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Abstract
Widén, J. 2009. Distributed Photovoltaics in the Swedish Energy System. Model Development
and Simulations.

Application of photovoltaics (PV) is increasing worldwide, mainly due to extensive subsidy
schemes for introducing CO2-free power generation. A majority of newly installed systems
are distributed small-scale systems located in distribution grids, often at residential customers.
Recent developments suggest that such distributed PV generation (PV-DG) could gain more
interest in Sweden in the near future. With prospects of decreasing module prices, an extensive
integration could be possible.

This licentiate thesis presents the first part of a PhD project with the aim to determine the
potential for domestic PV-DG in Sweden. Two aspects are treated in detail in the thesis: (1) the
ability of PV to match a local domestic power demand and (2) impacts of extensive integration
of PV-DG on power flow in low-voltage (LV) distribution grids. To make realistic studies for
high-latitude conditions, there is a need for representative demand and PV generation data. As
there is a lack of detailed domestic load data in Sweden, a major part of the work has been
devoted to development of a stochastic load model.

Interdisciplinary studies of household activities were performed to get insight into how do-
mestic electricity use is embedded in the structure of everyday life. It was found that time-use
(TU) data, normally used in the social sciences, can be used to model domestic power demand.
Both a conversion model for estimating power demand from empirical TU data and a stochastic
Markov-chain model for generating synthetic activity patterns and power demand were devel-
oped and extensively validated against measurements. Importantly, a realistic model of domestic
lighting demand from occupancy patterns and irradiation data was developed, that preserves the
negative correlation between irradiation and lighting demand. The models provide a basis for
load matching studies and power-flow simulations, but can be used for other purposes as well.

Case studies of individual households showed that the appearance of daily load profiles, and
thus the degree of matching to PV generation, are highly variable. Studies of matching of PV
generation to aggregate domestic demand showed that load matching at moderate overproduc-
tion levels can be improved by PV panel orientation, demand side management (DSM) and
storage. At high overproduction levels, however, the only impacting option is storage.

Probabilistic power-flow simulations with the developed models yield a versatile picture
of how impacts are distributed among customers and over time, as compared to often-used
static simulations. Contrary to the trend towards higher time resolution in international research,
hourly resolution was found to be sufficient for determining probability distributions for LV grid
voltages. Power-flow simulations of three Swedish LV grids showed that a penetration level of 1
kWp PV systems at every customer was most beneficial in terms of on-site coverage of demand,
counteracted voltage drops and decreased network losses. However, much higher penetration
levels, up to the highest studied level of 5 kWp per household, can be handled without voltage
rise above prescribed limits.
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1. Introduction

During the first decade of the 21st century, the worldwide photovoltaic
(PV) markets have experienced a tremendous expansion. In the IEA-PVPS
countries—including the great PV nations Germany and Japan—the installed
PV power increased from below 1000 MW to almost 8000 MW between
years 2000 and 2007 [1]. A majority of these systems are grid-connected and
distributed, located at end-users in the very end of the electricity distribution
grid. This expansion has been mainly due to generous subsidy schemes [2].

In Sweden the incentives for installing PV systems—which are still very
expensive—have been few. There have been temporary subsidies for installa-
tions at public buildings [3], but no measures directed to domestic end-users.
However, legislative changes are expected, following an inquiry of ways to
facilitate grid-connection of small-scale systems [4]. An investment support
to PV installations in general is also being developed [5]. A continuation of
these developments, in combination with prospects of decreasing prices for
PV systems, makes a more extensive integration of distributed PV possible in
Sweden.

One reason for installing distributed generation in general—of which dis-
tributed PV is a special case—is to locate power generation closer to the load.
This can decrease the effective load on the distribution grid as households
’save’ demanded electricity by producing their own, thereby preventing volt-
age drops and losses in the grid [6]. Conversely, large excess production can
cause voltage rise and increased losses.

