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Abstract 

The concept of ‘prosumers’: of promoting consumers of electricity with a joint 
generation role has led to an unprecedented increase in attention for exploring 
distributed generation from a systems perspective. Amongst these, households occupy 
a significant proportion of the end use electricity consumption in most developed 
countries.  Widespread adoption of onsite distributed generation providing 
households with their electricity demand could thus make them very significant actors 
in terms of their aggregated impact on the wider electric power system.  

With a high level of general public perception and support for environmentally benign 
products including ‘green’ electricity, and a pioneering, liberalized electricity market: 
Sweden offers an ideal opportunity for innovation addressing more active roles played 
by households for influencing the source of their end- use electricity source and 
moreover, in wider adoption of renewable energy in our everyday lives. 

Incorporated as a research contribution for a proof-of-concept for the Stockholm Royal 
Seaport Project, this Master thesis effort addresses the organization and functioning of 
an onsite distributed energy resources based electricity supply for Swedish residential 
apartment buildings. 

Taking inspiration from existing community ownership renewable energy models and 
existing research in integrating distributed energy resources, an outline of a business 
model is presented which is built around features characteristic of the Swedish 
residential system. It provides for a local market based system for trading of excess/ 
deficit of electricity amongst neighbors and offers a means to create a setup which 
provides space for new developments, while at the same time ensuring the integrity of 
ownership and control which a household consumer can exert. 

The thesis effort focused on development of the concept and an initial 
implementation of the control aspect facilitating the trading of electrical energy 
between households in a twenty- five apartment residential building, during each hour 
of a year.  

 

Keywords: Swedish urban residential electricity supply, housing cooperatives, 
distributed energy resources, first price- sealed bid auctions. 
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1 INTRODUCTION 

1.1 Background 

Policy frameworks to reach the goals of an increased share of renewable energy in final energy 
consumption by 2020 [1] endorsed by most EU countries have only accelerated our transition to a 
future electricity system- one that is envisioned to be characterized by higher penetration of renewable 
energy resources and supporting larger shares of decentralized and small scale generation units. 

 

Table 1: Source: Europe’s Energy Portal [2]. Sweden’s target and status (last in 2008), as 
compared to two other European countries: Germany and Denmark- both, who have set 
ambitious targets for their respective 2020 goals.  

EU Member State 2006 2007 2008 
2020 
Target 

% To 
cover: 

Bar graph 

(% to cover) 

Denmark 16.8% 18.1% 18.7% 30% 11.3%  

EU27 8.8% 9.7% 10.3% 20% 9.7%  

Germany 6.9% 9% 8.9% 18% 9.1%  

Sweden 42.7% 44.2% 44.4% 49% 4.6%  

 

Amongst these developments, one area which is receiving increasing international attention in terms 
of investments for research and pilot projects is that of smart grids. An assessment [3] of global smart 
grid implementation projects outlines the diversity of activity within this domain; thereby vividly 
highlighting how the term can be inherently characterized within different settings. 

The current electric power system is dominated primarily by central generation delivering electric 
power to end consumers through a transmission and distribution network. Amongst smart grid 
research efforts and implementations around the world, a major focus has been on working towards a 
progression from this central setup, towards a more decentralized one. Convinced by the benefits of 
such a decentralized or distributed approach, which extend from increased energy efficiency to giving 
more control to consumers, distributed generation (DG) is poised to occupy a much larger share in 
our future electricity system. 

One of the most significant changes would be the changing role of end- consumers: A transition from 
the existing, mostly passive and consumption centric role being played by electricity consumers, to 
one of more active participation, ranging from being aware of their electricity consumption in real 
time, to producing one’s own electricity onsite, controlling its use and feeding it back to the electricity 
grid. 

In view of these above developments, what makes Sweden most attractive for being the field for 
innovation is its pioneering liberalized electricity markets system, which has given Swedish electricity 
consumers a choice of selecting their own electricity supplier. Amongst these, households generally 
pay a higher per unit cost of electricity than their commercial and industrial counterparts (figure 1). 
While the latter are consumers of significantly larger amounts of electricity, they represent the more 
elastic group of consumers which tends to remain more active in switching between electricity 
suppliers in the event of an increase in unit price. It is but natural, that electricity suppliers will react 
more to minimize any switching of existing large capacity consumers. 
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To understand the difference between the unit electricity consumption costs for industrial and 
residential consumers through figure 1, a relatively short, yet indicative historical comparison is done, 
comparing the unit electricity cost in SEK/kWh between a residential consumer in its highest 
consumption band (>=15000 kWh/year) and an industrial consumer in its least consumption capacity 
band (<20 MWh/year). The observations in figure 1 clearly outline the higher costs residential 
consumers pay even in a liberalized electricity market like in Sweden, in which there is more 
possibility for cheaper tariffs due to competition, than in regulated markets with monopolistic 
suppliers. 

 

 

Figure 1: Difference between the average electricity costs paid by the least consumption 
industrial consumer and the highest consumption residential consumer. Source for data: 
Statistics Sweden [4]. 

Aspirations for a more modern electricity system matched by industry backing through investments 
and research (with the smart grid efforts being one), thus offer a unique opportunity for innovation 
by identifying niche opportunities like this, stemming from the very nature of the existing centralized 
system. 

Reintroducing the concept of prosumers: of promoting consumers of electricity with a generation 
role, supported by the future smarter grid, it is equally important to build a system around the community, 
especially in the case of electricity, which today occupies such an indispensible part of our urban lives. 
This has been a reinforcing motivation at all stages of this Master thesis. 

Building upon existing research in the integration of distributed energy resources for a future 
electricity system, this Master thesis effort identifies a business case for integrating onsite renewable 
energy based distributed generation in urban Swedish residential households. Taking cue from 
characteristic features of the residential system prevalent in Sweden and supported by its relatively 
higher public support for environmentally benign energy sources, the effort is far from exhaustive and 
is build under its own set of assumptions and limitations, which are outlined in the following section. 
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1.2 Essential background on motivations and assumptions 

Building upon the initial introduction, in this section the description of essential motivations and 
assumptions is further elaborated. Introducing them right before any description of the concept 
development is essential, considering the assumptions and delimitations within which the concept is 
developed. 

To this effect, trends in renewable energy technology development, Swedish residential consumer 
behavior towards green energy and emphasis on an opportunity for implementation of this concept 
are stressed upon. 

1.2.1. Solar photovoltaic technology. 

Solar photovoltaic (PV) technology has been dominating renewable energy installations around the 
world since quite some time now- from large scale installations to small scale residential installations, 
extending to an entire gamut of applications in rural community electrification projects.  

The long term investments into PV research and development in the past decades coupled with the 
increasing production capacities, have dramatically resulted in decreasing the per unit production cost 
of PV modules. The efficiency of conversion has improved significantly with the latest evolving PV 
technologies. Table 2 lists the efficiency values for different types of PV modules, just to give an idea 
of the scale of typical efficiency values. 

 

Table 2- Results from a survey carried out by HOMER Energy in 2007 of the product 
brochures of commonly available PV modules [9]. STC refers to Standard Test Conditions of 
testing PV modules, at 25°C, no wind and 1kW/m2 radiation.  

PV Module Type 
Modules In 

Survey 

Average Value 
of Efficiency at 

STC [%] 

Polycrystalline silicon 10 13.0 

Monocrystalline silicon 8 13.5 

Monocrystalline/amorphous silicon 
hybrid 

1 16.4 

Thin film amorphous silicon 4 5.5 

Thin film CIS 1 8.2 

 

 
Such developments are further highlighted in the SET for 2020 Report [10], by the European 
Photovoltaic Industry Association. This report shows some very interesting findings, giving sufficient 
justification to anticipate developments leading to onsite solar PV based electricity supply, which 
would be at par with the costs of buying electricity from the grid in the future, if not cheaper. 
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Figure 2: Increased production and technology development have led to a decrease in per 
unit production costs of PV modules. The historical trend observed from 1976 point towards a 
further decrease in PV module costs. Source: SET for 2020 Report, [10]. 

 

The same report also compares the cumulative PV installed capacities in the EU and around the 
world since 1998, and clearly highlights the increasing trend, which only supports a further reduction 
in PV module cost in the future even if the growth continues in accordance with their historical 
trends- if not increasing at a greater rate. 

 

 

Figure 3: The cumulative PV installed capacity (MW) shows an increasing trend through the 
years since the last decade. Source: SET for 2020 Report, [10]. 
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To infer what role PV would play in small scale, residential installations, the same study further 
presents possible scenarios for the size of accessible end- user market for PV in TWh of final energy 
consumption in Europe, depicted in figure 4:   

 

 

Figure 4: In either of the projected scenarios, the residential user market accounts for more 
than half of the total PV installation capacity. Source: SET for 2020 Report, [10]. 

 

Projections like these from associations which represent the industry, only reinforce the possible 
innovations which can be built around the residential user market with PV installations. 

A summarizing motivation from these figures and projections, is that there is confidence in the 
industry for the residential end user market for PV installation capacities, and backed by the 
decreasing unit module costs, it is possible to look at a scenario in the future when PV based 
electricity supply costs less or at least equal to the cost of electricity supply from the grid. 

  



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

6 

 

1.2.2. Swedish residential consumer and willingness to pay for green electricity 

Understanding the trend in Swedish residential consumers towards willingness to pay for green 
electricity, can be a significant indicator of what drives a Swedish residential electricity consumer to 
buy electricity from green sources (hydropower, solar, biomass, wind) from their electricity suppliers 
(the Swedish deregulated electricity supply market enables consumers to choose from a variety of 
electricity suppliers, some of whom offer this ‘green’ electricity to consumers).  

In fact, what is also important is to understand if Swedish residential consumers are actually active in 
buying such green electricity because it is generally more expensive than the ones from other sources.  

To understand these trends in the context of seeking motivation if such knowledge can aid in offering 
an onsite local installation option to households, a study which analyzes these factors is referred [11]. 
Though this study focuses on more detailed econometric analysis of what drives Swedish residential 
electricity consumers to spend on green electricity, in the context of the thesis development, it is 
included only to infer to its general behavioral conclusions and survey results of 655 Swedish 
households which the study bases its analysis on: 

- In spite of the option to buy electricity from green sources and a strong expression of 
support for an interest in buying green electricity, a very few households actually indulged in 
buying such a good. 

- Naturally, a major decisive factor was the extra price that one had to pay, but in fact it is 
mentioned that, in some cases, this additional fee was only around 0.5 to 6 Swedish öre per 
kWh for small buyers of green electricity, while on an average, per kWh cost for electricity is 
between 70- 80 öre1. 

Thus, there exist other factors which determine the actual behavior of Swedish residential electricity 
consumers into buying green electricity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

___________ 
1 1 Swedish kronor (SEK) = 100 öre.   
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Since consuming electricity generated from green sources is interpreted as a means to contribute 
towards an environmental good, the study emphasizes that more than having an option to buy green 
electricity, what is also equally significant is how an individual perceives his/ her ability to contribute 
to this common good. It further introduces a commonly used concept in environmentally benign 
behaviour called ‘perceived consumer effectiveness’ (PCE). 

PCE for results pertaining to sections on green electricity are then determined from responses [11] :  

 

Table 3: Perceived Consumer Effectiveness (% of respondents) for ‘green’ electricity 
purchases. Source: [11]. 

Statements Disagree 
entirely 

Partly 
disagree 

Unsure Partly 
agree 

Agree 
entirely 

In reality, ‘green’ electricity is not more 
environmentally benign than electricity 
that is not labeled ‘green’. 

9.3 14.2 49.3 18.0 9.2 

It is difficult to know what 
environmental quality standards ‘green’ 
electricity complies with. 

3.1 3.8 27.6 36.3 29.1 

If I choose to purchase ‘green’ 
electricity, this does not necessarily 
imply increased production from 
‘green’ electricity sources. 

2.6 4.6 44.6 29.6 18.3 

I’m not interested in ‘green’ electricity 
because I cannot be sure that ‘green’ 
electricity will be delivered to my 
household. 

11.0 12.4 34.8 23.5 18.4 

 
 
Further, responses of the sample population in terms of their perception of sharing of responsibility 
for promotion of ‘green’ electricity are presented in table 4: 
 
 
Table 4: Individual perception (% of respondents) on sharing of responsibility for promotion 
of ‘green’ electricity. Source: [11] . 

Statements Disagree 
entirely 

Partly 
disagree 

Unsure Partly 
agree 

Agree 
entirely 

I feel a personal responsibility to 
purchase electricity labeled as ‘green’ in 
order to contribute to a better 
environment. 

18.4 18.9 29.3 27.6 5.9 

It is the responsibility of the 
government to make sure that the 
generation of electricity is 
environmentally benign. 

1.4 2.9 14.8 37.3 43.7 

It is the responsibility of the electricity 
companies to make sure that the 
generation of electricity is 
environmentally benign 

2.1 2.4 12.8 37.9 44.8 
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In the context of considering it as a motivation in context of the thesis work, it can be inferred that an 
important driving factor behind actually getting Swedish residential consumers to buy green 
electricity, can be if there is more information conveyed in terms of the impact of their purchases on 
the overall environmental improvement as well as how it was accelerating the process of increasing 
the installation of more green electricity sources.  

What also seems to be relevant is to address the free-rider concern associated with a few individuals 
buying green electricity towards environmental improvement- while everyone benefitting from a 
common environment! 

Lastly, active participation of the government and the electricity companies will only reinforce the 
trust and hopefully, increase the actual buying of green electricity by residential consumers. 

A biased conclusion could be: nothing better than having a renewable energy installation onsite, 
which provides households with their electricity supply and which is supported by the electric 
companies and governance. The residents see it working right by themselves! 
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1.2.3. Stockholm Royal Seaport Project 

Concluding the above section on the note of an onsite renewable energy based local electricity supply 
for residential consumers, supported by the electric utility companies and governance, a short 
introduction about the Stockholm Royal Seaport is mentioned, in context of an application avenue 
for the thesis concept motivated by the trends and inferences mentioned in the sections 1.2.1 and 
1.2.2. 

Based in Stockholm, the Stockholm Royal Seaport Project [13] is one of the founding projects to be 
included within the Climate Positive Development Program, (Clinton Climate Initiative) and one of 
the largest urban brown-field redevelopment programs in Europe. An ongoing initiative which 
extends until 2025, the Stockholm Royal Seaport Project is aimed at showcasing some of the best 
innovations in urban sustainable lifestyles and boasts of an impressive smart grid project which 
encompasses onsite renewable energy based generation to supply electricity to households in the 
newly planned apartment buildings, which will include around 10,000 new residential apartments. 

Though, these smart grid initiatives encompass a wide variety of projects, the one of relevance to the 
master thesis is the ‘Active house’ project, which deals with onsite local renewable energy based 
generation supplying 30% of an apartment building’s electricity demand for its common building 
purposes. 

What is so significant about this project is that it is supported by the City of Stockholm, the electric 
utility in Stockholm and a wide variety of industrial and research partners, thereby making it a 
showcase for future urban lifestyles, and resembles an ideal avenue for partnerships between the 
public, governance and private enterprises. 
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1.3 Purpose, assumptions and delimitations 

In this section a final summarization of the motivations and inferences outlined in the sections 1.2.1, 
1.2.2 and 1.2.3 is first done, after which the purpose of the thesis concept is introduced in context of 
the assumptions and delimitation of scope of work, which follow. 

 

Renewable energy technology, especially solar PV technology is anticipated to become cheaper, more 
efficient in the coming future, making unit cost of produced electricity cheaper. Combined with 
energy (battery) storage, the intermittent nature of solar resource based generation can be overcome 
by storing excess production for later use. Households, hold a significant market base for ramping up 
installed PV capacities in the near future (section 1.2.1). 

Swedish residential consumers, generally, express a high public support for environmentally benign 
sources of electricity production. However, what affects their actual purchasing of such green power 
from their supplier (which is lower than the interest they express) is a low level of trust regarding the 
actual source of the electricity being supplied to them, free- rider concerns which plague voluntary 
participation based efforts (bringing benefit to the overall population) as well as less information on 
the effect of their buying of green electricity on the overall acceleration of increased renewable energy 
based production capacity. They also desire a higher level of participation by the electric companies 
and the government around increasing electricity production from such resources (section 1.2.2). 

The Stockholm Royal Seaport project offers a unique combination of electric utility, industry, 
research and local governance led development of sustainable urban residential spaces. These spaces 
will incorporate smart grid technologies supporting an infrastructure to enable onsite local renewable 
resources based production of electricity for supplying electricity (30% of the annual common 
building electricity demand) to the residential apartment buildings (section 1.2.3). 

 

In context of these above mentioned motivations: through this thesis work, the feasibility of an onsite 
local PV- battery storage based electricity supply system, to supply the domestic household electrical 
demand in a twenty- five apartment residential building is considered. The main purpose of such a 
setup is to increase share of renewable energy based electricity in household end- use electricity 
consumption as well as, reduce their overall annual consumption from the grid. This system is 
modeled as a microgrid, which is an emerging concept for integrating distributed energy resources 
with the existing electricity grid. 

The use of any electrical device/ equipment apart from electric heating classifies as domestic demand 
in the scope of the thesis work. It thus includes, the demand for lighting, white goods (washing 
machines, dryer, dishwashers), cooking, electronic gadgets like personal computers, televisions and so 
on. 

What makes this concept different is the joint- ownership model of a larger local PV generation and 
battery storage installation, instead of individual smaller capacity units owned by the apartments. 
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Based on this model, at any time of the day, the supply from the local PV generation and battery 
storage is distributed to the apartments depending upon their individual shares in the installation. The 
apartments then decide to use it if they have a demand at that time of the day, and/or sell the excess 
to their neighbors in the apartment building through a local market based auction mechanism. The 
underlying assumption to motivate such a use- case is only when there is an economic motivation 
behind doing so, in addition to the sole ‘use of local energy for local demand’ motivation.  

A local electricity market within an apartment building setting is thus proposed to be conducted on an 
hourly basis, for each hour of the year. Henceforth this local electricity market is also referred to as 
the ‘local market’ if not otherwise. 

 

To support such a situation, a hypothetical pricing model which directs the buying and selling price of 
electrical energy on the local market is developed, which is described in detail in section 4.5. In short, 
the local market works under an assumption that, with time as the unit cost of PV generation 
becomes cheaper than grid electricity, local energy produced can be traded on a local market, at a 
price which is cheaper (or equal at the maximum) than the grid price. While grid buying price (the 
price of buying unit electrical demand in kWh from the grid) is the maximum price which exists on 
the local market, the grid sellback price (the price which one receives for selling unit electrical supply 
in kWh to the grid) is the minimum price on the market. 

Such an assumed market model, gives rise to a situation in which apartments having an excess of 
supply from their share of the local installation, have greater motivation to sell electrical energy supply 
to their neighbors, because of the economic benefit of selling it a price higher than what it would 
fetch them in the event of selling it to the grid. At the same time, it gives equal economic motivation 
to apartments who have exhausted electrical energy supply from their share and/ or need more to 
supply their demand at that time, to participate on the local market within the building, because of the 
economic benefit of buying at a price which is lower than what it would cost them if they have to buy 
electrical energy from the grid, during that hour of the day. 

 

The grid is considered as an integral part of this ‘grid- connected’ building microgrid (consisting of 
the joint ownership PV generation and battery storage and all the loads from the individual 
apartments). Since the onsite PV production depends almost entirely on the received solar radiation 
and is constrained by the available space in a building for placing PV modules, the grid is considered 
as the default backup supply for any shortage of supply at a given time of the day as well as a default 
load, which can take in any amount of excess electrical energy from the local installation. 

The ‘time of day’ reference above refers to a one hourly period, for which the local loads are matched 
with available local supply. Thus, for every hour of the year, local demand for that hour is matched 
with local supply available in that hour. 

