
 

Svenska Kraftnät. 2014d. Elmarknadens aktörer. http://www.svk.se/Drift-och-

marknad/El/Elmarknadens-aktorer/ (Hämtad 2014-01-16). 

 

Svenska Kraftnät. 2014e. Elmarknaden i Sverige och Svenska Kraftnäts roll. 

http://www.svk.se/Global/02_Press_Info/Pdf/Broschyrer/Den%20svenska%20elmarkna

den_S.pdf (Hämtad 2014-02-23). 

 

Svenska Kraftnät. 2014f. Avtal om Balansansvar för el mellan affärsverket svenska 

kraftnät och balansansvarig. 

http://www.svk.se/Global/06_Energimarknaden/Pdf/BA/balansansvarsavtal-1-mars-

2013.pdf (Hämtad 2014-01-20). 

 

Svenska Kraftnät. 2014g. Information om förändrade avgifter för balansansvar. 

http://www.svk.se/Global/06_Energimarknaden/Pdf/El/Information-om-forandrade-

avgifter-for-Balansansvar.pdf (Hämtad 2014-01-20). 

 

Svenska Kraftnät. 2014h. Mimer – Företag. http://mimer.svk.se/Foretag/ (Hämtad 

2014-04-21) 

 

VB Energi. 2013. Inomhustemperaturen.  

http://www.vbenergi.se/miljo/spara_energi/inomhustemperaturen.aspx(Hämtad 2013-

12-12). 

 

Wallén, S och Walsh, S. 2013. Värdet av demand response på den svenska 

elmarknaden. Examensarbete, Uppsala Universitet. 

 