Matching between electricity generation and demand is important for max-
imising the benefits of distributed generation. To make studies of the impact
of PV on distribution grids, there is thus a need for detailed knowledge of
demand and production. Both production and demand vary with geographic
location and end-user segment and temporal variations in demand depend on
end-use composition and, in the case of domestic users, on the everyday ac-
tivities in households.

Previous research on the potential for distributed PV generation in Sweden
has included studies of radiation levels on building areas [7] and an analysis of
the value of PV for different actors [8]. The latter study includes an analysis of
distribution grid impacts, based on simplified methods that result in variable
estimates of the limiting penetration levels of distributed PV in Sweden [8,
9]. There is thus a need for more detailed and realistic studies for Swedish
conditions.
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1.1 Aim of the Thesis
This licentiate thesis reports the first part of a PhD project carried out within
the Energy Systems Programme, a national research programme and graduate
school aiming at an interdisciplinary treatment of energy systems questions.
The goal of the PhD project is to determine the potential for distributed do-
mestic photovoltaics in the Swedish energy system, covering technical, eco-
nomical and behavioural aspects.

Three basic system levels were distinguished early on in the project: the
household level, where the main issue is matching between on-site genera-
tion and demand and how this depends on activities in households; the local
distribution-grid level, where the important issue is how distributed generation
affects voltage levels and losses in the distribution grid at locally high penetra-
tion levels of PV; finally the national power system level where a widespread
PV integration will depend e.g. on wind power expansion and hydropower
control and will affect prices and marginal electricity production.

This thesis covers the first two system levels; households and local
distribution grids. The three main aims of the thesis are to:

• Increase knowledge of domestic electricity demand dynamics and improve
demand modelling through interdisciplinary studies of households.

• Study matching of PV system output to the domestic electricity demand
and if/how this can be improved.

• Determine the effects of distributed PV on the local low-voltage
distribution grid.

The research has been limited to residential household electricity, i.e. de-
mand for household appliances and other devices, excluding domestic hot
water heating and electric space heating. Technological and behavioural as-
pects are covered in detail, but economical analyses have been excluded. A
major proportion of the work has been devoted to model development. Most
of this work is reported in the appended papers. However, detailed models
for calculation of solar radiation on tilted surfaces, daylight and photovoltaic
system output that were implemented have not been fully described in the
appended papers. Instead, a whole chapter in the thesis is devoted to these
models. Hopefully, the models developed in the project will not only be used
for the analyses made in this thesis, but provide to simulation studies in other
related areas.

In Section 1.2 the studied system is defined and important methodological
considerations are described, starting from a discussion of basic systems con-
cepts. Based on these considerations, a more detailed outline of the thesis and
of the different studies reported in the appended papers is given in Section 1.3.
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1.2 The Systems Approach
In accordance with the basic idea of the Energy Systems Programme, this
thesis uses a systems approach. What is meant by this varies both with the na-
ture of the research problem and the ambitions of the researcher. This section
will give a review of important systems concepts and how these apply to the
specific research problem in this thesis.

1.2.1 Origins and prospects of systems theory
Terms such as "systems thinking", "systems research", "systems theory" and
"systems approach" are often associated with the so-called General Systems
Theory (GST) that developed from the mid-twentieth century onwards. Ac-
cording to one definition, GST is a general language that connects different
disciplines in interdisciplinary communication, a "law of laws" that will ulti-
mately give us a "culture where science, philosophy and religion no longer are
separated" [10].

Systems theory developed from "operational research" during the Second
World War. The American and British military engaged scientists from various
fields to approach strategic operations with scientific methods. This involved
risk analysis, strategic planning and resource allocation, all with the humble
aim of winning the war [10]. From its very start, operational research also
involved "asking stupid questions" [11] or, rather, questioning assumptions
and solutions taken for granted by the military. The later development of GST
combined operational research with Norbert Wiener’s cybernetics [12] and the
more far-reaching ambitions of front-figure Ludwig von Bertalanffy [13]. The
Society for General Systems Theory, formed in 1954, aimed to promote the
unity of science, increase communication between scientific areas and encour-
age transfer of ideas, models and approaches between disciplines [13].