What may seem like a mere demand- supply matching is in fact, characterized by the diversity in terms 
of decision making which arises naturally in an apartment building, with multiple joint owners of a 
system.  A considerable effort is spent in modeling the behavior of an apartment as a buyer on the 
local apartment building electricity market and as a seller of electrical energy on the same, which is 
elaborated in section 4.6 on ‘bid strategies’. 

 

Supplying local loads with locally generated electricity, while still relying on the electricity grid for 
‘backup’, in times of less/ no local supply, would mean consuming less electricity supply from the 
grid. When aggregated over a large number of apartment buildings, this indeed means a decrease in 
the income for the utility (who charges residential consumers for using the distribution system 
infrastructure) and the electricity supplier (who supplies the usual electricity demand to a consumer). 
This is addressed further through the organization aspect, in which stakeholders on the electric power 
system are encouraged to play more active role by providing essential and value added services to the 
local installation setup. This gives considerable scope for active participation for most stakeholders, 
which is explained in more detail in section 3.2 on the ‘e3 Value model of the concept’. 
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The integration of distributed energy resources with the grid has its own set of electro-technical 
considerations, requirements and conformance to standards. However, the scope of this effort is 
restricted to implement a local demand supply matching mechanism, and hence focus on the electro- 
technical aspects is left out. 

 

Overall assumptions can summarized as follows: 

1. The effort is carried out under the basic assumption of the presence of the electro-technical 
infrastructure, conforming to international standards necessary to implement the control 
mechanism.  

2. Cost of unit production from onsite solar PV and battery storage is cheaper than the unit 
cost of electrical energy purchased from the grid. 

3. The demand supply matching is implemented as matching of discrete units of electrical 
energy required in a one hourly market period, for each hour of a year. 

4. The pricing in the market model is supportive of a case in which it is more beneficial for 
apartment owners to sell electricity on the local market than to sell it back to the grid. 

5. The electricity grid is assumed to be an infinite source of supply and an infinite load [12]- in 
short, a default backup to supply any deficit or consume any excess electrical energy from 
the local installation in each hourly time period. 

 

Delimitations: 

1. The local demand supply matching involves matching of discrete units of electrical energy. 
This follows the reference from existing research, upon which the concept is built which 
explains it in the context that it is more easier to produce a required amount of electrical 
energy (kWh) in a given amount of time, than to ensure a constant power output (kW) from 
renewable resources based distributed generation [12]. 

2. Other specific technical considerations involving active and reactive powers and power 
quality are left out of the scope of the work. 
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1.4 Goals and objectives 

As outlined in the previous section, a major objective has been concept development, followed by an 
implementation of the local demand supply matching mechanism. 

The implementation is followed by simulation of a set of scenarios with an objective to understand a 
quantitative indicator on the overall savings which this approach can bring to a residential apartment 
building of twenty- five apartments, by comparing the total annual cost spent on purchasing electricity 
only from the grid with the total annual cost of securing supply through the proposed approach, by 
distributing the locally generated electricity amongst households and with the electricity grid as the 
backup. 

The simulations are focused on understanding the response of the demand- supply matching model 
and the overall savings, to the change in the core concept input parameters associated with the 
individual loads of each of the individual apartments, the grid buying prices, the capacity of the 
installed PV- battery storage system and the ownership and behavioral characteristics of the individual 
apartments. 

 

The remainder of the thesis is organized as follows: 

The next section, Section 2 focuses on the theoretical and background studies from which the 
different aspects of the proposed and implemented concept are inspired, along with the summary 
wherever necessary describing how the particular domain has been used in the system design. These 
sections look at the following:  

- Overall energy and electricity scenario existing in Sweden, including current trends. 

- Introducing the concept of cooperatives and the role of cooperatives in energy, taking the 
case of community owned wind farms in Denmark and Sweden. After that, an overview of 
the Swedish residential system is given, within which a cooperative based approach has been 
adopted as the basis for the organization aspect addressed in the thesis concept. 

 

Section 3 covers the model development, which describes the conceptual development of the 
model.  

Section 4 covers the system design. The finer details of the model are covered in this section. 

Section 5 is organized around the description of essential aspects related to the simulation process 
within the scope of the thesis work. 

Section 6 is dedicated solely to an initial set of simulation results, covering four analysis themes. 
This section concludes the thesis work with a brief outline of future work possibilities. 
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2 THEORY 

2.1 Energy and Electricity Statistics: Sweden 

2.1.1. General Statistics 

In this section, an outline on the existing electricity scenario in Sweden is presented. The source for 
most of the data in this section is the Energy in Sweden 2010 report [1], which is the annual energy 
report, published by Energimyndigheten- the Swedish Energy Agency. 

The 2020 target of producing the national gross final energy consumption from renewable energy 
resources for Sweden is 49%. Having reached 44.4% of the same, back in 2008, Sweden can indeed 
boast of one of the higher penetrations of renewable energy resources in its energy supply mix 
amongst most of the EU countries. Though dominated by the abundant hydropower, bio-fuels 
account for the other most used renewable energy resource. 

The following figure shows the distribution of energy use, amongst the different consumption 
sectors: Industry, transportation and residential, with residential consumption and industrial 
occupying the major proportions. The category, ‘International transports and use for non- energy 
purposes’ includes international aviation, conversion and distribution losses, conversion losses in 
nuclear power plants. 

 
Figure 5: Energy use, Sweden: Total energy use, by sector [1]. 
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Figure 6: Energy use, Sweden: Total final use per energy carrier [1]. 

Illustrated in the above figure, electricity plays a dominant role as the final energy carrier, powering up 
to 125TWh of Sweden’s final energy consumption in the different sectors.  

Focusing on a more drilled down distribution amongst the consumption of electricity in the different 
sectors: industry, residential and transport: the following trends have been observed since the 1970’s 
with a leveling effect which emerged towards the end of the 1980’s. However, energy consumption 
especially in the residential sector has continued to rise, and studies [5][6][7] have been aimed at 
unraveling the reasons for this. 

 

Figure 7: Electricity use, Sweden: by sector: Industry, Transport and Residential [1]. 
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Figure 8: Distribution of electricity consumption in the residential and service sector [1] 

The distribution of the electricity consumption in the residential sector can be further classified for its 
use in electric heating, domestic purposes. An elaboration for electricity use, classified as under 
building purposes is given to be the electricity used in the operation of building services like climate 
control, elevators and general lighting (about 30TWh in 2008), while calculations for domestic 
consumption include the electrical consumption of household devices such as white goods, 
computers, and household lighting (about 20TWh in 2008).  

Around 68% of apartments in Sweden are heated through the district heating setup, while electric 
heating is more prevalent in detached houses, with about 31% of them using solely electric heating for 
their space heating and domestic hot water production. 

At this point, it is interesting to introduce the study presented in [8], which tracks the development of 
residential electricity consumption in Sweden, Norway and Denmark from 1973 until 1999- three 
countries situated in the similar colder climates, thereby influencing their similar lifestyles and thus 
residential electricity use. It lucidly describes how the diversity in the energy resource base for 
residential electricity supply in these three countries influenced current supply systems which 
characterize the end use electricity consumption in households. 

For instance, while Sweden and Norway had a greater hydropower resource base, their residential 
electricity prices have been historically cheaper. On the other hand, Denmark had to rely on import of 
fossil fuels because of which along with Sweden (who had by 1970, exploited most of its hydropower 
resources and was moving towards a greater share of nuclear power) promoted the development of 
district heating systems, which brought with it an increase in the electricity costs. It is primarily 
because of these decisions that Sweden now has such a high share of district heating in apartments 
than in comparison with that of Norway. 

The same literature also highlights an increase in ownership levels of household appliances from the 
1970s which brought a marked increase in the residential electricity consumption levels- a trend which 
is being observed even now [5][6][7]. 
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2.1.2. Domestic electricity consumption in Swedish households 

Since 2003, under the ‘Improved energy statistics in buildings’ study project, The Swedish Energy 
Agency conducted a study aimed at understanding the electrical consumption by individual appliances 
and occupancy patterns in Swedish households. The study was conducted at the premises of around 
200 detached houses and 200 apartment households, mostly located within the Lake Mälardalen 
region [5][6][7]. 

Initial analysis of the data state the average yearly consumption in detached houses at 5100 kWh and 
that of 3000 kWh in apartment households. An important consideration here is that these 
measurements consider only the domestic electrical energy consumption and exclude any electrical 
consumption for heating.  

The average consumption of individual categories of appliances is further detailed in the following 
graphs: 

 

 

Figure 9: Average yearly consumption (kWh/yr) by different electrical appliances in Swedish 
households [5]. 

 

As evident from the above graph, the study highlights the dominance of lighting and cold appliances 
in the consumption amongst household loads. It further highlights the emergence of the increasing 
trend in the consumption due to electronic equipments like televisions, personal computers (PC) to 
name a few. 

Building upon the same notion, it outlines an increase in ownership of electrical appliances amongst 
households, which can be a major factor in the increase of domestic electricity consumption in 
Sweden in spite of the increasingly efficient household electrical devices.  
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Ownership of personal computers and televisions per household 

 

 

Figure 10: Increasing trend in ownership of electrical appliances in Swedish households in 
the project population [5]. 

 

It only seems logical considering like in any country, residential dwellings are bound to be built every 
year (around 23,000 new dwellings were completed in Sweden in 2009 [1]) and with these increasing 
electrical appliance ownership trends, electrical energy consumption in households will continue to 
rise. 

A very critical development from [7], which is another study under the same project, is the 
determination of the average consumption profile of a Swedish household without electric heating- 
for every hour over one day. This consumption curve is used as a reference for simulating one yearly 
electrical consumption data for twenty five apartments in the model later, which is elaborated in the 
section on simulations.  

 

Figure 11: Average hourly electrical load curve for a Swedish household without direct electric 
heating – All days [7]. 
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2.2 Cooperatives 

2.2.1. Introduction 

The International Cooperative Alliance (ICA), which is an umbrella organization consisting of 

cooperatives active in diverse domains, from all over the world, defines a cooperative as follows: 

‘A cooperative is an autonomous association of persons united voluntarily to meet their common 

economic, social, and cultural needs and aspirations through a jointly owned and democratically 

controlled enterprise’. [14] 

This definition essentially emphasizes a phenomenon which originated as a natural response when 

individuals realized the benefit of working together to achieve a goal/ purpose, which was higher than 

what they could have achieve individually. Thus, a phenomenon which has possibly touched all 

domains of human activity: trade, culture, commodities, has significantly affected how interactions 

between stakeholders in these activities now take place. 

The same organization, ICA outlines the frequently quoted guideline principles of a cooperative, 

which characterizes such alliances amongst individuals and organizations [15]. 

1. Voluntary and Open Membership: Freedom to members to join and leave cooperatives 

on their will. No discrimination on the basis of gender, social, race, political or religious 

affiliation. (Although, depending upon the cooperative, some pre-conditions have to be met 

before membership is granted). 

 

2. Democratic Member Control: Cooperatives are built upon the very foundation of self- 

organization. Hence any decision making is in accordance with the majority decision 

expressed through the voting power assigned with a member. 

 

3. Member Economic Participation: The members of the cooperative generally pay a fee for 

the membership, which is contributed towards the regular functioning of the cooperative- if 

not for any joint investments for common needs. Depending upon the purpose of the 

cooperative, the members may receive some returns on the income made by the cooperative. 

These returns are distributed in proportion to the original contributions made by the 

members. 

 

4. Autonomy and Independence: Cooperatives are autonomous, self- organized associations, 

and any collaboration with an external entity is taken by a majority democratic decision of its 

members. 

 

5. Training and Information: To a great extent, cooperatives indulge in information 

exchange and training of its elected members to help them perform better and general 

dissemination of information for the entire membership. 

 

6. Cooperation amongst cooperatives: Further strengthening of the cooperative movement, 

through cooperation with other local, regional and national cooperatives. 

 

7. Concern for sustainability: Policies guiding the cooperatives’ functioning towards 

development of the community are approved by the members. 
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Since a lot can be described about cooperatives, considering the extent to which they are active in 

everyday life, within the scope of the thesis work, the mention about cooperatives in general is limited 

only to the definition and the above mention of the principles. Of more relevance is the role of 

cooperatives in energy.  

The focus is thus shifted to the ones leading a change with community participation in accelerating 

the development and consumption of renewable energy.  
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2.2.2. Case of Denmark: Middelgrunden Wind Power Cooperative 

With about 600MW, accounting up to 23% of Denmark’s wind capacity being owned by cooperatives 

[16], there has been a marked role played by cooperatives in the expansion of wind- power in 

Denmark. Probably one of the most popular reflections of this is highlighted in (figure 12) showing 

the development of the installed wind capacity in Denmark in the last two decades. 

 

Figure 12- Ownership type of wind-farms and installed capacity (MW) in Denmark. The 

cooperative movement sowed the seeds for capacity expansion which was accelerated further 

by the private industry towards the end of the 1990’s. Source [16]. 

The most popular community owned wind power cooperative in Denmark is the Middelgrunden 

Wind Power Cooperative, which has today become an international icon for cooperative energy 

initiatives for reasons [18] convincing enough to emphasize why initiatives like these should be built 

around factors much more than just the economic price of energy. 

For an introduction, the Middelgrunden Wind Farm is located off the coast of Copenhagen, and 

consists of 20 wind turbines of 2 MW each, making the total rated power to 40MW. Of these, 10 are 

owned by the local utility company- Copenhagen Energy. The other 10 are owned by the 

Middelgrunden Wind Power Cooperative, with an expected annual production to be around 49,000 

MWh. 

An ownership in the cooperative is through shares, each of which is priced at 4250 DKK/ 527 EUR 

which corresponds to 1000kWh/year. Each share represents 1/ 40500 of the cooperative partnership 

[18]. 
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Table 5 - outlines the process of establishment of the Middelgrunden Wind Farm, located off 

the coast of Copenhagen. Source [17]. 

Process Timeline 
Application on principal approval September 1996 
First public hearing, proposed: 27 turbines June- September 1997 
Second public hearing, proposed: 20 turbines June- September 1998 
Principal approval May 1999 
Third public hearing (Environmental Impact Assessment 
Report) 

July- October 1999 

Final permit from Danish Energy Agency December 1999 
Contracts signed December 1999 
Construction initiated March 2000 
Casting concrete April- July 2000 
Starting work on seabed May- June 2000 
Placement of gravity foundations including the first 30 m 
section of the tower. 

October- November 2000 

Placement of sea cables between the turbines November 2000 
Placement of the upper part of the turbine including rotor. November- December 2000 
First turbines start production. December 2000 
Commissioning March 2001 

 

Aspects to be elaborated from Table 5: 

Level of community involvement: the group of locals, who were the first ones to be involved, 

participated right from the start of the process, in 1996.  The public hearings represent the occasions 

in which the community participated together with the utility company, the local governance and 

environmental conservation authorities, in reaching a consensus over issues, with a prominent one 

being the number of wind turbines to be set up and on their placement off the coast [17].  

Apprehensions of locals over issues such as noise from the wind turbines and environmental impact 

of such a project were solved by inviting more information and knowledge exchange between the 

stakeholders and experts, because of which the delays in the process were minimized and they had the 

production from the first turbine within four years from when they started! 

The significance of the higher levels of community involvement in such a project thus makes it 

evident that there’s much more to a cooperative effort than solely from an economic perspective. The 

benefits are remarked to be manifold [16]: 

1) Higher levels of community engagement, which lead to more focused and efficient 

interactions between the different stakeholders: consumers, utility, governance, contractors. 

2) Emergence of new economic opportunities, which are aligned with more long term goals 

than mere short term economic benefits.  

 

The success of the Middelgrunden Wind Power Cooperative thus represents the emergence of a 

proven approach which integrates community participation with the local governance and utility for 

supplying a public commodity and empowering the community to play an active role in contributing 

to the common environmental good through increasing the renewable energy share in our final- use 

electricity mix.   
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2.2.3. Case of Sweden: Sveriges Vindkraftkooperativ Ekonomisk Förening  
(Swedish Wind Power Cooperative) 

Sveriges Vindkraftkooperativ Ekonomisk Förening (SVEF) or the Swedish Wind Power Cooperative, 
started as a business association of Swedish residential consumers in 1998. Today it boasts of a 
membership of around 1700 members. Most of the data presented in this section is referred from 
[19]. 

Unlike Middelgrunden, most of the wind turbines owned by SVEF are spread over the country to 
ensure the best wind resources suited for their wind turbines. The cooperation owns nine wind 
turbines with a combined installed capacity of 12 910 kW with an expected production output of 
30000MWh/ year. Most of this electrical energy is supplied to its members. 

To become a member, one has to own shares of the cooperative and each share is priced at 7500 
SEK and entails a supply of 1000 kWh of annual electricity supply at a cost much lower than the 
average unit cost charged by typical electricity providers. While typical electricity tariffs for 
households lie between 100-120 öre/kWh, SVEF's offers its members 1000kWh of electricity per year 
at 19.2 öre/ kWh, which includes the electricity certificate fee. Including 29.3 öre/kWh as energy 
taxes, a kWh unit of this share, costs about 59.4 öre. 

The cooperative highlights the savings for its members on these costs, but an important consideration 
which has to be mentioned is that, membership conditions also include that one needs to buy the 
remaining electricity capacity from only one electricity supplier, Falkenberg Energi- which is the balance 
responsible party associated with SVEF. 

Just like any other cooperative setup, SVEF also has its own installed statute which lists the guiding 
principles of its organization and everyday functioning. Membership is not restricted and is open to 
any residential consumer connected to the Swedish electricity grid, but subject to availability of 
production capacity pertaining to the equivalent number of shares, a consumer wants to buy. The 
capital raised from these shares is devoted towards installation costs, maintenance and future 
expansion plans, so as to ensure sufficient capacity for all shareholders. Individual share- holders are 
also eligible to sell their shares.  

In conclusion, in line with the cooperative philosophy, SVEF indeed offers residential consumers in 
Sweden with an opportunity to use an increased proportion of electricity from renewable resources, 
while making it economically viable. The fact that, decisions are taken on the basis of the overall 
benefit of the cooperative, attempts to maximize individual benefits at the cost of others are 
minimized. 
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2.2.4. Bostadsrättsförening 

The coverage of the previous two examples of community ownership models in renewable energy 

projects in Denmark and Sweden was intended to give an idea of the various facets and seemingly 

proven benefits arising out of such a setup in increasing renewable energy adoption by active 

participation of the community. 

With relevance to the onsite distributed energy resource based electricity supply for urban Swedish 

residential households proposed in the introduction section of the thesis, an apt opportunity exists in 

Sweden today through an existing housing cooperative setup. Called as the Bostadsrättsförening in 

Swedish, it occupies a prominent position in the multi-dwelling/ multi-apartment residential buildings 

setup in Sweden today. 

In general, three forms of residential dwellings exist in Sweden [20]: 

1. Bostadsrätt: Also known as living in a housing cooperative. In such a setting, the tenants 

own the right to live in the apartment through their share in the housing cooperative. Thus, 

in addition to the initial money that one has to pay for living in such a setup, there is also the 

necessity for a monthly fee to the housing cooperative, which is used by the board of the 

cooperative (elected from amongst the members of the housing cooperative) for 

maintenance of common building spaces (and other expenses, agreed upon by the 

members). 

 

As different it might sound, the Bostadsrättsförening, are amongst some popular housing 

cooperatives also in practice around the world. 

 

2. Hyresrätt: Also known as tenancy. In such a setting, the tenants live in an apartment owned 

by somebody else and pay a periodic rent (monthly) for the same. The owner of the 

apartment is possibly either a private company which has built the apartment building or the 

local municipality. 

 

3. Egna Hem: In this, the residential dwelling is owned by the resident. These are common 

mostly in single/double dwelling ownership units. 

 

Thus, as mentioned above, for multi-dwelling residential apartments, one can either live as a tenant in 

a rented apartment, or live in an apartment owned by the housing cooperative, of which it is 

(naturally) a member. 
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The distribution of household dwellings, according to the above types, across Sweden is as follows: 

 

Figure 13 - Ownership type of residential dwellings in Sweden. Source: [21] 

 

 

Figure 14- Ownership type of residential dwellings in Stockholm kommun (municipality). 