In this sense, the approach appeared to be novel. In the hey-days of
systems theory, some thinkers actually believed that systems approaches
and in particular the GST were part of a paradigm shift in the sense of
Thomas Kuhn [14], characterised by holistic thinking, collection of all
accumulated scientific knowledge into a meta-theory, the end of dualisms
(mind-matter, nature-culture and individual-society) and a rise of humanistic
philosophy [15].

However, GST as vision and idea was not new. Perhaps the most suggestive
picture of a unification of all knowledge, science and art was given by German
writer Hermann Hesse in the novel "Das Glasperlenspiel" in 1943, before the
foundations of GST were laid. Even earlier, in the early scientific revolution,
thinkers such as Leibniz dreamed of uniting different branches of philosophy
in a universal system [16]. In the 19th century, John Stuart Mill wanted a
general framework for all forms of science [17].
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Ideas and visions have their ups and downs. In parallel to the development
of GST, the study of dynamical systems, chaos and fractals revealed that non-
linear systems can be virtually unpredictable and that simple systems can give
rise to chaotic behaviour and complicated structures [18]. Systems assumed
to be controllable turned out to be utterly disorderly. For example, American
and Russian attempts to control the weather ended in disappointment [19].
The complexity and nonlinear behaviour of systems is a challenge to control,
operation and management of the same.

The prophecy of knowledge unification and the end of dualisms has not
been confirmed. The "Science Wars" of the 1990’s revealed that the chasm
between positivistic natural science and post-modern humanistic thinking still
existed and perhaps was widening. Research branches in sociology and history
of technology such as LTS and SCOT have revealed the social construction of
technological artifacts and on many points criticised the linear and unprob-
lematic picture of scientific and technological achievements often given in
retrospect by promoters of science and technology [20].

The dualism mind-matter, and its societal equivalent religion-science, is not
even close to being resolved. Promoters of positivistic science have raised the
borders against pseudo-scientific movements on the rise, mainly creationism
and intelligent design, resulting in an internal scientific mobilisation against
perceived non-science. Although it is still an open question, this development
is likely to backfire on border-crossing interdisciplinarity.

Systems thinking and systems science in the general holistic approach thus
face challenges. The vision has lost some of its initial innocence and perhaps
rightly a bit of its appeal. At the same time the big and intrinsically com-
plex systems questions of today, such as climate change, resource depletion
and energy system transformation call for a multi-disciplinary understanding
of natural science, technology, society, politics, human behaviour and eco-
nomics. It is also still a fact that many of the approaches, including modelling,
simulation and optimisation, with roots in cybernetics, operational research
and GST are business-as-usual in a lot of scientific areas. A consistent treat-
ment of important systems concepts, such as system delimitations and envi-
ronment, constraints, system levels and degree of detail, is important in all
such research.

1.2.2 What is a system?
A natural starting point is to define what the term ’system’ stands for. Accord-
ing to a text-book definition a system is "a set of components that are united
to a whole" [21]. C. West Churchman, based in management science, makes a
similar definition that he claims all that attempt to define a system would agree
on: "a system is a set of parts coordinated to accomplish a set of goals" [11].
Kenneth Boulding, one of the front-figures of GST, uses a more general defi-
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nition; a system is "anything that is not chaos" or "any structure that exhibits
order and pattern" [22].

If it is agreeable that a system is an orderly structure of parts that somehow
constitute a whole, how are these parts defined? From a systems-analytical
perspective, no system is given beforehand, but the choice of system is ruled
by the aim of the analysis [21]. In general, though, defining systems by struc-
turing the surroundings through perception is something that is done every
day by everyone and is an inherent part of being human. As Boulding states,
structuring of systems is a process connected to the learning process in the
human brain and depends on knowledge and experience [22].

Churchman outlines five basic considerations when "thinking of the
meaning of a system":

1. The total system objective and its performance measures.
2. The system’s environment and fixed constraints.
3. The system’s resources.
4. The system components.
5. The management of the system.

When applying these points to the system studied in this thesis, the first thing
to note is that different objectives with distributed PV generation can be iden-
tified. Is the main purpose to save domestic energy, produce electricity or
provide benefits to distribution grids? The thesis is not dependent on a clear
choice between these, but a starting point has been that PV is first and fore-
most a means of delivering power to the owner of the system. Performance
measures depend on the system level. On the household level the main mea-
sure of performance is the match to the domestic load. On the distribution-grid
level, the grid voltage is the important measure.

Apart from these, the two main considerations are how to delimit a sys-
tem and how to describe its internal structure, corresponding to Churchman’s
points 2, 3 and 4. The following discussion will deal with these questions in
more detail.

1.2.3 System delimitation and surroundings
Delimiting a system means deciding what belongs to the controllable interior
and what should be excluded to the fixed exterior. How are tightly intertwined
systems delimited? Churchman gives an example of a company with actors
involved in business relations and other organisations [11]. Wiener poses a
more fundamental problem when he points out the difference between fuzzy
objects such as clouds and easily delimited objects like stars [12].

Apparently, drawing a border around a system is far from trivial, but there
seem to be systems that are more or less easily delimited, while others are
hard to define in a more fundamental way. In "The World as a Total System",
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Boulding makes an attempt at categorising different types of systems that can
be perceived in the world [22]. The important question is their different de-
grees of complexity, how these systems interconnect and to what extent they
are isolated. A summary of Boulding’s scheme is shown in Figure 1.1. These
categorisations and denominations are of course possible to criticise; the point
is the notion of different hierarchies of complexity where social systems score
the highest.

Mechanical systems 

Cybernetic systems 

Positive feedback systems 

Creodic systems 

Reproductive systems 

Demographic systems 

Ecological systems 

Evolutionary systems 

Human systems 

Social systems 

Increasing  
complexity 

 
Figure 1.1: Hierarchy of system types ordered by increasing complexity, after Bould-
ing [22]. Cybernetic systems involve control through negative feedback. Most other
category denominations are self-explaining.

In this thesis, the system of domestic grid-connected distributed photo-
voltaics can be split up into different subsystems, following Boulding’s classi-
fication, as outlined in Figure 1.2. Incident solar irradiation on a photovoltaic
module is determined from the sun’s radiation and the motion of the earth
around the sun (a mechanical system). After passing through the atmosphere
and cloud cover of the earth, incident radiation is converted to electricity in the
photovoltaic modules and the associated system components (mechanical and
cybernetic systems), yielding an AC power output. This power is primarily
used for domestic electricity consumption in electrical devices (mechanical
or cybernetic systems), operated by household members (human systems) in
use patterns determined by the structure of their everyday life (a social system
with possible connections to other systems of any type). At excess produc-
tion, generated power is delivered to the distribution grid (mainly a mechan-
ical system), connected to the entire power system (a cybernetic system with
connections to other systems of any type).

When studying a household or a local area with distributed photovoltaics,
system limits towards the surroundings are naturally set at three points, as
indicated in Figure 1.2. A first one is drawn at the photovoltaic system, treat-
ing incoming radiation as input from the surroundings. A second limit is set
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Solar radiation 

Photovoltaic 
array 

Inverter 

Meter 
Transformer 
substation 

Low-voltage 
distribution grid 

Everyday 
activities 

Middle-voltage 
Distribution grid 

Figure 1.2: Outline of system components and possible system delimitations (marked
by dashed lines) for a distributed photovoltaic system.

somewhere in the electricity distribution system; either by the house, treating
exports and imports of electricity as exchange with the system’s environment
(the household level), or by a part of the distribution grid, to study the effects
of on-site generation on this (the distribution grid level). A third limit is set in
the social system of household members’ everyday activities to include those
activities that have an impact on the utilisation of the photovoltaic system.