Source: [21] 

It is thus evident that though not the most dominant type, but with the existing share and an 

increasing trend, the Bostadsrättsförening certainly offers an opportunity to tap into the existing 

tenants of its system. 

- The joint ownership of the entire building space by the members of the Bostadsrättsförening 

and thereby its tenants, represent a jointly owned living space, in which the decisions are 

taken collectively by all members, and decisions which are most optimal for the entire group 

than ones favoring some individuals. 

 

- Moreover, the regulations guiding the everyday working of the cooperative are drawn up by 

the members themselves, while the legalities around the existence of the cooperative are 
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covered under the Swedish legal system, through its Bostadsrättslag (1991:614), roughly 

translated into English as the ‘Tenant Law’ [22] .  

 

The success of this mode of residential dwellings does indicate a confidence shown by the residents in 

the everyday working of this system.  

 

These salient features of the Bostadsrättsförening setup also offer sufficient motivation when 
considering in the context of proposing a joint- ownership model for the onsite distributed energy 
resource based supply for residential apartment buildings. The justification for considering the 
Bostadsrättsförening setup is based on the relative advantages it offers as against the other two forms 
of residential dwellings: 
 

- Ease of integration: 
Residents with a Bostadsrättsförening setup already have a joint ownership in the building 
space. Thus, any proposed joint- ownership model for the onsite local supply is bound to be 
more easily accepted and adopted under it. 
 
Further, future related formal/ legal developments can also be build around the existing 
‘Tenant Law’.  
 

- Control: 
The decision making with regard to the setup, control and maintenance of the joint 
ownership local installation can be easily adopted through the general collective decision 
making which characterizes the functioning of a typical Bostadsrättsförening. 

 

 

Thus, though through a brief set of justifying factors, in the context of this work it is decided to 
consider a joint- ownership local distributed energy resource based installation with the 
Bostadsrättsförening setup, which is the base for the next sections of this work.  
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3 MODEL DEVELOPMENT 

3.1 Concept 

The feasibility for an onsite distributed energy resources based electricity supply for a twenty- five 
apartment building in Stockholm, is addressed as a microgrid model: one that has its own renewable 
resource based electricity production supported by its own energy storage and connected to the utility 
electricity grid. 
 
Unlike most existing models of individual ownership of residential renewable energy systems, for 
instance, solar photovoltaic modules- inverter, storage components by apartment owners, inspiration 
from joint community owned renewable energy projects, like those outlined in section 2.2.2 and 2.2.3 
is adapted to the Bostadsrättsförening (BRF)/ housing cooperative model which dominates the multi- 
dwelling residential apartments setup in Stockholm. 
 
It is thus proposed that an onsite local electricity: generation, storage and management role be built 
around the BRF. This is proposed gauging a possible business case that can be built around all the 
benefits enjoyed through a BRF setup and its interactions with the rest of the electricity power 
system. In the scope of this work, the electric power system is represented by only the Distributed 
System Operator (DSO), because even in a deregulated electricity market environment, a household 
generating and selling its electricity, will interact the most with the DSO, who is responsible for 
operating the distribution system, from which the apartment building is, in effect ‘connected to the 
grid’. 
 
The most convincing motivation behind this concept is how the BRF model can support a user- 
owned, user- controlled setup in which the benefits are distributed according on the basis of use2. 
 

Introducing this adaption here is very essential because it represents the necessities underlined by the 
concept: co- owned by users, guided by collective- decision making of the users and distributing 
benefits in view of the costs and hence risks taken by the individual users [14]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
_______________________ 
2  Adapted from the definition of a cooperative by the United States Department of Agriculture as ‘a user-owned, 
user- controlled business that distributes benefits on the basis of use’ [14]. 
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Figure 15: Illustrating the introduction of a joint- ownership model based, local distributed 
energy resource based generation and a storage installation. 
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3.2 e3 Value Methodology 

Before delving deeper into the details of the generation and storage installation, this joint-ownership 
local electricity generation and storage organization concept is first modeled according to the e3 Value 
Methodology. 
 
The e3 Value Methodology is a modeling methodology used to model networked business models. In 
the midst of a growing literature and projects using the e3 Value Methodology, the description of 
which is out of the scope of this work: instead, what is of more significance here are the relationships 
between the different ‘actors’ and the focus on emphasizing the value exchanges between them 
[23][39]. 
 
The corresponding values flows between these actors (economically independent entities: household 
consumers, BRF, Grid, Joint Ownership Generation Storage, Service Providers) is highlighted in the 
following figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16: e3 Value Methodology model of proposed joint ownership local onsite generation 
and storage microgrid setup. 

 

The concept of ‘services’ is addressed in the following section.  
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3.3 Services 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17– Conceptual representation of the onsite PV + battery storage installation. 

 

Implemented with a service-oriented architecture in mind, partly inspired from [24], it is proposed 
that in support of the organizational aspect built around the BRF/ housing cooperative, a variety of 
‘services’ can be provided which focus right from providing the control functionality to make this 
system work seamlessly (which is implemented as another task in the thesis), to providing feedback to 
the household consumer about their energy use by analyzing past behavior, specialized services for 
offering accurate forecast services, aggregator services- which combine the active demand, i.e. the 
flexibility of consumption and generation by a household and trade it on electricity markets, and 
distribute revenue amongst subscribers. 

Such a setup, thus gives rise to a system which offers the scope for future development, while still 
keeping the ownership and control exerted by a user. And most importantly, it also gives a chance for 
stakeholders active in the electricity power system, to don specialized roles and offer services relevant 
to the residential consumer, thereby still making an income even though under such a concept, the 
actual electricity bought from the grid will decrease. 

 

Remark: Section 3.5 covers the justification behind the choice of solar PV as the renewable energy 
technology within the scope of the thesis work. 

  

Apartment Building Microgrid based 
on solar photovoltaic and battery 
storage. 

Apartment 
load within 
building 

 

Onsite PV + 
battery 
storage 
installation 

 

Grid 



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

31 

 

3.4 Concept: Physical Infrastructure 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 - Physical specification of hardware infrastructure. 

 

The emphasis in this section is more on focusing on the conceptual setup than detailed discussion of 
individual design components. 

The approach involves active participation of households in their local electrical energy generation 
and storage, through joint ownership of onsite generation (rooftop solar photovoltaic (PV)) and 
battery storage. Gauging by the initial public response to such an approach, the expansion of these 
capacities through additional rooftop generation and storage installations can be provided later. 

The connection between the PV and the storage being DC- though offering a greater efficiency, but 
could incur more losses if the connection distance is too large. Moreover to save on the costs of these 
thick copper connection cables from the rooftop PV to the batteries, it would be most desirable to 
have the storage as close as possible to the generation units. An inverter connection to the storage 
could then enable a convenient connection to the 220V AC apartment grid backbone, extended by 
the utility in the apartment building. 

Providing for a bidirectional meter within the housing cooperative setup to record inflow and outflow 
of electrical energy from the local generation and storage installation, can give the households an 
additional sense of trust over the accuracy of measurements. This approach could serve as a strong 
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motivation for community involvement over any apprehensions of households towards utility 
controlled ‘smart meters’. 

Measurement points: 

1. Measuring PV generation which is being sent to the battery for storage or use- measuring 

only the amount which will be charged for use by the consumer(s). 

2. Measuring inflow and outflow of electrical energy from the battery, with an objective to 

reflect the performance of the inverter. 

3. In cooperation with measurement point 5, this measurement point represents an additional 

bidirectional meter which also records the aggregate inflow and outflow of electrical energy 

from the local installation. 

4. Meters of individual households to record the inflow of electrical energy consumption by 

the particular household. 

5. The bidirectional electrical energy meter from the utility, used to record the aggregate inflow 

and outflow of electrical energy from the apartment building. 
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3.5 Choice of renewable energy technology 

Since the concept matches demand with supply as matching discrete units of electrical energy, it can 
be extended to include electrical energy supply from any generating source. However, to address the 
matching of local renewable resource based electricity, two of the most popular renewable energy 
resource based technologies for small, residential applications: solar photovoltaic and small wind are 
considered.  

The feasibility of the corresponding resources is understood with regard to its availability in 
Stockholm and a conclusion for the choice of renewable resource to be harnessed is made. 

 

Renewable generation technology: Solar photovoltaic and battery storage. 

Geographically situated in the higher latitudes in the Northern Hemisphere, Stockholm’s geographical 
coordinates are 59° 21′ 0″ N, 18° 4′ 0″ E. 

The knowledge of the coordinates is essential to determine the average solar irradiation in Stockholm, 
which is the most crucial factor in determining the production from any solar photovoltaic (PV) 
modules. 

Solar irradiation data to determine the production from available PV panels is determined with the 
HOMER Micropower Optimization Tool (HOMER).  

In the current context, the geographical coordinates are entered in HOMER, which then enables 
fetching the global solar irradiation data and the clearness index from NASA’s Surface meteorology 
and Solar Energy Dataset [25] which contains global solar energy data for more than 1000 ground 
sites around the world. 

 

Figure 19: Global Horizontal Radiation (in terms of the daily radiation- kWh/m2/d) and 
Clearness Index data for Stockholm (59° 21′ 0″ N, 18° 4′ 0″ E). Source: [25]. 

 
Maximum average radiation per day: June, and minimum: December, with a yearly average 
of 2.875kWh/m2/day. 

As compared to other solar rich locations in Europe, for instance, Sevilla in Spain located at 37° 22' 
38 N, 5° 59' 13 W, which enjoys an average of 4.505 kWh/m2/day of solar radiation, the average 
value for Stockholm is not very high to consider it as an excellent site to harness large amounts of 
solar energy in apartment buildings, considering the installation of solar modules being guided by the 
available space constraint, especially in urban sites like Stockholm.  

However, this factor is not considered as much of an impediment in further considering the 
harnessing of solar energy, because the use case around which the concept proposed in the thesis is 
presented, looks at the local installation complementing the supply from the grid. Moreover, a major 
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motivation behind the onsite installation is to provide locally generated electricity from renewable 
sources during times of peak grid demand, during which the unit price for electricity from the grid is 
higher than in non- peak times, thereby enabling households to save on electricity costs. 

To enable this, storage of excess electricity from the PV modules becomes essential. Thus, in 
combination with the PV modules, energy storage in the form of battery storage is considered. Lead 
acid batteries have been the most popular storage types implemented in a large number of 
applications from single home solar systems to use in rural electrification, owing to their lower costs, 
as compared with the relatively recent ones providing a higher storage capacity and a longer lifetime 
like lithium-ion (Li-ion) and sodium-sulphur (NaS) batteries. 

The precise specifications of the PV modules and battery type used, depending upon their efficiency, 
capacity and parameters- both quantitative and qualitative are left out from the scope of this work. 
The emphasis is more on considering a PV- battery storage system which can provide supply for a 
specified percentage of a residential apartment building’s annual domestic consumption.  
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Renewable generation technology: Small wind turbine technology 

Unlike its solar resource based counterpart, small wind turbine technology has not been as successful 
in terms of wider adoption and potential for continuous, efficient and reliable operation. Wind 
turbines having a rotor diameter between 2m to 7m, with a rated power between 0.6kW to 10kW are 
classified as small wind turbines [27]. 

Though often advertised as a great means to harness renewable energy in urban areas with roof- top 
small wind turbines- (mostly by the manufacturers) independent assessments according to standard 
conditions often point out to a completely different picture: Studies in independent testing of small 
wind turbines often emphasize on a significant difference in performance of test samples as compared 
to what is claimed by the manufacturer, possibly due to non-conformance to standard test 
procedures, estimations and incorrect methods [27] (figure 20).  

Further, the higher levels of failure coupled with a significant number of days of downtime [27] 
(Figure 21) - small wind turbine technology has not been proved to be a reliable option. 

 

Figure 20- Comparison of power curve supplied by manufacturer of a small wind turbine to 
test results under standard conditions [27]. 

 

 

Figure 21- Highlighting the problems affecting the reliability of small wind turbines, with 
number of days of downtime per failure of corresponding small wind turbine component [27].  
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Similar concerns are further reinforced in [26], which also mentions about the trend in popularizing 
roof- top, small wind turbines, claiming ‘roof- top’s to be more windier than the ground’, has to be 
carefully investigated with site specific wind speed measurements before any investments. It also 
presents some results on the performance and power output of some small wind installations in the 
United States, which are nonetheless, unconvincing of the so called ‘paradigm shift’. 

An estimation of the wind resource in Stockholm was still determined using the tool, RETScreen 
version 4, represented in figure.  

 

Figure 22:  Average wind speed (m/s) in Stockholm, measured at 10m. Source: RETScreen 
Climate Database [29].  

 

Of a more conceptual concern is the problem with harnessing considerable wind energy from small 
wind turbines, in populated urban areas. Depicted in the following figure 23, the presence of urban 
structures affects wind flows at the corresponding heights over a much larger distance (extending to 
an adjacent horizontal space, 20 times the height of a structure). This further restricts the number of 
ground- mounted small wind turbines, which generally have tower heights between 10m to 30m 
[27][28]. 

 

 

 

 

 

 

 

 

 

 

 

Fig 23: Presence of urban structures disturbs the prevailing winds, thereby causing a 
disturbance in its flow, which is affected over a significant distance near the structure.  

Thus, in view of the understandings described as above, harnessing wind energy from small wind 
turbines is not considered. 

  

Source: [28] 
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4 SYSTEM DESIGN 

4.1 Concept 

The objective of the simulation setup is to implement the demand- supply matching of electrical 
energy within a twenty- five apartment building for an entire year. 

For this purpose, the domestic electricity demands of individual apartments are matched with 
available local supply (or grid supply) in every one hourly time resolution throughout the year. 

The underlying idea: for every hour, matching the electrical demand for every apartment such that, it 
is first matched with supply from the local generation and storage and then any excess or deficit is 
matched from the grid (which, to mention again: is considered as a supply and load bank, from which 
an infinite amount of electrical energy can be bought and sold). 

Within matching demand with supply from the local installation during every hour, each apartment is 
entitled to an amount of supply equal to its installation ownership share from the available local 
supply during that hour. For instance, if the onsite generation is 100kWh for that hour, then an 
apartment owning a 30% share is entitled to 30kWh of the supply. Depending upon what is the 
source of supply from the local generation: solar PV or battery discharge, the costs are determined for 
that supply- with these own share of supplies from the local installation being the cheapest, one can 
get in the matching period. 

Further, if there is an excess of supply or a deficit of electrical energy, the apartments can trade these 
on the local apartment building market, called as the BRF marketplace, owing to the joint ownership 
model and the organizational role played by the Bostadsrättsförening (BRF) in this concept. 

While on the BRF marketplace, the excess supply and deficit are matched by means of an auction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 24: Matching of demand and supply of apartments on the BRF marketplace by first price 

sealed bid auctions, with the auction behavior influenced by the individual strategies of the 

apartments. 
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Those resources (load or supply) which do not get matched on the local market (due to exhaustion of 

the complementary resource) are then matched with an equal, complementary resource from the grid. 

This demand supply matching takes place before the execution of the one hour in question. Thus, in 

summary, for every hour of the year, the demand of an apartment is first matched with its own 

supply, the remaining demand then competes on the BRF marketplace of the apartment building to 

be matched with an excess of supply from some other apartment in the building, and finally, if still 

unmatched, it is matched with the required supply from the grid. 

Similarly, an apartment’s available supply during every hour of the year is first matched with its 

required demand, and if there is an excess, it is made available on the BRF marketplace to be matched 

with a demand from any other apartment in the building. If it is still unmatched (in times of excess 

local supply), it is then sold to the grid. 

 

 

 

 

 

 

Fig: 25- Order of matching of demand and supply of apartments. 

 

The key element here is a hypothetical pricing model that has been proposed, which motivates such 

an order of matching. This means that, as an apartment who has an excess of supply during a 

particular hour, which it cannot store, it is more economical to sell it on the BRF marketplace to a 

neighbor who has a deficit of supply, than to sell it to the grid. Likewise, it is more economical for an 

apartment to buy electrical energy from the BRF marketplace from a neighbor, than buying it from 

the grid. 

Primarily consisting of two sub-parts, the complete demand- supply matching mechanism is further 

elaborated as follows: 
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4.2 Part 1: Strategy for operation of local installation 

Considering the fact that the onsite installation is a joint ownership between all the member 
apartments in the residential building, it has to be operated in a manner which is most optimal for the 
overall system. Particular concerns have to address the charging and discharging of the battery storage 
which is governed by its maximum charging and discharging capacity (expressed as the State of 
Charge3 (SOC) of the battery storage).  

In the scope of this work, it is decided to operate the local onsite installation in the best interest of the 
overall apartment building. To implement this, it was decided to use the HOMER Micropower 

Optimization Tool (HOMER). Another interesting approach is outlined in [30], which can been 
considered for future work. 

Choosing HOMER was not a difficult decision. Off late, HOMER has gained tremendous popularity 
amongst hybrid renewable energy system designers, owing to its innate ability to model an off-grid or 
grid-connected hybrid system consisting of almost any combination of electrical generation and 
storage technologies. 

In essence, when entered a particular combination of electrical generation and storage components 
(grid connected, in our case) along with the constraints enforced on the system (battery storage SOC 
limits, available battery bank and photovoltaic module size, required amount of minimum supply 
from renewable energy sources in the system, etc), at first HOMER suggests if that combination is 
viable under the given constraints, and if yes, it gives a detailed strategy in terms of operating the 
battery storage (charging, discharging times) and the usage of the production from the photovoltaic 
modules. 

Although a detailed description of the methodology used by HOMER is not in the scope of this 
thesis work, a short mention is considered essential: HOMER considers inputs of load and generation 
on an hourly basis (although, recent versions allow entering load values for time resolutions less than 
one hour). For every such hour, whenever there is an unmatched load, it seeks to satisfy it by the 
cheapest source of electricity at that instant [35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______________________ 

 

3 SOC: State of Charge of a battery is defined as the ratio of the energy stored in the battery to the total electric 
energy capacity of the battery [40]. In simple terms, it is the limiting factor which directs to what extent a 
particular battery can be charged or discharged. 



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

40 

 

4.3 Part 2: Demand- supply matching in the BRF marketplace 

From HOMER, once the schedules of operation and details of production from the PV modules and 
the battery charging- discharging for every hour are determined, they can be used as an input for the 
demand supply matching on the BRF marketplace. 

Each such hourly, demand- supply matching duration is referred to as a ‘market period’ hence forth. 

The algorithm for demand supply matching is adapted from [12], with adaptations mainly to suit the 

algorithm in the current context. These adaptations/ details are mentioned as and when encountered 

in the later parts. 

Before any resources (demand and/or supply) reach the BRF marketplace, the demand and supply 

belonging to a particular apartment during that market period, need to be matched first. Thus, for 

each market period, using the output from HOMER for the available supply (PV generation or 

battery discharging), the share of local supply for each apartment is first determined, depending upon 

its ownership in the installation. 

For each apartment, this supply capacity (if available) is then matched to its own demand during that 

period, and the excess of supply or the deficit then goes to the BRF market place. 

Note: Even though an apartment might not want to sell off its own share of excess supply, it cannot 

do so, because that would mean disrupting a cost effective operating schedule simulated by HOMER 

for the entire installation. In such cases, the interest of the entire building in ensuring an overall 

smooth and cost effective operation of the local installation is given priority. This is more of a 

constraint because of using HOMER for modeling the local installation, and can be accommodated 

with more complex charging and discharging strategies. But in any case, the priority has to be given to 

the optimal operation of the entire installation and interest of the entire cooperative, over individual 

interests. 