The third limit is without doubt the most delicate one. How much of the
very complex social system of everyday life should be included; how and at
what level of detail? Obviously it depends on the specific aims of the study,
but primarily it depends on how the subsystems within the delimited system
interconnect.

1.2.4 System components and interconnections
As already indicated, system components (photovoltaic system devices, ap-
pliances, electricity grid cables, household members, etc.) can be collected
in a number of subsystems that produce the outputs necessary for the analy-
sis. The crucial point is the connection between the subsystems. As Wiener
pointed out, communication and information tie systems together [13]. In this
respect, the photovoltaic subsystem, the household appliances and the distri-
bution grid all interact through patterns of produced and demanded power.
This is also how the everyday life of household members interacts with the
technical parts of the system. The household activities yield use-patterns of
electrical devices and, through the use of these devices, a power demand pro-
file. There is thus a natural reduction of complexity taking place as human
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and social systems are mapped to the two-dimensional power demand. With
the indicated pieces of information, the connections between the subsystems
can be drawn up and the performance of the system can be determined.

Figure 1.3 shows a simplification of the system in Figure 1.2. It shows the
different subsystems and the information required for describing the connec-
tions between the subsystems. Important inputs from the surroundings are also
shown. For the photovoltaic system, these are insolation and temperature, af-
fecting the power generation, and for the everyday activities the daylight level,
which affects the use of indoor lighting. It is important to note that insolation
and daylight level are correlated.

 

Photovoltaic 
system 

 

Household 
appliances 

 

Everyday  
activities 

 

Distribution 
grid section 

Use 
patterns 

Output 
power 

Demanded 
power 

Net 
demand/ 

generation 

System level 1 

System level 2 

Insolation Temperature 

Daylight 

Figure 1.3: Schematic picture of the system studied in the thesis. Two system de-
limitations are shown; the household level (system level 1) and distribution-grid level
(system level 2). Note that although one household is shown in the figure, both system
levels may include an arbitrary number of households with the same subsystems.

1.2.5 System levels in space and time
The appearance of the web of patterns and structures that make up the world,
in Boulding’s terms, changes with scale. Different aspects of a system are vis-
ible at different system levels. For example, on an astronomical scale the earth
appears as a smooth geometrical object whose movement around the sun is
accurately described by Newton’s laws of motion. Zooming in on the earth,
mountains, valleys and plains appear as the roughness of the surface increases.
Oceans at first appearing to be smooth surfaces exhibit waves and turbulent
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phenomena at close-up. The same applies to the scale of time. Different pro-
cesses evolve on different time scales, e.g. societal development, biological
evolution and geological processes.

A systems approach is a revolt against the classical view of reductionism.
Rather than having to be reduced to its parts, a system can be understood at
different system levels but with different descriptions. In the case of a gas,
the movement of one gas molecule is unpredictable and can be described
merely in probabilistic terms, whereas the combined behaviour of many gas
molecules is uniform and possible to summarise in a deterministic law. This
notion of the "stochastic nature" of the world, pronounced differently at dif-
ferent system levels, follows closely the foundations of Cybernetics [12, 13].

This reasoning also applies to the system of distributed photovoltaics. The
appearance and impact of the power profiles connecting the subsystems de-
pend on the scale in time and space. In the case of the social system of
household members’ everyday life, every person’s action is unique and largely
unpredictable to an outside observer, but the aggregate behaviour of lots of
people has predictable statistical properties. Observed since the early days of
power delivery, this results in random coincidence of loads on a network, more
random for small numbers of end-users and smoother for larger aggregations
of loads [23]. For photovoltaic generation, insolation is a smooth pattern re-
sulting from the uniform movement of the earth around the sun, disturbed
by irregular shadings from clouds and obstacles. Both of these patterns also
exhibit typical variations on annual and diurnal time scales. Thus, both pho-
tovoltaic generation and domestic demand will exhibit a combination of reg-
ularity and randomness that depends on the degree of temporal and physical
detail.

1.2.6 Systems and interdisciplinarity
For the complex social system of the everyday life of household members,
the challenge is to find, describe and reproduce activity patterns that give rise
to power demand. This calls for an interdisciplinary treatment and is where
interdisciplinarity and systems research join: including parts of the system that
are normally studied in other disciplines can give a more realistic description
of system operation.

Different scientific areas study the same systems with different methods
and from different standpoints. From a technological point of view the typical
aim would be to accurately describe the load on the distribution system. From
the viewpoint of a social scientist the typical aim with studies of household
activities would be to understand daily activity patterns that give rise to en-
ergy demand in terms of habits, concepts, ideas, values, etc. It might also be
that different systems are perceived in different disciplines. In particular, this
has been the case for social systems that influence operation of technical sys-
tems like the one in this thesis. Neglected or simplified in technical research,
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they are studied in detail in social science, but perhaps too isolated from the
technical system. There is a need for combined approaches, in particular a
combination of qualitative and quantitative methods [24].

What interdisciplinarity would be necessary for our system? We return to
Boulding, who makes a reflection on how to visually describe actions of indi-
viduals [22]:

[...] suppose we have a map of the world as of today on transparent paper. If we
put a similar map for yesterday immediately below the first, then one for two
days ago, three days ago, and so on, as far back as we wish, we end up with
something like a transparent cube, with time going vertically and the changes in
the map as solid shapes in the cube. Thus we could visualize the life of a person
in such a time cube as a dot on each of the transparent maps. The person then
appears as a long thread originating at conception, traveling around the world,
and ending in death.

Boulding then hypothesises on a possible three-dimensional description of
the combined life-paths of all living and dead people of the earth. With such
graphs with an arbitrary resolution, the whole of history and lives of single
persons could be reproduced. Although not admitting it explicitly, Boulding
seems to have borrowed this suggestive image from time geography. This dis-
cipline, based in human geography and developed by Torsten Hägerstrand in
the 1960’s [25], describes processes in space-time with a notation system that
closely resembles Boulding’s image [26].

For everyday activities, time-use data, describing activities of individuals
as time-resolved activity sequences, provide empirical data for space-time
descriptions and visualisations and have been used in time-geographic re-
search [27]. These types of data, utilised in the thesis, are ideal for describing
the everyday life of household members and the use-patterns of appliances in
Figure 1.3. They can also tie qualitative research on activities and energy use
together with quantitative studies of energy use and demand patterns.

1.2.7 System studies and models
To practically study a system, the perceived structure must often be further
simplified. This is done by defining a model, which in itself is a system but
chosen such that it "reproduces essential features of another system" [21]. The
purpose of a model is therefore to sort out important aspects of the perceived
system or, conversely, to reduce unnecessary complexity [13]. In this thesis, as
in most quantitative energy system analysis, the subsystems in Figure 1.3 are
described by mathematical models that can be used in numerical simulations.

When building a model, it is possible to utilise the concept of ’structural
similarity’, common in systems theory. It stipulates that different phenomena
exhibit systematic similarities and that they consequently can be described by
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similar models. In this thesis it will be hypothesised that human behaviour in
the form of domestic activity patterns can be accurately described as stochastic
Markov-chain processes—a mathematical model used in such disparate areas
as biology, climatology, signal processing and economics.

1.3 Overview of the Thesis and Appended Papers
The main part of the thesis consists of simulations of the subsystems and the
total system outlined in Figure 1.3 in order to determine load matching and
distribution grid impacts of distributed PV. For these simulations, a detailed
load model for domestic electricity demand has been developed from time-
use data and methods for modelling PV systems and solving power flow in
distribution grids have been implemented. As a basis for load modelling, in-
terdisciplinary studies of activities and energy use in households have been
performed. Apart from model development and evaluation and simulations
of load matching and distribution grid performance, the thesis also includes
an interdisciplinary study combining qualitative and quantitative methods for
analysing PV utilisation in individual households.