While on the BRF market place:  

- The unmatched demand and excess supply from apartments are matched according to a first 

price sealed bid auction mechanism. A short explanation of the first price sealed bid auction 

mechanism is as follows: 

 

 

 

 

 

 

 

Fig 26: First price- sealed bid auction mechanism. A, B, C, D and E represent bidders, 

sending private bids to the auctioneer who is selling an object. In such a case, the bidders do 

not know the value of each other’s bids, thereby avoiding any use of this information for 

influencing the auction results. In such an auction, the bidders send a bid, only if they can 

afford the (minimum) entry price called by the auctioneer. 
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An understanding of the mechanism of the first price- sealed bid auction is from [12], [31] which is 

adapted to suit the context: 

The auctioneer, (here, an apartment), sets a minimum entry price per unit of its capacity for sale. The 

bidders, who are always the ones who need supply, also have a certain maximum affordable price that 

they can spend in any market period. Thus, every bidder then sends a bid to the auctioneer of value 

which is at least equal to the entry price of the auctioneer and less than or equal to its maximum 

affordable price for that market period. 

In a first price- sealed bid auction, the bids placed by bidders for an object of desire in the auction are 

private and the other competitors (bidders) are unaware of each other’s bids. This is very important in 

conditions in which one wants to avoid dominance of certain individuals who can take advantage of 

the knowledge of the other bids. This is also the main reason for choosing this particular auction 

mechanism, to ensure that no individual, regardless of its share in the joint ownership installation can 

influence the outcome of an auction. It is of utmost importance to ensure a fair auction process for all 

the apartments. 

After receiving all the bids, the auctioneer then simply awards the object to the bidder offering the 

highest bid and that bidder has to pay the price that it had bid. 
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4.4 General Auction Process 

The general auction process, as adapted in the context of the thesis concept is outlined as follows: 

Firstly, two parameters which govern the behavior of apartments in the auction process (along with 

their own individual strategies) are described: 

marketMode: marketMode, is a parameter which is used to reflect the state of the local market. 

Before the start of every market period, the total (unmatched) demand and total available (excess) 

local supply from all the apartments are determined. If total demand >= total available local supply, 

then the local market is in demand rich mode, while in the other case when total demand< total 

available local supply, then the local market is considered to be in a supply rich mode. 

marketFactor: The value of (total available local supply/ total demand) is termed as marketFactor. It 

is used to reflect the relative availability of local supply as compared to local demand. This parameter 

is also a guiding factor in the entry prices set by auctioneers, and thus gives a gauge of the price of 

electricity being sold on the local market. 

Auction process: 

1. Apartments which offer to sell supply on the local market are always the auctioneers, while 

apartments which are in need of supply are always the bidders. Henceforth, these will be 

referred to by the roles they don: auctioneers and bidders. 

 

2. The total local demand and total local available supply are calculated, from which the 

marketMode and marketFactor are determined. 

 

3. The information about this marketMode and marketFactor is conveyed to all the 

apartments, who can then gauge an idea of the state of the current local market, in terms of 

the availability of the complementary resource, through which each can determine at what 

price it should enter the market. 

 

4. The apartments then determine an entry price for their participation on the market. To 

encourage a faster convergence in the matching process, a pre-determined set of ranges of 

the marketFactor value (0 to >1) are used in the model. These range values have an 

associated entry price range, which is then used by apartments to determine their entry 

prices on the local market. This is done purely for the basis of a faster convergence in 

accordance with the basic principles of demand and supply: 

 

 

 

 

 

 

 

 

 

Fig 27: Basic supply- demand curves 
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5. The information of the entry prices and the quantity of supply for sale of the auctioneers is 

public to all the bidders, while being private to the other auctioneers (in correspondence to 

the notion of ensuring fairness amongst competing auctioneers). With this information and 

comparing it with the value of one’s own entry price, each bidder then decides if an 

auctioneer is affordable to it or not.  

 

6. For every affordable auctioneer (considering the fact that, just like several apartments 

needing supply at a time, i.e., bidders- there can be more than one apartments who have an 

excess of local supply to sell on the local market, hence multiple auctioneers), each bidder 

then sends a bid, which is influenced by its own characteristic bid strategy function, to the 

auctioneer which is affordable for it and who offers the greatest capacity. 

 

This condition for preferring an auctioneer selling the highest capacity is included to 

encourage greater capacity trade on the local market, and giving preference to auctioneers, 

who are selling a larger capacity. 

 

7. After receiving all the bids from the bidders, each auctioneer then selects the bidder who is 

offering the highest price (bid), and a demand- supply match is made, and information about 

the price at which the particular capacity is sold from an auctioneer to the particular bidder is 

logged. 

 

Incase such matches have been made, the auctioneers and bidders then update their 

capacities. The ones whose capacities have been satisfied, simply exit the local market. 

 

8. The remaining ones begin a new round of auction with the remaining available auctioneers 

and bidders. 

 

9. In case, in the previous bidding round, if any bidder could not afford atleast one auctioneer, 

in this next round, it enters with a larger increase in its entry price, than with what it would 

normally enter (as its increased affordability) otherwise.  

 

Similarly, if any auctioneer’s entry price was so high that none of the bidders could afford it, 

it enters the new bidding round with a decreased entry price. This is considered, because just 

like bidders, who are wary of losing out on higher prices in later bidding rounds (because of 

which they enter with increased prices) even the auctioneers experience a sense of insecurity 

over the sale of their entire capacities (adapted from [32]). In the other case, they would have 

to sell to the grid, at much lower prices than what they can get on the local market. 

 

10. The process continues until all the auctioneers have sold their capacities or all the bidders 

have been able to buy their required capacities. 

 

11. After the end of the auction based local market process, unsatisfied capacities (if remaining) 

of auctioneers or bidders are sold to/ brought from the grid. This is the last stage of the 

demand- supply matching process. 
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4.5 Pricing Model 

Having explained the auction process, the pricing model developed for the local market is thus 
described: 

A local market price range is determined for every hour of the year, which is the difference between 
the grid buying price and the grid sellback rate during that hour. 

The grid buying price data used represents the actual trend in grid buying prices (system prices) 
whereas the grid sellback price is assumed to be always less than the grid buying price and having a 
fixed value throughout the year.  

 
 

 

  

 

 

 

 

 

 

 

 

 

Figure 28:  Introducing the pricing model used in the local BRF marketplace, with the grid 
buying price always being higher than the grid sellback price.  

Thus, the local market pricing range is always positive, and all the prices on the local BRF marketplace 
are designed in the model to lie in this range (including the end values- grid sellback price and grid 
buying price). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: The range between these two limits (grid buying price and grid sellback price) is 
thus considered as a range over which the local market price can lie.  
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Such an approach motivates apartments who have an excess of supply from their share of the local 
installation supply, to sell it on the local market because they will be guaranteed a higher unit sellback 
price than selling it to the grid. For apartments who have some unmatched demand, it is an equally 
motivating factor to be able to afford locally produced, green electricity at a cost cheaper than the grid 
supply. 

To illustrate an outcome of such a pricing model concept, figure 30 describes how the market prices 
could develop in the two cases which can characterize a local market- demand rich local market or 
supply rich local market: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: In demand rich markets (marketFactor <= 1, local supply <= local demand), the 
local market price would lie much closer to the grid buying price due to a high demand 
amongst the buyers/ bidders. On the other hand, when there is excess of supply on the local 
market as compared to the unmatched demand, then the local market price would lie closer 
to the grid sellback price. 

 

The corresponding unit capacity price (SEK/kWh) on the local market is thus determined to lie 
between two extremes: grid sellback price and grid buying price. The former in the model is 
represented by a value ‘0’, while the latter is represented as ‘100’. Thus, the local market price is 
expressed as a percentage of the difference between the grid sell back price (0) and the grid buying 
price (100).  

The nature of the local market (demand rich or load rich) and the competition between the 
participating apartments then determines the final unit (deal) capacity price for the auctioned local 
supply. 

Such an approach of proposing the hypothetical pricing range thus gives rise to an economic 
incentive during every hour of the year for both types of apartments: those who have an excess of 
supply as well as those who are in need of supply to match their demand. 

In view of varying grid buying prices in the existing grid electricity supply depending upon the hour of 
the day, it becomes essential to include a consideration which can reflect such a facet of the current 
system in the model. Such a pricing model helps to accommodate this effect of varying grid buying 
prices into the model. 
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Grid Sellback 

price 
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Grid Buying 
price 

(SEK/kWh) 

marketFactor > 1 

Local supply > local 
demand 

marketFactor < = 1 

Local supply <= local 
demand 

Local market price Local market price 
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The unit price at which an apartment buys electricity from the local BRF marketplace, is then scaled 
to the levels of the grid buying price and grid sellback price, to bring a sense of correlation to the real 
world value of the local market price. 

This value (in SEK/kWh) is calculated as:  

Scaled local market unit price= (grid sellback price) + 
  ((local market price/100)*(grid buying price- grid sellback price)) 

 
The grid buying price and grid sellback price entered into the above calculation correspond to their 
actual values in SEK/ kWh during that hour of the year. 
 
 
Fixed local market price for supply from one’s own share of local supply: 
 
The presence of a varying local market pricing range is extended to include the costs which are 
charged to the apartments for matching supply from their own share of the local supply. With the 
photovoltaic and storage system, the local supply can be from two sources, namely the photovoltaic 
(PV) generation (unit cost, charged at fixed 5% of local market pricing range) and battery storage (unit 
cost, charged at fixed 10% of local market pricing range). The costs for these are fixed percentage 
values of the local market pricing range. The values of 5% and 10% are chosen to represent cheap 
supply from an apartment’s own share of local supply. 
 
As explained before, with the changing grid buying price levels the local market pricing range also 
changes. As a result of this, the cost of supply from own’s share during different hours of the day also 
varies.  This makes the approach different from typical PV and storage systems which have the same 
unit cost values for supply at all times. 
 
As a summary, the following table lists all the values of the different types of supplies mentioned. 
 
Table 6: Cost per unit (kWh) for different types of supplies as used in the pricing model. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Type of supply Cost per unit (kWh) of electricity 

 

Expressed as a percentage of the local 
market pricing range 

Supply from own's share of local 
supply: PV 5% 
Supply from own's share of local 
supply: Battery storage 10% 

Supply matched on local market 

Starts between 10% and 85% depending 
upon marketFactor value, but final value 
can range between 0% and 100%, 
depending upon competition on the local 
market. 

Supply purchased from the grid 100% 

Supply sold to the grid 0% 
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4.6 Bidding Strategies 
The individual behaviors of households have been incorporated through bidding strategies in the 

model. 

Bidding strategies: On the local market, the households indulge in either buying or selling of 

electrical energy through an auction mechanism. In this mechanism, their activity involves: 

1. Generating entry price. 

2. Generating bids. 

3. Determining factor for increment (bidder)/ decrement (auctioneer) in entry price, in case of 

being unmatched in a previous bidding round. 

 

The model tries to include the diversity in household behavior or choices, whose effect is then 

reflected in these above generated values. 

Adapting this concept from the ‘Buying and Selling Strategies of Buyer/ Seller Agents' from [32], an 

effort is made to incorporate this decision making behavior in the form of bidding strategies. In the 

current model, three types of bidding strategies are defined for the behavior of each apartment as a 

buyer (bidder) and its variants for its role as a seller (auctioneer) on the local market. In the scope of 

this thesis work, these are expressed as simple linear functions, representing the weights which 

households place on various decision- making criteria during different conditions:  

1. Anxious (y=±1.5*x) 

 

2. Cool- headed (y=±1*x) 

 

3. Frugal (bidder)/ Greedy (auctioneer): (y=±0.5*x) 

 

 

 

Figure 31: Characterizing behavior of households, while as buyers/ bidders on the local 

electricity market. 
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Figure 32: Characterizing behavior of households while as sellers/ auctioneers on the local 

electricity market. 

The need for introducing bidding strategy arose when encountering the diversity in the choices which 

different households make in the given conditions of choice of electricity. However, due the fact that 

the number of factors that can be included (preference for green electricity, preference for fossil- fuel 

based electricity, etc) are numerous and diverse, that for the scope of the thesis work, it was decided 

to incorporate these decision making behaviors as linear expressions- but as a function of time of 

activity of the households on the local market during that hour.  

The number of bidding rounds that an apartment is active on the local market can give an insight into 

the time of activity of the apartment on the local market. From the above graph, the response of an 

apartment (individual strategy function value) thus depends on the number of the bidding round in 

which the strategy response is invoked. 

To explain this with an example: Consider two apartments as bidders on a local market: A1 and B1. 

While A1 is represented by the bidding strategy: Anxious and B1 is represented by the bidding 

strategy: Frugal. 

Now, considering a time when, both are going to place a bid on the same auctioneer. As a result of its 

anxious strategy, A1 places a higher bid, while B1 places a lower bid, because of its frugal strategy. 

Thus, A1 secures the object in that round. 

Though the bidding strategies considered in the scope of this thesis work are simple linear 

expressions, it represents an opportunity for incorporating more complex responses resembling more 

natural human behavior from micro-economics theory, household preferences for grid buying prices, 

preferences for CO2 associated with the production from different sources and so on. 

Remark: The term ‘bidding strategies’ is also used as ‘bid strategies’ in the later part of the report. 
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5 SIMULATION SETUP 

5.1 Overall savings: definition 

The simulation section represents an initial effort in understanding the feasibility of the intra- building 
trading of locally generated electrical energy as proposed in this master thesis. 
 
To summarize the concept in brief again: 

- An onsite solar photovoltaic generation and battery storage setup using a specified strategy 
of use is installed which is aimed at supplying a certain percentage of a residential apartment 
building’s annual domestic electricity consumption requirements.  

- Since the households own shares in the local installation, each is entitled to an amount of 
supply in proportion of its investment/ share ownership from the total available local 
supply. 

- Due to variation in consumption between households, the excess or deficit of supply can be 
traded amongst the neighbors.  

- This demand supply matching is done for every hour of the year, before the start of the 
hour. 

- The unit price of such locally generated electricity and traded within the building, ranges 
between a price range for grid buying price and an assumed grid sellback price during that 
hour. 

 
The main theme expressed in this concept is of promoting households from their existing roles as 
sole consumers of electricity to that of prosumers: of producers and consumers of electricity. Thus, in 
this dual role when a household can buy and sell electricity through the intra-building electricity 
market, the most significant highlight would be that of overall savings which households can make, 
with the introduction of such an opportunity to produce, use and buy/ sell electrical energy within the 
building. 
 
Thus, it is important to emphasize on the overall savings that such a concept can give rise to, by 
matching the domestic electricity demand of households from their own share of the local renewable 
energy installation, while trading the excess or deficit with their neighbors and relying on the grid for 
the unmatched demand. 
 

To this effect, a term ‘overall savings’ is defined, which is determined under different scenarios in the 
simulations: 
 
�����������	
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For each household, the second term, (total annual cost of supply with local installation) can be 
expressed as follows: 
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One of the most crucial factors while using renewable energy resources is the forecast of the 
renewable energy resource, which ultimately guides the production from the relevant technology 
implementation. 
 
Section 5.3.1 covers a detailed methodology used to determine the domestic electrical loads of all the 
individual apartments from an average domestic electrical energy consumption profile of Swedish 
households. In context of the particular methodology followed, the total annual electricity 
consumption of the entire building of 25 apartments, for domestic household purposes is close to 
96,000kWh (outlined in detailed in table 7). For instance, if 30% of this amount is to be supplied 
from locally generated renewable energy, while seeking an economically profitable setup for all the 
stakeholders, the accurate forecast of renewable energy production (here: solar photovoltaic 
production) thus becomes very important. In support of this, within the scope of the thesis work, a 
clearance tracking mechanism is also devised with an aim to support a more practical approach which 
can handle scenarios with errors in the forecast of PV production.  
 
It is important to emphasize again that the demand supply matching in the building takes place before 
the execution of every hour. In the matching process, the demand and available supply are matched 
for that hour using the data from the forecast for renewable energy production (solar) for that hour 
and estimated domestic electric load for that hour. Hence, any deviation from the forecast of PV 
production/ estimated domestic electric load has to be handled for accountability of transactions 
between buyers and sellers. 
 
This deviation could be either deviation in supply or deviation in consumption. While a deviation in 
consumption: consuming more than estimated is handled relatively easily by simply assuming that any 
excess consumption is supplied from the grid and accounted accordingly with the grid buying price 
during that hour. A more complicated deviation would be consuming less than what was being 
estimated while in the matching process. Within the scope of this initial effort, it is decided not to 
elaborate on this scenario, and consider it as an error on the part of the buyer: analogous to a 
consumer buying a commodity and not using it, while he/ she still pays the complete amount for it. 
 

On the other hand, a definite approach for handling a deviation in production is implemented, which 
is described as follows: 
 
 
 
 
 
 
 
 
 
 
 
Figure 33: Methodology for handling deviation in production from local installation from the 
forecasted values used in the demand- supply matching process. 
 
During execution time, if there is a deviation (say X %) in the local supply: since the grid is considered 
as the backup, this X% of the total matched capacity is supplied from the grid, and the seller pays for 
this penalty. The total amount paid by the seller to the grid under these circumstances is equal to the 
cost of matching the erroneous capacity during that hour, paid according to the unit grid buying price 
during that hour. 
  

Matched capacity 

Pays amount =  

(Total matched capacity) 
* (unit deal price) 

Buyer 
household 

Seller 
household 

Pays amount (penalty) =  

(Total erroneous capacity) * 
(unit grid buying price during 
that hour) 

 X % 

Grid 
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Such an approach to support the demand supply matching concept thus serves a dual purpose of 

supporting the consistency and accountability of trading of electricity between households as well as 

understanding the importance of precision in the forecast of the renewable energy resource for such a 

system. 

Thus, the expression for total annual cost of supply with local installation can be re-defined as 

follows: 
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The above definition of the total annual cost of supply with local installation is used along with the 

expression for overall savings (defined earlier) for calculations in the simulations.  
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5.2 Analysis themes 

Of primary interest to all the stakeholders involved (households, DSO) is the overall savings which 
this intra-building electricity trading can offer.  
 
In relevance to the mentioned stakeholders, overall savings can be outlined as: 
 

1. Overall savings in terms of annual electricity spending by households as compared to the 
existing setup of complete dependence on the grid for electricity supply. 

2. Overall reduction in capacity of electricity brought from the grid (during peak demand 
conditions). 
 

While the latter (point 2) depends directly on the capacity of the local renewable energy installation 
and the usage strategy (guiding the charging- discharging of storage and use of PV supply), point 1 
relates more to the actual benefit such a setup can bring to households- which can help in 
understanding the practical feasibility of such an approach. 
 
In accordance with the expression of overall savings expressed before, a functional relationship 
between overall savings and the other parameters, (also expressed previously in the brief summary) 
can be expressed as: 
 
Overall Savings= function (variability of consumption between households, grid prices, 
installed local capacity). 
 
Basing further simulations on the above expression, the underlying motivation behind the results can 
be considered as directed towards identifying/ confirming the relationship between overall savings 
and its functional parameters: variability of consumption between households, grid prices, installed 
local capacity. 
 
In pursuit of understanding the feasibility of such a concept on the above lines, the following analysis 
themes are identified within the scope of this report: 
 

1. To understand the effect of variation in consumption between households on the overall 
savings. 

2. To understand the effect of grid prices on the overall savings. 
3. To understand the effect of installed local renewable energy capacity on overall savings. 
4. To understand the effect of individual bidding strategies as well as investment shares by 

households on individual savings over a period of one year. 
 

While the first three points mentioned above are of interest to understand the overall savings by the 
entire building of 25 apartments, point 4 is of interest to understand the influences of the investment 
share and bidding strategies- which characterize the individual behavior/ benefits of each household 
in the building.  
 
In the next sections, the methodologies used in obtaining and processing input data and scenarios is 
described, addressing namely: 1) Domestic electrical load profile of individual apartments, 2) local 
installation capacity and usage strategy and  3) grid buying and selling prices. 
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5.3 Preparation of data 

5.3.1. Domestic electrical energy consumption, hourly profile of individual 
apartments: 

                                                 
Figure 34: Average hourly load profile (approximated) for a Swedish household for domestic 

electrical energy consumption- without electric heating. Source: [7]. 

Regardless of  the exact magnitude of the load values of individual apartments- as long as there is an 

excess of supply from at least one apartment and a deficit of electrical energy supply for at least one 

apartment- a local market would be initiated!  

In the situation of not having access to high quality one hourly resolution data about the domestic 

consumption of apartments, it was decided to take the case of an average daily load curve of domestic 

electric consumption by Swedish household apartments over one day and use it as a reference to 

simulate the domestic consumption of twenty- five apartments for an entire year. It must be 

emphasized again that these hourly electrical load values do not consider the electrical consumption 

for heating purposes. Henceforth, this domestic electrical consumption will be referred to as ‘load’ in 

further descriptions. 

Approximate hourly load data values are taken from [7], as shown in figure 34. Taking cue from the 

manner in which, the HOMER Micropower Optimization Tool (HOMER) simulates the yearly load 

profile from an hourly daily load profile entered as input (during a normal hybrid system sizing 

procedure) - synthetic yearly load data for each of the twenty- five individual apartments is 

determined.  

 

A brief description of the methodology used by HOMER in generating annual load profiles from 

average hourly load profile input values is mentioned in the appendix section 8.2.  

 

At this stage, to explain the relevance of applying the methodology followed by HOMER for use in 

determining the individual load profiles: In essence, the hourly load values for every hour of the year 

are calculated as a function of: 

 

Hourly load value= function (load value for that hour from average profile, daily variability 

factor, hourly variability factor). 

 

Thus, in addition to the common hourly load profile obtained as in figure 34, for every household/ 

apartment, individual values for daily and hourly variability factors are assigned. 
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Significance of variation in consumption between apartments: 

 

As mentioned above, the local market will be initiated only if there is a variation in the domestic loads 

of the apartments at a given time. In an optimal situation of every apartment owning an equal share in 

the joint installation, during every hour of the year, the supply from the local installation will be 

distributed equally amongst all the apartments. In such a case, even after offering the same amount of 

local supply to every apartment, due to the variability in their local demands during a market period, 

some apartments could have an excess of supply, while some could have a deficit depending upon 

their individual loads during that hour- thus giving rise to the local market and maximizing the 

participation of apartments on the local market and bringing in the intended benefits.  

 

On the other hand, if there is no variation in consumption levels between the individual apartments, 

then in the event of insufficient local supply, each apartment will have to buy their supply from the 

grid, while when there is excess of local supply, then most apartments would sell their share of local 

supply back to the grid at the grid sellback price, thereby minimizing any economic incentive that is 

proposed through the local market price range (which would guarantee a greater unit price than the 

grid sellback price). 

 

This emphasizes the significance of variability of consumption between apartments and to illustrate 

and confirm this, three different scenarios for variability of consumption levels between apartments 

are proposed and used in the simulations:  

 

 

Variability of consumption (varConsumption): 
 
Since the hourly load value is determined as a function of the corresponding hourly load value from 
the reference average consumption profile and the daily and hourly variability factors- a difference in 
consumption levels at the same time (same hour of year) between apartments can be achieved if 
individual apartments have different daily and hourly variability factors. 
 
In addition, different sets of annual hourly consumption data for all the twenty- five apartments can 
be obtained if for each set, a different range for the daily and hourly variability values is used. 
 
The parameter used to represent the variation in consumption factor in the simulations, is 
varConsumption, and three different sets for the individual consumption profiles are considered, 
each identified by the value of varConsumption from amongst:  ID=1, ID=2, ID=3. 
 

ID=1: 
10% daily variability, 40% hourly variability 
 
ID=2: 
15% daily variability, 60% hourly variability 
 
ID=3: 
20% daily variability, 80% hourly variability 
 

 

These above three sets are used to represent an increasing variation in individual apartment 

consumptions, increasing from ID=1 to ID=3. 

  



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

55 

 

 

 
 

Figure 35: Different combinations of hourly variability and daily variability factors used in the 

three different variation in consumption datasets: ID=1, ID=2 and ID=3. 

 

The above thresholds for the daily and hourly variability in each of the datasets is then used to 

randomly distribute noise values from 1 to the threshold value in that data set for each of the twenty- 

five apartments. Thus, for each of the datasets (ID=1, ID=2 and ID=3), each apartment has its own 

combination of daily and hourly variability factor. 

 

Entering these values (daily and hourly variability factor) along with the average daily load profile for 

each apartment in HOMER, then gives the hourly domestic electricity consumption profile for each 

hour of the year, for that apartment, for that dataset. The process is then repeated for each apartment 

and for each dataset. 

 

The total domestic load consumption for the entire building of the twenty- five apartments for every 

hour of the year is thus equal to the sum of the individual loads of all the twenty- five apartments 

during that hour. 

 

With individual hourly load profiles, being generated from the same average hourly consumption 

profile over one day, the difference between the total annual electricity consumption between 

different apartments within each dataset is relatively small. Similarly the difference between the total 

annual electricity consumption of the entire building amongst the three datasets is not significant as 

compared to its total annual electricity consumption. 

 

This is highlighted in detail in figure 36 and table 7.  
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Figure 36: Annual electricity consumption values for individual apartments for the three 

variation in consumption datasets: ID=1, ID=2 and ID=3. 

 

 

Table 7: Annual electricity consumption values for the entire building for the three variation 

in consumption datasets: ID=1, ID=2 and ID=3. 

 

Variation (%) 
Annual electricity consumption 

(kWh) of one apartment 
Total annual domestic electricity 
consumption of entire building        

(25 apartments) (kWh) Daily Hourly 

Standard deviation 
between annual 
consumption of 

individual apartments 

Mean 

10 40 18.25080317 3847.100113 96177.5 

15 60 17.37772445 3844.180511 96104.51 

20 80 50.88311658 3864.619502 96615.49 

 

From table 7 it is observed that the standard deviation in the total annual electricity consumption of 

each of the apartments in each dataset, is relatively small as compared to the value of the total annual 

consumption of the entire building and ranges from approximately 17kWh to 51kWh in the three 

datasets.  
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The details for each of the data sets are elaborated as follows: 

5.3.1.1 Dataset ID 1: Hourly load profiles of individual apartments. 

varConsumption ID=1: Daily variation=10%, hourly variation=40% 

1) Daily and hourly variability factors for each apartment: 

 

 
 

Figure 37: Values of daily and hourly variability factors for individual apartments in 

dataset ID=1. 

 

2) Seasonal load profile for the entire building: sum of the domestic loads of all the twenty- five 

apartments:  

 

Figure 38: Seasonal load profile for the entire building in dataset ID=1. 

 

3) Comments: 

Scaled annual average domestic electricity consumption= 263 kWh/day.  
Peak Demand= 32.1 kW 
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5.3.1.2 Dataset ID 2: Hourly load profiles of individual apartments. 

varConsumption ID=2: Daily variation=15%, hourly variation=60% 

 

1) Daily and hourly variability factors for each apartment: 

 

 

Figure 39: Values of daily and hourly variability factors for individual apartments in dataset 

ID=2. 

 

 

2) Seasonal profile for the entire building: sum of the domestic loads of all the twenty- five apartments: 

 

Figure 40: Seasonal load profile for the entire building in dataset ID=2. 

 

 

 

3) Comments:  

 

Scaled annual average domestic electricity consumption= 263 kWh/day. 

Peak demand= 37.3 kW 
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5.3.1.3 Dataset ID 3: Hourly load profiles of individual apartments. 

varConsumption ID=3: Daily variation=20%, hourly variation=80% 

 

1) Daily and hourly variability factors for each apartment: 

 

 
Figure 41: Values of daily and hourly variability factors for individual apartments in dataset 

ID=3. 

 

 

 

2) Seasonal profile for the entire building: sum of the domestic loads of all the twenty- five apartments: 

 
Figure 42: Seasonal load profile for the entire building in dataset ID=3. 

 

 

 

3) Comments: 

 

Scaled annual average domestic electricity consumption= 265 kWh/day. 

Peak demand= 41.4 kW 
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5.3.2. Local Renewable Energy Fraction 

Given the underlying assumptions on which the concept is based, about the benefits of a local 
renewable energy resource based electricity supply- it seems but natural that the overall savings will 
increase with an increase in the locally installed renewable energy supply. 
 
Urban residential apartment buildings usually have their individual space constraints. This significantly 
places a further limitation on the amount of photovoltaic panels (the choice of technology within the 
scope of the thesis work being photovoltaic (PV)) which can be installed onsite. Thus, instead of 
considering definite specifications for photovoltaic panels and associated components sizing 
(including inverters and battery storage), one alternative approach to standardize the renewable energy 
parameter would be to consider the required renewable energy based system to supply a certain 
amount of the total annual domestic demand of the entire building. 
 
This is addressed by introducing the renewable energy fraction term (represented as re in the 
simulations), which is defined as the percentage of the total annual (domestic) demand of the entire 
building, which is supplied by an onsite renewable energy based supply. This term is adapted to the 
‘renewable fraction’ term which is employed by HOMER [37]. 
 
Scenarios with the following values for re are considered: 
 

10% 
10% of annual domestic electricity consumption is supplied from the locally installed 
renewable energy based system. 
 
20% 
20% of annual domestic electricity consumption is supplied from the locally installed 
renewable energy based system. 
 
30% 
30% of annual domestic electricity consumption is supplied from the locally installed 
renewable energy based system. 
 

 
Thus, for each scenario the local renewable energy (PV and battery storage) based system is designed 

and optimized in HOMER according to the other input parameters of the scenario (entire building 

load, grid prices) to provide the re value in the scenario. 

 

A detailed description of the assumptions involved in adapting the ‘renewable fraction’ term from 

HOMER to the ‘renewable energy fraction’ term used in the simulation is covered in section 8.4 of 

the appendix.  
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5.3.3. Grid Prices: Grid buying and grid sellback prices. 

As described in section 4.5, the local market deal prices lie between the grid buying price and the grid 
selling price.  
 
The final unit price that a consumer (apartment) pays for electricity consists of an hourly price 
component (which is decided in the electricity markets) and the tax and profit components charged 
by the electricity supplier.  Thus, the final unit price paid by a residential consumer also depends on 
the supplier’s profit and tax components. This final unit price thus differs amongst different suppliers. 

The simulations in this master thesis are more concerned with understanding the trend in the overall 
savings, (than their precise values), which is directly affected by the trend in the grid price levels.  

Since the system prices on the Nordpool Elspot market represent this trend in the overall electricity 
market, it gives sufficient motivation to consider these system prices as the grid buying prices in the 
simulations. 

Three different sets of grid price values are considered for use in the simulations. The parameter used 
to represent the individual sets of grid buying price, is gridPrice. Each set is identified by the value of 
gridPrice, from amongst:  1X, 1.5X and 2X. 
 
The grid sell back rate is considered fixed and assumed to be 0.0005 EUR/kWh or 0.0045 SEK/kWh 
for all the scenarios, regardless of the grid buying price values. 

Grid buying price 
 
The grid buying prices are taken from the system prices for Sweden given at Nordpool spot [33], and 
are processed according to hour of the year. It is also referred to as 1X in the remaining part of the 
thesis. 

 
 
Figure 43: (Case of Stockholm) Seasonal profile of the actual grid buying price levels and 
assumed grid sellback price. Source: Nordpool spot [33]. 
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Comments:  

- 1 EUR= 8.9942 Swedish kronor (SEK), conversion rate, as on 18rd May 2011. 

- Grid buying price range: 0.0018 EUR/kWh (0.01619 SEK/kWh) to 0.3 EUR/kWh (2.6982 
SEK/kWh). 

- Grid sellback price (assumed): 0.0005 EUR/kWh (0.0045 SEK/kWh). 

- Grid buying price peaks during winter months, due to the higher demand for space (and water) 
heating while grid buying price is cheaper during the summer months. 
 
Corrections:  

- Missing data for grid buying price during 02.00hr- 03.00hr on 28th March 2010. Assumed same as the 
value of grid buying price during 01.00hr- 02.00hr on 28th March 2010 (42.87 EUR/MWh). 
  
Also, it is important to mention that the simulations are executed with the gridPrice values in 
EUR/kWh.  This is only due to the fact that the source for the grid buying price data [33] offers the 
data in EUR/MWh. The results pertaining to monetary analysis are then converted to their equivalent 
Swedish kronor (SEK) value by using the conversion factor:  

1 EUR= 8.9942 Swedish kronor (SEK). 

In order to understand the effect of changing grid price levels on the overall savings and in particular 
to investigate the simulation results in times of anticipated increase in grid prices in the future, two 
additional (higher) grid price levels are considered (1.5X and 2X). 
 

Table 8: (Case of Stockholm): Different values of the gridPrice input parameter used in the 
simulations. 

 

Parameter Value Comments 

gridPrice 1X 2010, actual system prices in Sweden. 

gridPrice 1.5X 1.5 times the 2010, actual system prices in Sweden. 

gridPrice 2X 2 times the 2010, actual system prices in Sweden. 
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5.4 Reference conditions 

In general, scenarios for simulations are expressed as combinations of different parameter values 
(varConsumption, re, gridPrice). 
 
 
Table 9: Decision making on types of simulations to be performed: parameters defining the 
inputs of the simulation and possible values they can take. 
 

Parameter Description Value it can take 

varConsumption 
Variation in consumption 

between households/ 
apartments 

ID=1                                                                                                   
(daily variability=10%, 

hourly variability= 40%) 

ID=2                                                                                                   
(daily variability=15%, 

hourly variability= 60%) 

ID=3                                                                                                  
(daily variability=20%, 

hourly variability= 80%) 

re 
Renewable energy 

fraction 
10% 20% 30% 

gridPrice Grid buying price levels 1X 1.5X 2X 

 

In the previous section, the values under consideration for different input parameters (renewable 
energy fraction, grid buying prices and variation in consumption) have been described. For the ease of 
analysis, reference values for these input parameters are decided, so as to aid in the understanding of 
the effect of change in these input values. 

 

Renewable Energy Fraction (re): 
In line with the objectives of the Stockholm Royal Seaport project, as mentioned in section 1.2.3, to 
supply 30% of a residential building’s electricity demand for common building purposes, with locally 
installed renewable energy, it is decided to consider renewable energy fraction (re) of 30% as the 
reference for the simulation model. (Although, the 30% locally supplied energy in the current context 
will be used to supply 30% of the total domestic demand of the entire building, while in the former 
case 30% of the entire building’s common electricity needs are aimed to be supplied by the locally 
generated electricity). 
 
gridPrice: 
Since the different grid price levels were determined merely by considering 1.5 and 2 times the 
original grid price values, it lends motivation to use the original grid price levels as the reference for 
the gridPrice value in the simulations. 
 
varConsumption: 
The reference value for varConsumption should reflect a condition of variation in domestic electricity 
consumption levels of apartments which encourages maximum activity of the individual apartments 
on the local BRF market. 
 
To determine the reference value for varConsumption, the three scenarios outlined in table 10 are 
simulated to determine the number of local markets in each case, following which- the corresponding 
varConsumption value will be set as the reference value for the variation in consumption parameter: 
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Table 10: Simulation scenarios for the analysis theme: Effect of variation in consumption 
between households. 
 

Analysis theme 
Scenario 

ID 
Variation in consumption 

dataset 
Renewable 

Energy Fraction 
Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of variation in 
consumption 

between households 
a 

varConsumption ID=1           
(daily variability= 10%, 
hourly variability= 40%) 

30% 1X 

Effect of variation in 
consumption 

between households 
b 

varConsumption ID=2           
(daily variability= 15%, 
hourly variability= 60%) 

30% 1X 

Effect of variation in 
consumption 

between households 
c 

varConsumption ID=3           
(daily variability= 20%, 
hourly variability= 80%) 

30% 1X 

 
 
These also offer a wider set of simulation results for comparison of both model and system specific 
aspects of interest in different conditions of variation in local domestic consumption between 
apartments. Hence, the entire set of simulation results is presented in section 6.1, under the analysis 
theme ‘effect of variation of consumption between households/ apartments’. 
 

 
It must also be mentioned that for the sizing methodology for designing the local PV battery storage 

system in HOMER, it was decided to consider the sizes of the photovoltaic panel sizes as integer 

multiples. This affected the resulting renewable energy fraction in the HOMER optimization by 1% 

(for re=10% and re=30%), so it was decided to consider these resulting values as approximations 

representing the required renewable energy fraction values. This is highlighted in the following table 

11. 

 
Table 11: Assumptions with regard to renewable energy fractions upon optimization in 
HOMER. 
 

Required renewable 
energy fraction value 

Resulting renewable energy 
fraction value in HOMER 

optimization 

Assumption after 
approximation to the 

required renewable energy 
fraction 

10% 11% ~10% 

20% 20% 20% 

30% 29% ~30% 

 
This development was taken care of by ensuring that for each set of scenarios to be considered, the 
HOMER models were optimized so as to have the same resulting renewable energy fraction for each 
of such scenarios. 
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Remarks:  
 

- In the following sections, the renewable energy fraction value is always expressed as the 
approximated value, as mentioned in the above table. 
 

- Unless specified, in all the scenarios for investigating effect of variation in consumption, 
effect of grid price levels and effect of renewable energy fraction- it is assumed that all the 
apartments have equal shares in the local installation ownership and the same bidding 
strategy: 
 

- Individual share ownership: Each of the 25 apartments own 4% each in the local 
installation. 
 

- Bid strategies: All the apartments have the bid strategy ID=1 (aggressive). 
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5.5 Simulation process 

The inputs for the entire simulation process include data for: 

1) Hourly domestic electricity load profiles of individual apartments for the entire year, 
according to the variation in consumption (varConsumption) dataset ID. 
 

2) Value for required renewable energy fraction from the local installation. 
 

3) Data for grid buying and grid sellback prices. 
 

4) Configuration of local installation setup (sizing of photovoltaic modules, battery storage and 
inverter) and usage profile of local installation (time and magnitude of photovoltaic 
generation, charging- discharging of batteries). 
 

5) Investment/ ownership shares of individual apartments. 
 

6) Bid strategies of individual apartments. 

 
Section 4.2 and 4.3 describe the two part process involved in the proposed concept. From the 
simulation perspective, these are handled in the following two parts and the data inputs for each stage 
from the above list are mentioned in the parts where they are used. 
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Part 1: Strategy for operation of local installation: 
 
For every simulation scenario, the sizing of the local installation along with its usage strategy is first 
optimized through HOMER. The inputs to HOMER include the above points (1), (2) and (3).  
 
In fact the input for the domestic electricity load (1) is entered in HOMER as the sum of the 
domestic loads of all the twenty- five apartments for each hour of the year. This is because the local 
installation is configured as a microgrid to serve the amount of annual renewable supply constrained 
by the renewable energy fraction (2) for the entire building domestic demand. 

The input information for point (4) for the sizing of photovoltaic modules, battery storage bank, and 
the inverter is determined by rough initial estimates. The battery bank is sized to be able to handle a 
maximum capacity of the daily load value of the entire building. An important input with regard to 
the local installation in HOMER is the cost values for each of these components. Since HOMER 
determines the matching of any unmatched load with the cheapest available supply at that instant, the 
cost values of all the components is entered as zero. 

This is done because in the presence of real world grid buying price values, the cost of supply from 
the local installation has to be cheaper than the grid buying prices. This will seek to enforce a 
condition in which HOMER gives preference to match the domestic load first through the supply 
from the local installation. Since the grid buying prices generally peak during grid peak demand 
conditions, if handled in this manner, the condition which promotes local supply over grid purchase 
during times of grid peak demand (and hence peak grid buying prices) in the HOMER decision 
making on dispatch strategy is created. 

The pricing model (described in section 4.5) of the demand- supply matching part of the simulation 
determines the unit cost of local supply during each hour of the year. This takes care of the pricing 
aspect of the supply from the local installation. Thus, the approach to enter a zero cost value for the 
local installation in the HOMER simulations is just employed to influence the dispatch strategy in 
HOMER, while the costs for the local supply are determined in the demand- supply matching 
process. 

After entering the data in above points (1), (2), (3) and (4) in HOMER, its optimization process is run 
to calculate the optimal configuration and usage strategy of the required local installation. The output 
of this optimization is then exported as an input to the next part (demand- supply matching) of the 
simulation process. 

 

 

 
Remark: It is very important to emphasize on the fact that the decision to use HOMER for the sizing 
and more importantly the usage profile of the local installation lends a certain level of dependency on 
the optimized model which is determined by HOMER. Since this optimized model will be unique for 
a given set of input variables (especially grid prices), this dependency will be reflected in the final 
results obtained in the demand- supply matching procedure.  

Thus, results from different HOMER system configurations for the same scenario, will be different. 
To handle this, it is decided to consider the optimized system configuration from HOMER wherever 
possible. 
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Part 2: Demand- supply matching in the local BRF marketplace: 

The optimized configuration (4) from HOMER is then used in the demand- supply matching 
algorithm which is programmed in MATLAB along with the information for the ownership share (5) 
and bidding strategy (6) of each of the twenty- five apartments. 

The hourly load profile of the individual apartments along with grid buying and grid sellback price 
values is also used in this part. 

The output from the demand- supply matching process in MATLAB is in the form of transactions, 
which log information for each demand- supply matching activity for each of the twenty- five 
apartments for an entire year. Pertinent data are then aggregated and used in the results presented in 
section 6. 

 

Remark: The local BRF market is also referred to as ‘local market’ for the sake of convenience. 
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5.6 Organization of simulation results 

The simulation results consist primarily of logs of transactions for demand supply matching for all the 
twenty- five apartments for one complete year. To aid the analysis of various model specific and 
system specific results, the following approach of organization of simulation results for each analysis 
theme is adopted: 
 
1) Number of local markets:  

 
The number of local markets represents the frequency of local electricity trade between apartments. 
This local trade is initiated when there is an excess of supply (from own share of local supply) with at 
least one apartment, while at least one other apartment is in need of supply for its domestic demand. 
Thus, comparing the value of the number of local markets for different scenarios can help us 
understand the effect of change in input values on the interaction between households, (pertaining to 
local trade of electricity). 
 
2) Amount of locally traded electricity:  

 
The number of local markets helps understand the frequency of occurrence of local markets. 
However, the same metric does not necessarily imply the same effect for the total amount of locally 
traded electricity. As the latter is central to the motivation behind the purpose of the approach 
proposed through this master thesis, for each simulation the total amount of locally traded electricity 
is calculated and is then compared for different scenarios. 
 
3) Overall savings:  

 
The overall savings for the entire building is calculated for one whole year. This section addresses the 
primary system- oriented benefit which can be reaped through this approach of distributing locally 
generated electricity. 
 
 
4) Individual components of matched capacities and corresponding costs: 

 
Further drilling down of the overall savings metric is presented in the form of the individual 
components which are computed to yield the value of the overall savings. This is of significance to 
understand the effect of input parameters on these individual components.  
 
The components of overall savings which are of interest are:  
 

- Cost of own’s share from local supply: Total cost of the supply matched from one’s own 
share of local supply in one year. 
 

- Cost of supply from local market: Total cost of the locally traded electricity between 
apartments in one year. 
 

- Cost of supply from grid: Total cost of the supply matched (purchased) from the grid in one 
year. 
 

- Income from grid sales: Total income from the sale of local supply to the grid in one year. 
 
While these individual cost components are compared in the different scenarios, the corresponding 
capacity components are also compared to understand the effect of changes in input parameters on 
them.  
 
 
 



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

70 

 

5) Effect of penalty:  
 
 In addition to the inherent nature of renewable resource based generation, the proposed hourly 
demand supply matching involves a more dynamic interaction to ensure a reliable and uninterrupted 
operation as compared to the existing sole- grid dependent supply. 
 
Though showing the potential of greater economic incentives with locally generated renewable 
resource based electricity supply, deviations from expected operation at runtime on both the supply as 
well as demand side could significantly affect the overall savings. 
 
As an initial effort addressing this aspect and further outlined in section 5.1, the effect of deviation of 
local supply (photovoltaic generation) during execution time from what was matched in the demand- 
supply matching process is determined. Cases of no error (0%) to 70% error in steps of 5% are 
considered. 
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6 SIMULATION RESULTS 

6.1 Effect of variation in consumption between households 

Scenarios considered: 

Table 12: Simulation scenarios considered for the analysis theme: Effect of variation in 

consumption between households. 

Analysis theme 
Scenario 

ID 
Variation in 

consumption dataset 

Renewable 
Energy 
Fraction 

Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of variation 
in consumption 

between 
households 

a 
varConsumption ID=1            
(daily variability= 10%,      
hourly variability= 40%) 

30% 1X 

Effect of variation 
in consumption 

between 
households 

b 
varConsumption ID=2            
(daily variability= 15%,     
hourly variability= 60%) 

30% 1X 

Effect of variation 
in consumption 

between 
households 

c 
varConsumption ID=3            
(daily variability= 20%,     
hourly variability= 80%) 

30% 1X 
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6.1.1. Number of local markets 

 

Figure 44: (Case of Stockholm): The number of local markets for different conditions of 

variation in consumption between households/ apartments. 

 

As anticipated, with the increase in the variation in consumption between households, the frequency 

of local trade of electricity on the local market increases. Thus, the load dataset ID=3 has the most 

number of local markets. 

The dataset with ID=3 is thus considered as the reference for varConsumption (variation in 

consumption between households) in future scenarios.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

__________ 

Microsoft Excel templates from Juice Analytics, Chart Chooser have been used to plot the simulation results. 

http://www.juiceanalytics.com/chart-chooser/ 
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6.1.2. Amount of locally traded electricity 

 

 

Figure 45:  (Case of Stockholm) Amount of locally traded electricity under different 

conditions of variation in consumption between households per year. 

 

The amount of locally traded electricity per year is found to increase with the increase in the variation 

in consumption between households. 
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6.1.3. Overall savings 

 

Figure 46:  (Case of Stockholm) Overall savings by the entire building under different 

conditions of variation in consumption between households, per year. 

With reference to the overall savings values from figure 46 and the total amount of local electricity 

from figure 45, it is observed that the overall savings have decreased with the increase in the total 

amount of local electricity traded. 

It was expected that an increase in local trade would lead to greater overall savings for the entire 

building. Since the results highlight a different trend, individual components of matched capacities 

and their corresponding costs which are included in the computation of overall savings are plotted for 

these scenarios in the next section to understand the reason behind this. 

  

11 108.07 10 903.24 10 845.31

5,000

6,000

7,000

8,000

9,000

10,000

11,000

12,000

ID=1 ID=2 ID=3
Variation in consumption dataset

Stockholm: Effect of variation in consumption between 
households on the overall savings for the entire building per year

Overall savings per year (SEK/ year)



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

75 

 

6.1.4. Individual components of matched capacities and corresponding costs 

 

Figure 47:  (Case of Stockholm) Changes in matched capacities for different sets of variation 

in consumption between households (grid price= 1X, renewable energy fraction= 30%). 

The above figure is analyzed by observing the change in each individual capacity, as compared in 

ID=1 and ID=3: 

- Supply matched from own’s share of local supply for the entire building: decreased from 

24,594.10 kWh/ year to 23,807.11 kWh/ year= decrease of 786.99 kWh/ year. 

 

- Supply matched from local market for the entire building:  increased from 102.42 kWh/ year 

to 485.86 kWh/ year = increase of 383.44 kWh/ year. 

 

- Supply purchased from grid for the entire building: increased from 71,480.98 kWh/ year to 

72,322.52 kWh/ year= increase of 841.54 kWh/ year. 

 

- Supply sold to the grid from own’s share for the entire building: increased from 11,756.41 

kWh/ year to 12,377.21 kWh/ year= increase of 620.8 kWh/ year. 

 

It can thus be inferred that though the frequency of trade between apartments as well as the total 

local trade capacity have increased with the increase in variation of consumption between apartments, 

there is a significant decrease in the total supply which is matched from own’s share of local supply. 
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Figure 48: (Case of Stockholm): Changes in costs of different components of overall savings 

for different sets of variation in consumption between households (grid price= 1X, renewable 

energy fraction= 30%). 

There is an increase of SEK 364.99 per year on grid purchases, while the total increase in local market 

trade is only SEK 79.04 per year.  

The cost effect of an increased grid purchase dominates an increase in the local trade. Thus, overall 

savings have decreased. 

This trend is a direct outcome of the pricing model adopted.  

In the summary section 6.5, an effort has been made to elaborate on the need to further investigate 

improvements in the pricing model. 
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6.1.5. Effect of penalty 

 

Figure 49: (Case of Stockholm): Effect of error in PV forecast and supply on overall savings 

for different sets of variation in consumption between apartments (renewable energy 

fraction= 30%, grid price= 1X). 

From Figure 49, it can be inferred that the relationship between increasing error percentage and 

decrease in overall savings per year is a linear relationship. Thus, the slope of the line representing this 

relationship in the above figure 49 for all the different scenarios represents the rate of decrease of 

overall savings with regard to increasing error percentage. The magnitude of the slope of the line for 

each case is thus compared: 

ID=1, slope= 528.7 

ID=2, slope= 523.8 

ID=3, slope= 521.4 

The rate of decrease in overall savings, for each of the variation datasets is very close to each other.  

 

However, a more specific comment can be to note the decrease in the slope with the increase in 

variation. Thus, an initial investigation points to a trend of rate of change of overall savings (decrease) 

which could be inversely proportional to the variation in consumption between households. 
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6.2 Effect of renewable energy fraction 

Table 13: Simulation scenarios considered for the analysis theme: Effect of renewable energy 

fraction. 

Analysis theme 
Scenario 

ID 
Variation in 

consumption dataset 

Renewable 
Energy 
Fraction 

Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of 
renewable energy 

fraction 
d 

varConsumption ID=3 
(daily variability= 20%, 
hourly variability= 80%) 

10% 1X 

Effect of 
renewable energy 

fraction 
e 

varConsumption ID=3 
(daily variability= 20%, 
hourly variability= 80%) 

20% 1X 

Effect of 
renewable energy 

fraction 
c 

varConsumption ID=3 
(daily variability= 20%, 
hourly variability= 80%) 

30% 1X 
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6.2.1. Number of local markets 

 

Figure 50: (Case of Stockholm): Effect of renewable energy fraction on number of local 

markets. 

With the increase in available renewable energy capacity, it is expected that with a greater variation 

(ID=3), there would be a greater availability of local supply on the local markets. 

The results from the above figure 50, do not hint at a definite trend for the increase in number of 

local markets. However it must be pointed out that the inputs for the hourly demand supply matching 

on the local market are also dependent on how the local generation and storage are used during 

different times of the day and throughout the year. 

This usage strategy is directed by the optimized system operation determined in HOMER and is 
unique for each scenario. Thus, at this stage, the ambiguity regarding a definite effect of increase in 
renewable energy fraction on the number of local markets can be attributed to a scenario- specific 
optimized schedule from HOMER.  
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6.2.2. Amount of locally traded electricity 

 

Figure 51: (Case of Stockholm): Effect of local renewable energy fraction on amount of locally 

traded electricity. 

As anticipated, the increase in the locally installed renewable energy capacity increases the amount of 

locally traded electricity.  
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6.2.3. Overall savings 

 

Figure 52: (Case of Stockholm): Effect of local renewable energy fraction on overall savings 

for the entire building. 

With the increase in the amount of locally traded electricity over a year as represented in figure 51, the 

overall savings have also increased. 
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6.2.4. Individual components of matched capacities and corresponding costs: 

 

 

Figure 53: (Case of Stockholm): Changes in matched capacities for different renewable 

energy fractions (varConsumption dataset ID=3, grid price= 1X). 

The above graph is analyzed by observing the change in each individual capacity, as compared in 

re=10%and re=30%: 

- Supply matched from own’s share of local supply for the entire building: increased by 

12,915.15 kWh/ year. 

 

- Supply matched from local market for the entire building:  increased by 129.24 kWh/ year. 

 

- Supply purchased from grid for the entire building: decreased by 13,044.39 kWh/ year. 

 

- Supply sold to the grid from own’s share for the entire building: increased by 10,296.18 

kWh/ year. 

 

The increasing trend in the supply from own share of the local supply and the decrease in purchase 

from the grid is evident from the above figure. However, as compared to the magnitude of these 

supplies (own share and grid purchase) the magnitude of electricity trade on the local markets is very 

small. 
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Figure 54: (Case of Stockholm): Changes in costs of different components of overall savings 

for different renewable energy fractions (varConsumption dataset ID=3, grid price= 1X). 

Since the total amount of supply matched on the local markets is relatively very small, the net 
economic effect is dominated by the decrease in the cost of supply from grid (SEK 6216.66 per year). 
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6.2.5. Effect of penalty 

 

Figure 55: (Case of Stockholm): Effect of error in PV forecast and supply on overall savings 

for different renewable energy fractions. 

 

Comparing the magnitude of slopes of the line for each case: 

re= 10%, slope= 237.2 

re= 20%, slope= 416.1 

re= 30%, slope= 521.4 

Thus, it can be inferred that the rate of change (decrease) of overall savings is directly proportional to 

the installed renewable energy fraction. 
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6.3 Effect of grid price levels 

Table 14: Simulation scenarios considered for the analysis theme: Effect of grid price levels. 

Analysis theme 
Scenario 

ID 
Variation in 

consumption dataset 
Renewable 

Energy Fraction 
Grid buying price 

level 

  
(varConsumption) (re) (gridPrice) 

Effect of grid 
price levels 

f 
varConsumption ID=3 
(daily variability= 20%, 

hourly variability= 80%) 
30% 1.5X 

Effect of grid 
price levels 

g 
varConsumption ID=3 
(daily variability= 20%, 

hourly variability= 80%) 
30% 2X 

Effect of grid 
price levels 

c 
varConsumption ID=3 
(daily variability= 20%, 

hourly variability= 80%) 
30% 1X 
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6.3.1. Number of local markets 

 

Figure 56: (Case of Stockholm): Effect of grid price levels on number of local markets. 

In this set of simulation scenarios, the individual load profiles (ID=3) and the renewable energy 

fraction of 30% is kept constant and only the grid buying price is varied. 

The grid buying price does not affect the demand- supply matching process.  The activity and 

behavior of apartments on the local market thus remain unaffected and the only effect is on the total 

costs associated with the demand supply matching. 

Thus, the number of local markets should remain the same in different scenarios of grid price levels- 

this is confirmed from the simulation results from the above figure 56. 
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6.3.2. Amount of locally traded electricity 

 

Figure 57: (Case of Stockholm): Effect of grid price levels on amount of locally traded 

electricity. 

Just as the number of local markets remain unaffected, the total amount of locally traded electricity 

also remains the same in all the three scenarios under consideration. The simulation results in figure 

57 confirm this. 
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6.3.3. Overall savings 

 

Figure 58: (Case of Stockholm): Effect of grid price levels on overall savings of the entire 

building. 

From the previous results: the number of local markets and the total locally traded electricity remain 

unchanged in all the scenarios of varying grid prices. Thus, without any change in activity on the local 

market, the change in the overall savings is due to the increasing grid price levels in each scenario.  

This can be justified by recalling the pricing model, in which the selling price on the local market lies 

between the grid buying price (which is changing in these scenarios) and a constant, assumed grid 

sellback rate. Thereby, if the grid buying price increases, the unit selling price on the local market as 

well as the unit cost of matching from one’s own share of local supply increases.  

(The pricing model is explained in section 4.5). 

The increase in the overall savings in these scenarios is more pertaining to the basic definition of 

overall savings as outlined earlier in section 5.1 and mentioned again as follows: 
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With the increasing grid buying prices in each of the two scenarios (scenario f and scenario g), the total 

annual cost of supply from the grid without local installation increases alongside an increase in the 

total costs spent on supply with the local installation.  
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The total cost of supply with the local installation is however reduced by the pricing model during 

market periods in which there is local supply available (includes both matching from own’s share and 

local trade between apartments).  

Hence, this increasing effect on the overall savings. 
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6.3.4. Individual components of matched capacities and corresponding costs: 

 

Figure 59: (Case of Stockholm): Changes in matched capacities for different grid price levels:  

(varConsumption dataset ID=3, renewable energy fraction=30%). 

As illustrated in the previous results on the amount of locally traded electricity, the changing grid 

price levels do not affect the outcome (matches) of the demand- supply matching process.  
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The following figure 60 highlights the effect of the changing grid price levels, on the corresponding 

cost components. 

 

Figure 60: (Case of Stockholm): Changes in costs of different components of overall savings 

for different grid price levels. 

The above figure is analyzed by observing the change in each individual costs, as compared in 

gridPrice=1Xand gridPrice=2X: 

- Cost for own’s share of local supply for the entire building: increased by SEK 631.2 per year. 

 

- Cost for supply from local market for the entire building:  increased by SEK 99.14 per year. 

 

- Cost for supply purchased from grid for the entire building: increased by SEK 35,159.21 per 

year. 

 

- Income from supply sold to the grid from own’s share for the entire building: unchanged. 

Though the dominating change is in the increase in the cost for supply purchased from the grid: SEK 

35,159.21 per year, there is also an increase in the cost for own’s share of local supply.  

Since the grid sell back rate is assumed to be fixed, there is no change in the income from the supply 

sold to the grid from own’s share for the entire building. 
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6.3.5. Effect of penalty 

 

Figure 61: (Case of Stockholm): Effect of error in PV forecast and supply on overall savings 

for different grid price levels. 

Comparing the magnitude of slopes of the overall savings line for each case: 

gridPrice= 1X, slope= 521.4 

gridPrice= 1.5X, slope= 781.1 

gridPrice= 2X, slope= 1040.83 

Thus, it can be inferred that the rate of change (decrease) of overall savings is directly proportional to 

the grid buying price levels. 
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6.4 Effect of change in ownership share and bid strategies of individual 
apartments. 

The very nature of this building community- centric approach makes the behavior and preferences of 

the participating apartments critical to how the overall benefits are distributed amongst the 

apartments.  

As described in the earlier sections 4.6 pertaining to the system design, the participation of apartments 

on the local markets depends on their individual ownership shares in the local installation and their 

behavior (buying and selling behavior) on the local markets, is directed by the bidding strategies they 

adopt. 

To understand the effect of these two parameters- ownership shares and bidding strategies of the 

apartments on their individual overall savings, two additional scenarios are considered: one for 

understanding the effect of individual ownership shares of each apartment and the other for 

understanding the effect of the bidding strategies adopted by each apartment. The results from these 

are then compared individually against the results from the reference scenario c (varConsumption 

ID=3, gridPrice= 1X, re=30%). 

(Scenario c is considered as a reference because in it, all the apartments have equal shares in the local 

installation and the same bidding strategies. The two additional scenarios are derived with the same 

input parameter values as scenario c: varConsumption ID=3, gridPrice= 1X, re=30%, but with 

different values of individual shares and different bidding strategies, as relevant for each case). 
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Effect of change in individual ownership: 

Additional scenario:  

Table 15: Simulation scenarios considered for the analysis theme: Effect of change in 

individual ownership. 

Analysis 
theme 

Scenario 
ID 

Variation in consumption 
dataset and apartment 

parameters 

Renewable 
Energy 
Fraction 

Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of 
change in 
individual 
ownership 

h 

varConsumption ID=3             
(daily variability= 20%,           

hourly variability= 80%).  
 

Apartments have unequal 
ownership shares but same bid 

strategies. 
 

Unequal shares, same bid 
strategies. 

 

30% 1X 

Effect of 
change in 
individual 
ownership 

c 

varConsumption ID=3            
(daily variability= 20%,              

hourly variability= 80%):  
 

All apartments have equal 
ownership shares and same bid 

strategies. 
 

Equal shares, same bid 
strategies. 

 

30% 1X 

 

This is chosen to ensure that the simulation caters only to understanding the effect of change in 

individual ownership. 
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Figure 62: (Case of Stockholm): Change in ownership share by individual apartments as 

considered for the simulation. 

In the reference case, each of the twenty- five apartments owns an equal share of 4% in the local 

installation. To understand the effect of an increase as well as a decrease in ownership through the 

additional scenario, this ownership share is re- distributed with twenty apartments (apartments 1- 20) 

now owning 3% each (decrease of 1% for each) while the remaining five apartments (apartments 21- 

25) now owning 8% shares each (increase of 4%) in the local installation. This is represented in the 

above figure 62. 
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Effect of change in individual bidding strategy: 

Additional scenario:  

Table 16: Simulation scenarios considered for the analysis theme: Effect of change in 

individual bidding strategy. 

Analysis 
theme 

Scenario ID 
Variation in consumption 

dataset and apartment 
parameters 

Renewable 
Energy 

Fraction 

Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of 
change in bid 

strategies. 
i 

varConsumption ID=3          
(daily variability= 20%,                

hourly variability= 80%).  
 

Apartments have equal 
ownership shares but different 

bid strategies. 
 

Equal shares, different bid 
strategies. 

 

30% 1X 

Effect of 
change in bid 

strategies. 
c 

varConsumption ID=3         
(daily variability= 20%,       

hourly variability= 80%):  
 

All apartments have equal 
ownership shares and same bid 

strategies. 
 

Equal shares, same bid 
strategies. 

 

30% 1X 

 

This is chosen to ensure that the simulation caters only to understanding the effect of change in 

individual bidding strategy. 

The different bidding strategies considered within the scope of this model are 1) aggressive, 2) 

anxious and 3) frugal/ greedy (in the decreasing order of aggressive bidding behavior on the local 

market). 

(The nature of these bidding strategies has been illustrated in more detail in section 4.6). 
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Figure 63: (Case of Stockholm): Change in Bid Strategy: 1= Aggressive, 2= Anxious, 3= 

Frugal/ Greedy. 

In the reference case, all the twenty- five apartments have the same bidding strategy: (1) 

aggressive.  

 

To understand the effect of a changing bid strategy through the additional scenario, the bidding 

strategy of apartments is assigned as follows in scenario i ):  

- Apartments (1-8) having bidding strategy=1 (aggressive),  

- Apartments (9- 16) having bidding strategy= 2 (anxious) and  

- Apartments (17- 25) having bidding strategy= 3 (frugal/ greedy). 

 

For the sake of ease of explanation in the representation in graphs and analysis, the scenarios under 

comparison are referred as follows: 

Scenario c: Equal shares, same bid strategies. 

Scenario h: Unequal shares, same bid strategies. 

Scenario i: Equal shares, different bid strategies. 
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6.4.1. Number of local markets 

 

Figure 64: (Case of Stockholm): Effect of ownership shares and bidding strategies on number 

of local markets 

While a change in ownership share amongst apartments affects their individual shares from the local 

supply and hence their participation on the local market (after matching their own demand during 

that time, section 4.1 explaining the matching process), a change only in the bid strategies under an 

equal share ownership would not affect the participation of apartments on the local markets.  

The results from figure 64, thus confirm the effect of changing ownership shares on the increase in 

the number of local markets, as compared to the reference case, while the number of local markets 

remain the same when only the bid strategies of the apartments are dissimilar.  
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6.4.2. Amount of locally traded electricity 

 

Figure 65: (Case of Stockholm): Effect of ownership shares and bidding strategies on amount 

of locally traded electricity per year. 

With an increase in the number of local markets, the amount of locally traded electricity increases in 

the scenario (unequal shares, same bid strategies) while there is no change in this amount for the scenario 

(equal shares, different bid strategies) wherein there is a change only in the bid strategies. 
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6.4.3. Overall savings 

 

Figure 66: (Case of Stockholm): Effect of ownership shares and bidding strategies on overall 

savings of the entire building, per year.  

It is of interest to mention again that the term, ‘overall savings’ refers to the savings of the entire 

building. Thus, in spite of the increase in local trade of electricity in scenario (unequal shares, same bid 

strategies) as compared to the other two scenarios figure 65, the overall savings have in fact decreased.  

To understand this, the change in the individual capacity components for the matched supplies and 

the overall savings for each of the apartments as compared to reference scenario (equal shares same bid 

strategies) are plotted in the next section. 

It is important to note that the effect of this change in ownership shares and bid strategies is analyzed 

by comparing the change in values of individual matched capacity and corresponding cost 

components for each apartment. This is done because the effect of the change in ownership and/or 

bid strategy is bound to affect each apartment depending upon the apartment’s load profile- which is 

different for each apartment.  

Hence, seeking to understand the trend in the change in these individual components of matched 

capacities and their corresponding costs for each apartment can offer some insights into the effect of 

change in ownership and bid strategy from a general perspective. 
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6.4.4. Effect of change in ownership share: 

 

Figure 67: (Case of Stockholm): Effect of change in ownership share on overall savings of 

apartments: demand supply matching- capacity perspective. 

- Change in supply matched from own’s share:  

The trend observed is in accordance with the change in ownership share. For apartments with an 

increase in ownership share (apartments: 21- 25), there is a marked increase in supply matched 

from own’s share, while for apartments 1- 20, there is a marked decrease for the same. 

 

- Change in supply matched from local market: 

For apartments with a decrease in ownership share (apartments: 1- 20), there is a marked increase 

in supply matched from the local market. 

However, this increase in supply matched from the local market for apartments 1- 20, is much lower 

than the decrease in supply matched from own’s share.  For instance, for apartment 1: 

Decrease in supply matched from own’s share= -137.23 kWh/ year. 

Increase in supply matched from local market= 77.65 kWh/ year. 

This trend is observed for all the apartments, for whom there is a decrease in ownership share of the 

local installation. 
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Figure 68: (Case of Stockholm): Effect of change in ownership share on overall savings of 

apartments: demand supply matching- cost perspective. 

Since there are more apartments with a decreased share, more apartments have to spend more on 

securing their supplies from the local market and the grid (per unit costs on the local market and grid 

are higher than the unit cost for matching from own’s share). 

A few apartments with high ownership shares (21- 25) have a significant rise in savings, but the 

overall savings for the entire building has decreased.  

More simulations in the future addressing this aspect with a small number of high ownership 

apartments will be needed to comment with confidence if this is the effect of the dominance of the 

high ownership by few apartments. 
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6.4.5. Effect of change in bidding strategy 

For scenario (same shares, different strategies) from figure 66, the overall savings have increased but 

only by SEK 6.31 per year. 

The bidding strategy influences the behavior of the apartments only on the local market. Thus, for 

each apartment, the most evident influence of the bidding strategy would be on the total amount of 

supply matched from the local market and the total amount of supply from its own share sold on the 

local market. 

 

 

Figure 69: (Case of Stockholm): Effect of change in bid strategies on overall savings of 

apartments: demand supply matching- capacity perspective. 

- Change in supply matched from local market: 

Apartments with more aggressive bid strategies (meaning, who would bid higher while buying on 

the local market for available supply) show a definite increase in the amount of supply they have 

secured on the local market. This is also a significant drop in supply matches from the local 

market for apartments (17 -25) who have the least aggressive bid strategy. 

 

- Change in supply sold on the local market: 

Most of the apartments with more aggressive bid strategies, apartments (1- 8) (here, meaning, who 

would decrease their entry prices by a greater amount while selling on the local market) show a 

definite increase in the amount of supply they have sold on the local market.  
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Figure 70: (Case of Stockholm): Effect of change in bid strategies on overall savings of 

apartments: demand supply matching- costs perspective. 

- Change in cost of supply from local market: 

The spending on securing supply from the local market has increased for apartments with more 

aggressive bid strategies. However, this increased spending on the local market has decreased the 

purchase of supply from the grid and hence, overall savings have increased for these apartments. 

The opposite trend is observed for apartments with lesser aggressive bid strategies, for whom 

there is a decrease in the overall savings. 

 

- Change in income from local market sales: 

The income from local market sales has decreased the most for apartments with aggressive bid 

strategies. This is because in the presence of apartments with lesser aggressive bid strategies, these 

apartments (1- 8) sold their supply at a lower cost per unit than what was offered by the 

apartments with lesser aggressive strategies. Thus, there is a decrease in their income from local 

market sales as compared to their corresponding income in the scenario (equal shares, same bid 

strategies).  

 

For apartments with lesser aggressive strategies- there is a marked decrease in the capacity that 

they could sell on the local market (figure 69), hence the decrease in their overall income from the 

local market sales. 

In the context of the scenarios under consideration (equal shares, different bid strategies and equal shares, 

same bid strategies), there is an increase in overall savings for some apartments, while there is a decrease 
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in the overall savings for the other remaining apartments. The net result on the overall savings of the 

entire building is that it is slightly higher than the reference case. 

More simulations considering this aspect with a different distribution of bid strategies amongst 

apartments will be needed to comment with confidence if this is the effect of the resulting 

competition between apartments, due to the difference in their bid strategies. 
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6.5 Summary of results 

A complete list of scenarios considered for the initial analysis within the scope of this thesis work for 
the case of Stockholm is as follows: 

 

Table 17:  Complete list of all the scenarios considered for the case of Stockholm. 

Analysis theme 
Scenario 

ID 
Variation in consumption dataset 

Renewable 
Energy 

Fraction 

Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of variation in 
consumption between 

households 
a 

varConsumption ID=1 (daily 
variability= 10%, hourly variability= 

40%) 
30% 1X 

Effect of variation in 
consumption between 

households 
b 

varConsumption ID=2 (daily 
variability= 15%, hourly variability= 

60%) 
30% 1X 

Effect of variation in 
consumption between 

households 
c 

varConsumption ID=3 (daily 
variability= 20%, hourly variability= 

80%) 
30% 1X 

Effect of renewable 
energy fraction 

d 
varConsumption ID=3 (daily 

variability= 20%, hourly variability= 
80%) 

10% 1X 

Effect of renewable 
energy fraction 

e 
varConsumption ID=3 (daily 

variability= 20%, hourly variability= 
80%) 

20% 1X 

Effect of grid price 
levels 

f 
varConsumption ID=3 (daily 

variability= 20%, hourly variability= 
80%) 

30% 1.5X 

Effect of grid price 
levels 

g 
varConsumption ID=3 (daily 

variability= 20%, hourly variability= 
80%) 

30% 2X 

Effect of change in 
individual ownership 

h 

varConsumption ID=3 (daily 
variability= 20%, hourly variability= 

80%).  
 

Apartments have unequal 
ownership shares but same bid 

strategies. 
 

Unequal shares, same bid strategies. 
 

30% 1X 

Effect of change in 
bid strategy 

i 

varConsumption ID=3 (daily 
variability= 20%, hourly variability= 

80%).  
 

Apartments have equal ownership 
shares but different bid strategies. 

 
Equal shares, different bid 

strategies. 
 

30% 1X 
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6.5.1. Effect of variation of consumption between households 

1) Number of local markets increase with the increase in variability of consumption between 

households. 

2) The total amount of locally traded electricity is found to increase with the increase in 

variation of consumption between households. 

3) Overall savings tend to decrease with the increase in variation of consumption between 

households. Though the local trade of excess and deficit of electricity amongst households, 

brings in overall savings, the section on ‘need for investigation into improvement of the pricing model 

and more adaptive local supply usage strategies’ which follows, further elaborates on some avenues 

for improvement. 

4) An initial investigation points to a trend of rate of change of overall savings (decrease) which 

could be inversely proportional to the variation in consumption between households. This 

can be further investigated and confirmed by comparing results from more diverse datasets 

than the ones used in the scenarios in this report. 

6.5.2. Effect of renewable energy fraction 

1) There is lack of clarity over the effect of increasing renewable energy fraction on the number 

of local markets. From the limited scope of the initial results, there also needs to be 

consideration for the influence of the scenario- specific optimized local supply usage profile 

from HOMER, on the number of local markets. 

2) The amount of locally traded electricity clearly increases with the increase in renewable 

energy fraction. 

3)  The availability of this greater amount of local supply due to the increase in renewable 

energy fraction results in a drastic decrease in the total supply purchased from the grid. 

Overall savings thus increase with the increase in renewable energy fraction. 

4) The rate of change of overall savings (decrease) is found out to be directly proportional to 

the renewable energy fraction. Thus, the accuracy of the forecast based matching from local 

supply and the execution at run time, becomes more critical as the renewable energy fraction 

increases. 

6.5.3. Effect of grid buying price levels 

1) There is no change in the number of local markets with the change (increase) in grid buying 

price levels. The grid buying price affects only the cost components associated with the 

demand supply matching. 

2) The amount of locally traded electricity also remains unchanged with the change in grid 

buying price levels. 

3) The overall savings increase with the increase in the grid buying price levels. This is more 

pertaining to the definition of overall savings, which also compares the cost benefits with 

the local supply for the entire building, as compared to a situation in which there is no 

locally generated supply for the entire building. Thus, in the event of an increase in the grid 

buying price levels, the latter increases drastically, while the locally matched supplies (though 

more expensive than before) are effective enough to moderate the effect of the increasing 

grid buying price levels and hence increase the overall savings. 

4) The rate of change of overall savings (decrease) is found out to be directly proportional to 

the grid buying price levels. 
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6.5.4. Effect of change in ownership share and bid strategy 

1) The number of local markets increase when there is inequality of distribution of ownership 

shares amongst the apartments. The bid strategies adopted by the apartments do not affect 

the number of local markets. 

2) The amount of locally traded electricity increases when there is inequality of distribution of 

ownership shares amongst apartments.  The bid strategies adopted by the apartments do not 

affect the total amount of locally traded electricity. 

3)  The overall savings decrease when there is inequality of ownership shares amongst 

households. This is primarily because of the decrease in supply from own’s share (as 

compared to a situation of equal share ownership) because of which apartments with the 

smaller ownership shares have to spend more on supplies from the local market as well as 

the grid. 

More simulations on these lines could confirm if reduction in overall savings of the entire 

building is due to the dominance of the apartments with higher ownership shares. 

The overall savings tend to show a slight increase when there is diversity of bid strategies 

amongst apartments. More simulations on these lines could confirm if this is the effect of 

the competition between the households due to the difference in their bid strategies. 
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Need for investigation into improvement of the pricing model and more adaptive local supply 
usage strategies. 

The observations from analysis theme 1 (section 6.1) ‘Effect of variation in consumption between 
apartments’, highlight a situation in which due to the increase in variation in consumption, there is a 
significant reduction in the total supply matched from one’s own share of the local supply. At the 
same time, there is a relatively small amount of supply traded on the local market (also observed in 
analysis theme 2 (section 6.2 ), 3 (section 6.3) and 4 (section 6.4)). 

The combination of this phenomenon and the adopted pricing model thus lead to a decrease in the 
overall savings when there is an increase in the variation in consumption.  

To address the issue of relatively small quantity of locally traded electricity, a more dynamic and 
adaptive local supply usage strategy has to be investigated and developed. 

The current usage strategy from HOMER employs an approach which decides the use of a supply 
source at a given time, from amongst the cheapest available supply sources at that time. Such an 
approach though addresses the efficient use of the local installation from the perspective of the entire 
building, but in no way takes into consideration the variation in consumption between individual 
households. As the approach and model developed in this thesis is an initial effort, it was decided to 
apply the usage strategy from HOMER to get an idea from the initial results about the aspects for 
improvement. Same holds true for the adopted pricing model.  

The basic objective with the local market trade between apartments in a building is to take advantage 
of the variation in consumption of households, and try to seek to offset the decrease in supply from 
own’s share by matching a corresponding available supply from the local market. Moreover, these two 
types of supplies are the only ones which can be influenced in the model. 

If there is a large difference between the total amount an apartment has secured from the local market 
as compared to the total amount it has not been able to use from its own share (due to its state of 
non- consumption at that instant), the deficit thus has to be purchased from the grid- which 
according to the pricing model has the most expensive per unit costs. 

This is precisely what is observed in analysis theme 1: ‘Effect of variation in consumption between 
apartments’. The aggregated cost effect due the decrease in supply from own’s share of local supply 
and the increase in supply matched on the local market is dominated purely by the effect of the larger 
decrease in supply from own’s share. 

This calls for a more detailed investigation into evolving the pricing model further, such that these 
differences in decrease in supply from own’s share and the increase in supply from the local market 
balance off each other- if not in terms of capacity, then in terms of their equivalent costs. Thus, the 
decrease in overall savings because of the inability to ensure the availability of a greater amount of 
supply for trade on the local market can be overcome if the pricing model can accommodate the 
respective cost effects. 

(A detailed description of the pricing model used in the simulations is covered in section 4.5). 
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6.6 Case of New York City 

Although the intra- building local electricity trading model has been developed with a view for 
Stockholm, in particular with regard to the Stockholm Royal Seaport Project, the approach and the 
setup for simulations has been kept as generic as possible.  
 
It is possible to simulate the scenarios for virtually any place with the requirement of only the 
individual apartment loads, solar resource data and grid buying price data.  
 
Taking advantage of such a possibility, the same scenarios are simulated for the case of New York 
City. The reason for choosing New York City is the fact that just like Stockholm, New York has a 
similar urban lifestyle and being such a prominent world city, it can be an avenue for implementing 
the proposed approach for integration of renewable energy based locally generated electricity for 
residential buildings. At the same time, New York enjoys a greater amount of solar irradiation than 
Stockholm and a different yearly grid buying price profile than Stockholm. Thus a comparison of 
simulation results for New York City and Stockholm for one of the scenarios would also help 
understand the response of the model to different input ranges (grid buying prices, solar resource 
data).  
 

 
 
Figure 71:  Comparison of average daily solar radiation (kWh/m2/day) for Stockholm and 
New York City. Source: [25]. 
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While in Stockholm the grid buying prices peak during the winter months and are cheaper during the 
summer, in New York the grid prices peak during the summer months (possibly due to the higher 
demand for cooling).  
 
(The yearly grid buying price profile for Stockholm is given in section 5.3.3). 
 
The Zonal Day- Ahead Location Based Marginal Pricing (LBMP) prices for New York City are 
considered as its grid buying price data for use in the simulations. Though they do not represent the 
actual grid buying prices for households in New York City- as a major part of the energy requirements 
is scheduled in the day- ahead market, these day- ahead LBMP prices could represent the trend in the 
actual grid buying prices. Hence, it was decided to consider these day- ahead LBMP prices as the 
input values for grid buying price for simulations for the case of New York City. 
 
These zonal day- ahead LBMP prices for New York City have been obtained from the New York 
Independent System Operator website [36]. Section 8.5 of the appendix mentions details of the 
required corrections in the obtained data. 
 
 

 
 
Figure 72:  Yearly profile for grid buying price (the day- ahead market LBMP) variations for 
New York City. Source: [36]. 

  



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

112 

 

 

Table 18: Comparison of grid buying prices for Stockholm and New York City (as used in the 
simulations). 
 

Comparison of grid buying prices for Stockholm and New York City (as used in the simulations) 

 
Stockholm New York City 

 
(EUR/ kWh) 

(SEK/ kWh) 
[using 1 EUR= 

8.9942 SEK] 
(USD/ kWh) 

(SEK/ kWh) 
[using  1 USD= 

6.3144 SEK] 
Maximum value in a 
year 

0.3000 2.6983 0.2223 1.4037 

Minimum value in a 
year 

0.0018 0.0162 0.0180 0.1137 

 

The above table illustrates a comparison between the grid buying price data for Stockholm and New 
York City as used in the simulations. A wider grid buying price variation in a year is observed for 
Stockholm (2.6821 SEK), while at the same time a relatively smaller annual variation is observed in 
the grid buying prices for New York City (1.29 SEK). 
 
(Conversion rate for 1 USD=6.3144 SEK, as on 18th May 2011). 

 
The basic motivation behind the master thesis concept being to propose a model for integrating 

renewable energy based local supply in the residential household sector; it was decided to consider the 

scenarios for the case of New York City only for the effect of renewable energy fraction.  

To be able to compare the results for New York City with the corresponding ones for Stockholm, it 

was decided to size the local installation with the renewable energy fraction value as used in the 

corresponding simulations for Stockholm. 

Scenarios considered: 

Table 19:  Simulation scenarios considered for the case of New York City, for the analysis 

theme: Effect of renewable energy fraction. 

Analysis theme 
Scenario 

ID 
Variation in consumption 

dataset 
Renewable 

Energy Fraction 
Grid buying 
price level 

  
(varConsumption) (re) (gridPrice) 

Effect of 
renewable 

energy fraction 
j 

varConsumption ID=3    
(daily variability= 20%, 
hourly variability= 80%) 

For 10%, ~11% 
 

1X 

Effect of 

renewable 

energy fraction 

k 

varConsumption ID=3   

(daily variability= 20%, 

hourly variability= 80%) 

20% 1X 

Effect of 

renewable 

energy fraction 

l 

varConsumption ID=3   

(daily variability= 20%, 

hourly variability= 80%) 

For 30%, ~29% 1X 
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6.6.1. Number of local markets 

 

Figure 73: (Case of New York) Effect of local renewable energy fraction on number of local 
markets. 
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6.6.2. Amount of locally traded electricity 

 

Figure 74: (Case of New York) Effect of local renewable energy fraction on locally traded 
electricity. 

As observed in the case of Stockholm (section 6.2.1), the number of local markets have increased 
with the increase in the renewable energy fraction from 10% to 20% and 30%. However, the increase 
in the results observed between re=20% and re=30%, add to the uncertainty over the effect of the 
scenario- specific local installation usage strategy which directs the hourly use of local supply 
throughout the year, thereby influencing the frequency of trade and hence the number of local 
markets between households. 

However, the amount of locally traded electricity has increased with the increase in renewable energy 
fraction. 
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6.6.3. Overall savings 

 

Figure 75: (Case of New York) Effect of local renewable energy fraction on overall savings. 

 

The overall savings show a marked increase with the increase in renewable energy fraction. The trend 
is in accordance with the observations in the case of Stockholm (section 6.2.3). 

Remark: the annual overall savings for New York City are expressed in US Dollars (USD). 
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To comment on the relative overall savings for New York City as compared to Stockholm, the overall 
savings in US Dollars (USD) for New York City are converted to Swedish kronors (SEK). 

 

Figure 76: Comparison between overall savings- New York City and Stockholm. 

 

Comparing the overall savings for New York City and Stockholm for different renewable energy 
fractions, from the above figure 76, it is observed that the overall savings have always been greater for 
Stockholm. 
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To understand this, the individual components of the different types of matched supplies and their 
corresponding capacities are then considered for both the cases, for renewable energy fraction 30%. 

 

Figure 77: New York City and Stockholm- Comparison between the individual capacities of 
the different types of matched supplies for renewable energy fraction 30%, grid price= 1X and 
varConsumption dataset ID=3. 
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Figure 78: New York City and Stockholm- Comparison between the different cost 
components of overall savings for renewable energy fraction 30%, grid price= 1X and 
varConsumption dataset ID=3. 

The corresponding results from the above figures 77 and 78 are then compiled in the following table 
20 and the difference between the corresponding values for New York City and Stockholm are 
determined (for both capacity and cost values): 
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Table 20: Comparing the total capacity values of the different matched supply types and their 
corresponding cost components from the results for New York City and Stockholm. 

 

From the above table, a comparison between New York City and Stockholm with regard to the 
capacities of the individual types of supplies can be made as follows: 

i) In New York City, the supply from own’s share, supply from local market as well as supply sold 
to the grid from own’s share are greater than their corresponding values for the case of 
Stockholm. 

ii) The total supply purchased from the grid in New York City, is less than that in Stockholm. 

 
 
  

Type of supply Total capacity per year (kWh) Total cost per year (SEK) 

 

New 
York 
City 

Stockholm 

Difference 
between results in 

New York and 
Stockholm 

New 
York 
City 

Stockholm 
Difference between 
results in New York 

and Stockholm 

Supply from 
own's share 

26762.66 23807.11 2955.55 682.77 732.47 -49.71 

Supply from local 
market 

615.45 485.86 129.59 113.72 100.38 13.34 

Supply purchased 
from grid 

69237.38 72322.52 -3085.14 24448.59 35159.20 -10710.61 

Supply sold to 
the grid from 
own's share 

12460.86 12377.21 83.65 39.34 55.66 -16.32 
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Comparison of corresponding capacities of individual supply types: 

 
Considering the fact that both the respective scenarios under comparison for New York City as well 
as Stockholm are considered for renewable energy fraction= 30%, this difference in all the above 
types of supplies pertaining to the local installation mentioned in point i) above, lead to the next step 
of comparing the individual configurations of the onsite installation used in the simulations for New 
York City and Stockholm. 

 
Table 21: Optimized configuration of the local solar photovoltaic and battery storage system 
for New York City and Stockholm, from HOMER. 

  
  
 

 

 

 

 

- Having outlined the respective configurations of local installations optimized in HOMER for the 
case of New York City and Stockholm, it is important to again mention the methodology 
implemented by HOMER in optimizing the usage schedule of the local installation for the given 
input load. 
 

- Simply put, for every hour of the year, whenever there is an unmatched load, HOMER seeks to 
satisfy it by the cheapest source of electricity at that instant. 
 

- Thus in the presence of onsite storage in the form of batteries, which also have an associated 
battery energy cost, the dispatch strategy depends on the grid price levels (grid buying price and 
grid sellback rates) for the internal HOMER comparison between the grid prices and the battery 
energy cost. 
 

- Since the grid buying price levels for New York City and Stockholm are different in terms of their 
variation range and seasonal trends, the corresponding optimized usage schedule for the two cities 
determined by HOMER even in the presence of appropriately sized local installation components 
(PV modules, battery strings, inverter) for the same renewable energy fraction will be different.  
 

- The battery dispatch strategy directed by HOMER is critical to very existence of the local market, 
because the discharge from the battery is considered as a local supply (pricing model section 4.5). 
 

- To support the above argument further, the exact photovoltaic generation times and the output 
capacity is different for both the cities, owing to their different geographical locations. The 
optimized local installation usage profile for New York City and Stockholm will thus be dissimilar. 
 

- In this context, it is not justified to compare the corresponding annual capacity values of the 
different types of supplies in the demand- supply matching results throughout the year for these 
two cities.  

  

Renewable energy fraction (scenario re= 30%) 

 
New York City Stockholm 

Optimized re in HOMER 29% 29% 

Installed PV capacity (kW) 23.5 30 

Number of batteries (7.6 kWh each) 156 168 

Inverter sizing (kW) 35 35 
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Comparison of corresponding cost components of overall savings: 

- The different grid buying prices in New York City and Stockholm (table 18) further hinder the 
comparison of the individual cost components of overall savings, as the basic calculations behind 
these component values depend upon the grid buying prices. 
 

The only comparison of simulation results between New York City and Stockholm can be of their 
overall savings. This is because the value for overall savings is calculated for each case to represent the 
quantitative indicator of the benefit through the proposed local market concept, in context of the 
existing grid dependent setup. 

Figure 76 compares the overall savings (SEK/ year) between New York City and Stockholm for 
different renewable energy fractions. The overall savings in Stockholm are greater than in New York 
City for all renewable energy fractions (10%, 20% and 30%).  

 

While drilling down to the component costs to understand the reason for this is not applicable, one 
distinct factor responsible for this outcome is the difference in the grid buying price levels (variation 
range as well as annual profile) between these two cities. 

Since the metric, ‘overall savings’ represents the benefit brought in by the local installation as 
compared to the existing solely grid dependent setup, it is interesting to compare the total annual cost 
of supply for the entire building domestic load from only grid purchases (existing setup) in both the 
cities (figure 79). 

 

Figure 79: Comparison of total cost of supply without local installation in SEK/ year between 
New York City and Stockholm. 

The total annual cost of supply only from grid purchases being higher in Stockholm than New York 
City can throw light on why the local installation brings in more benefit to the case of Stockholm than 
that of New York City. Furthermore, it is interesting to point that the difference in overall savings 
between Stockholm and New York City is only SEK 494.63/ year. 
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6.7 Conclusion 

Built around a future scenario which enables grid parity for residential photovoltaic- battery storage 
systems, this master thesis effort has been an initial effort in identifying an opportunity for 
accelerating integration of renewable energy based local electricity generation in urban Swedish 
residential apartment buildings. 

Taking cues from community centric approaches to renewable energy, the scope of the work 
presented has been to adapt existing research in integration of distributed energy resources to the case 
of residential apartment buildings.  

Followed by concept development, a set of research themes devoted to understanding the trends in 
effect of changes in the integral concept components, namely variation in consumption between 
households, renewable energy fraction, grid prices as well as household ownership of local installation 
and their behavioral characteristics have been identified. 

The focus of the simulations has been to understand the trends in the results rather than focusing on 
precise comparison between results. This view is also supported by the fact that the pricing model 
developed is a hypothetical one and is an initial effort far from being thorough. The initial results also 
clearly highlight the small amounts4 of electricity traded between neighbors and dominance of the 
effect of grid buying prices on the overall savings. 

Further, the methodology employed to determine the local installation usage profile through 
HOMER cannot be justified to support the comparison of the finer details of the simulation results 
between geographically disparate places which also have their individual grid buying price profiles. 

Thus, future work investigating the model further could focus on improving the usage profile of the 
local installation, handling the variation in consumption between apartments and the pricing model, 
so as to enable a larger trade of local electricity between neighbors and accommodate this increase for 
greater savings. 

It will also be interesting to understand if changing the time resolution of the demand- supply 
matching process to shorter durations, of half- hour or fifteen minutes duration could affect the 
overall savings.  

The log transactions of the demand- supply matching process represent a vast database of household 
activities in terms of their domestic electricity consumption behavior. These could be analyzed to 
provide another service oriented functionality which could give each household a detailed report of 
their consumption behavior and suggest opportunities for more savings. 

Research efforts concerning the scheduling of white goods appliances (washing machines, dryers, dish 
washers) to take advantage of cheaper electricity costs during the non- peak hours can be coupled 
with the demand- supply matching process, as it is executed on an hourly basis. The combination 
could help reduce the costs further if the scheduled appliance load competes on the local market for a 
cheaper local supply. 

An interesting topic for extending the model could be to develop more complex bid strategies which 
could reflect the adaptive nature of human behavior under different situations.  

Most importantly, the demand- supply matching approach has been developed as a generic electricity 
trading setup which can thus accommodate virtually any kind of electricity producing sources and 
consuming units. This can be extended to include various kinds of onsite production sources like 
micro-CHP units which can also provide the apartments with locally generated heat supply. Electric 
vehicles, which can be represented as external battery storage units can be also be included in the 
same manner. 

________________ 

4 Maximum amount of locally traded electricity between households in all the scenarios under 
consideration= 1663.82 kWh/ year (unequal shares, same bid strategies), whereas the annual electricity 
consumption of the entire building= ~96,000 kWh). 
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A promising methodology which can provide a very flexible platform for implementing such future 
work themes is the multi- agent systems (MAS) methodology. MAS can enable encompassing each 
household as an individual software agent with its own sensing, decision making and executing 
abilities. Thus, in cooperation with agents representing other stakeholders of the system, the system 
can respond to the demand for more flexibility in terms of individual characteristics as well as provide 
a platform for more modular extensions to the concept. 

In conclusion, as a preliminary effort with an entire gamut of future work possibilities, this master 
thesis work has thus been an opportunity to investigate and build a concept which derives motivation 
solely from making renewable energy- for the people, by the people. 
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8 APPENDICES 

8.1 Average prices of electricity in Sweden, for industrial and residential consumers. 

Average prices of electricity (including network charges, tax and charge for green certificate, VAT is 
not included) in CSEK/kWh paid by industrial consumers in different standard consumption bands. 
Source: Statistics Sweden [4]. 

 

  

Standard consumption band     

IA IB IC ID IE IF 

2007 January - June 89 67 57 48 44 43 

 
July - December 89 70 61 54 49 48 

2008 January - June 104 75 65 58 52 52 

 
July - December 117 86 76 68 61 61 

2009 January - June 124 83 72 64 57 54 

 
July - December 121 81 72 62 58 52 

2010 January - June 131 89 79 70 68 64 

  
July - December 137 88 78 68 65 61 

 

    
        Definitions 

 Standard  Annual consumption 
consumption MWh 

band   

IA < 20 
IB 20 - < 500 

IC 500 - < 2 000 

ID 2 000 - < 20 000 

IE 20 000 - < 70 000 

IF 70 000 - < 150 000 

 

 

  



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

127 

 

Average electricity prices (including network charges, tax and charge for green certificate, VAT is not 
included) in CSEK/kWh paid by residential consumers in different standard consumption bands. 
Source: Statistics Sweden [4]. 

 

 
  

Standard consumption band 

  DA DB DC DD DE 

2007 January - June 250 145 144 128 114 

 
July - December 270 161 150 136 122 

2008 January - June 269 176 159 139 127 

 
July - December 293 192 172 149 136 

2009 January - June 277 195 174 149 140 

 
July - December 285 189 171 148 135 

2010 January - June 337 195 180 156 143 

  
July - December 309 197 182 158 143 

                        

 

           
 

  
   

Definitions  

Standard  
consumption 
band 

Annual consumption  
kWh 

  

DA < 1000 
DB 1 000 - < 2 500 

DC 2 500 - < 5 000 

DD 5 000 - < 15 000 

DE > 15 000 
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8.2 Methodology used by HOMER for generating annual load profiles  

Source: [34]. 

 

HOMER allows one to add variability to an average daily hourly load profile to simulate hourly load 
values for the entire year (8760 hours, 365 days). It uses the input of two variables for this purpose: 

Daily noise and hourly (time-to-time resolution) noise 

From these, HOMER then determines a daily perturbation factor once a day and an hourly 
perturbation factor once every hour from a normal distribution with a mean of zero and standard 
deviation equal to the daily and hourly noise values, respectively: 

∂d= daily perturbation factor and 

∂h= hourly perturbation factor 

Finally, to determine the value of the load at every hour of a year, it multiplies every hourly value 
from the average hourly load profile by a factor: 

  α=1+∂d+∂h 
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8.3 Solar resource data for Stockholm and New York City: 

Source: [25] 

Month Daily Radiation (kWh/m2/day) 

  Stockholm New York City 

January 0.4 1.87 

February 1.07 2.72 

March 2.44 4.08 

April 4.08 4.83 

May 5.6 5.71 

June 5.86 6.11 

July 5.59 5.71 

August 4.38 5.17 

September 2.83 4.39 

October 1.33 3.18 

November 0.55 2.05 

December 0.25 1.66 
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8.4 Adaptation to the ‘renewable fraction’ term from HOMER 

Section 5.3.2 discusses the ‘renewable energy fraction’ (re) parameter used in the simulation model, 
which has been adapted to the ‘renewable fraction’ term used by HOMER. This section elaborates on 
the adaptation and the involved assumptions. These have been essential in order to use HOMER for 
optimization of the PV- battery storage sizing and usage profile in combination with the demand- 
supply matching part of the simulation. 

The ‘renewable fraction’ term employed by HOMER is defined as the portion of the system’s total 
energy production originating from renewable power sources [38]. 

In the context of the thesis work, since only electrical energy is considered and the only source of 
renewable resource generation is solar, thus the ‘renewable fraction’ can be understood as the 
system’s total electrical energy production originating from the installed solar photovoltaic modules. 

The local installation of PV- battery storage system being modeled as a grid- connected micro grid 
system, the other source of electricity supply (hence, production) is the utility grid. 

On the consumption side in the HOMER optimization, the electricity consumption for which the 
system is modeled is the total domestic electricity consumption of the entire building for one year.  

 

 

 

 

 

Again, since the local installation is modeled as a grid- connected system, the optimization process 
employed by HOMER is aimed at the optimized functioning of the entire PV- battery storage system, 
which includes purchasing of grid supply to charge batteries and also includes sales to the grid. 

(From the above mentioned production and consumption components, only (1) and (3) are used in 
the demand supply matching part along with the battery charging- discharging profiles. The actual 
values for (2) and (4) which are relevant in the simulation results are in fact determined in the 
demand- supply matching process, while (5) is not considered in the scope of the simulation model). 

 

Thus, renewable fraction as employed by HOMER can be defined as: 

= The output from the PV modules (1)/ total electricity production over one year ( (1) + (2) ). 

 

The ‘renewable energy fraction (re)’ parameter as used in the simulation model is defined as: 

= The output from the PV modules (1)/ total domestic electricity consumption (3) over one 
year. 

 

Considering an overall balance between the above mentioned production and consumption 
components, the value for the denominators in the above definitions for renewable fraction and 
renewable energy fraction will not be the same, due to (4) and (5)5.  

_____________ 

5 Even if the optimizations are run with an enforced constraint which prohibits any grid sales- in such 
a case, the losses in the converters and batteries will still be there. 

 

Production components Consumption components 

1) From PV modules 3) Domestic electricity consumption 

2) Grid purchases 

4) Grid sales 

5) Excess electricity, losses in the 
conversion process and battery losses. 
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But since these values of grid sales and losses are not considered in the demand- supply matching 
process- the ‘renewable fraction’ value from HOMER is actually considered as a quantitative indicator 
of the ‘renewable energy fraction’ value used in the simulation model. 

The ‘renewable fraction’ value in the HOMER optimization is one which can be controlled and which 
is possibly one of the constraining parameters with regard to the share of output from renewable 
sources in the overall system balance. 

Thus, though not exactly the same, the system is optimized in HOMER for values of renewable 
fraction which correspond to the assumed ‘renewable energy fraction’ value used in the scenarios, in 
this context. This is a very critical assumption from which it has become possible to use HOMER for 
the sizing and usage profile determination procedure which are then used as an input in the demand- 
supply matching process, because it is possible to define the renewable fraction value in the HOMER 
optimizations.   

The reason behind the assumption is justified in the context that with a higher renewable energy 
fraction value set for a simulation scenario, the corresponding renewable fraction value in HOMER 
will also be higher- if not the same.  

Therefore, when one considers a scenario for 20% renewable energy fraction, the true share of output 
from renewable energy resources in the optimized profile as determined through HOMER is not 
exactly 20% of the total annual domestic electricity consumption, but rather 20% of the total 
electricity production of the system is from renewable energy resources. 

Thus, knowing the fact that ‘renewable energy fraction’ in the simulation scenarios and ‘renewable 
fraction’ in HOMER are not the same, the relation is still used under the assumption that the latter 
reflects a quantitative indicator for the former and there is a relationship of proportionality between 
them. 

Moreover, the simulation scenarios comparing different renewable energy fraction values (section 6.2) 
considers significantly different values (10%, 20% and 30%) and the intention is to understand the 
trend in the effect of changing the renewable energy fraction value, than comparing the precise values. 

 

 

Remark: This assumption is made only in the context of the simulation model, in which it has been 
decided to use HOMER to provide the optimized sizing and usage profile for the demand- supply 
matching section and this assumption has been made to adapt the methodology followed by HOMER 
to provide the required inputs of the demand supply matching part. 

  



 

 

Dept. of Industrial Information and Control Systems 

KTH, Royal Institute of Technology, Stockholm, Sweden 

132 

 

8.5 Corrections in the grid buying price data for New York City 

The grid buying price data obtained from [36] contained missing hourly price data for the following 
hours: 
 
Corrections:  

 
- 21:00 hr, 13th March 2010 (replaced by the corresponding value at 21.00 hr, 12th March 

2010). 
 

- 22:00 hr, 13th March 2010 (replaced by the corresponding value at 22.00 hr, 12th March 
2010). 

 

- 02:00 hr, 14th March 2010 (replaced by the corresponding value at 02.00 hr, 12th March 
2010). 

 
 