The structure of the thesis follows closely the system outline presented in
Figure 1.3. Chapter 2 gives a general background to the research problem. The
results of the thesis are divided on three main parts. Chapter 3 presents the
models and simulations used for generation of daylight data and photovoltaic
system power output from irradiance data. Chapter 4 summarises the find-
ings in the domestic activity and demand studies and presents the models for
household activities and electricity demand developed in the project. Chap-
ter 5 combines models and data described in the previous sections to study
on-site matching and impacts on the distribution-grid system. Specific meth-
ods, problem formulations, theoretical background and summaries of previous
research are given in each of these sections. Main conclusions are summarised
in Chapter 6.

The results of the thesis are based mainly on the appended papers:

• Paper I delves into the interdisciplinary approach outlined in Section 1.2.6
and examines if time-geographic time-use data for household activities can
be used to model time-resolved energy demand patterns with a conversion
model.

• Paper II uses the conversion model developed in Paper I to study the
general matching of household electricity demand to PV system output at
high latitudes and how an increased degree of matching can be achieved.

• Paper III builds on the ideas mentioned in Section 1.2.7 and presents a
stochastic demand model for domestic lighting, based on Markov-chain
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modelling of activity patterns, that reproduces a number of features
observed in measured demand and maintains a negative correlation
between irradiance and lighting demand.

• Paper IV presents a complete stochastic model for synthetic activity
patterns and domestic electricity demand with the same approach as in
Paper III and an extensive validation against detailed electricity demand
measurements in households.

• Paper V develops the concepts discussed in Section 1.2.5 and studies
which time resolution should be used in simulations of distributed PV,
through the impact of time averaging on data series.

• Paper VI determines the impact of distributed photovoltaic generation
on distribution grids through simulation of power flow in three Swedish
low-voltage grids, using models and results from Papers III through V.

• Paper VII presents an interdisciplinary study of load matching of PV in
a number of Swedish households, combining quantitative and qualitative
analysis as suggested in Section 1.2.6, using both simulations and
interviews with household members to investigate the reasons behind
differences in demand patterns and load matching.
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2. Background

This chapter gives a general background to the concepts in the thesis. The need
for an energy system transformation is discussed in Section 2.1, an overview
of solar energy utilisation and photovoltaic generation is given in Section 2.2
and distributed generation is discussed in Section 2.3.

2.1 Towards a Transformed Energy System
From the mid-nineteenth century onwards, the industrialised world has con-
tinuously increased the use of primary energy sources, mainly fossil fuels.
Access to abundant, cheap fuels with high energy density has been a prerequi-
site and a driving force for the growth of modern society. Raised living stan-
dards, technological development and economical growth have thus become
intrinsically linked to a non-sustainable harnessing of limited resources. The
problems arising from this situation call for a transformation of the present
energy system, involving both technology change and efficient energy use.

2.1.1 Problems and challenges
Figure 2.1 shows the development of primary energy use during the last 40
years in different parts of the world. Europe and North America have stood
for the major proportions throughout the period; however over the last decades
there has been a marked increase in Asia and the Pacific, following economic
growth in India and China. This development is expected to accelerate [28].
The current mix of primary resources is heavily dominated by fossil fuels, as
shown in Figure 2.2. Oil, natural gas and coal together make up as much as 88
percent of the utilised resources.

The dominating use of fossil fuels is responsible for the two major prob-
lems with the modern energy system. The first one is resource depletion.
Fossil fuels are formed over long periods of time and even though new re-
source deposits may be discovered, the consumption of the resources is much
more rapid than the reproduction [30]. The question is not if but when the
exploitation rate will start to decline. Advocates of Peak Oil claim that the oil
production is near or at its peak and that the world will experience accelerat-
ing decline rates of oil production in the near future [31]. Similar peaks will
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Figure 2.1: Primary energy use in different regions of the world between 1965 and
2007 [29].

eventually occur for gas and coal, with challenges for resource supply and the
whole global economy [30].

The second problem is global warming, resulting from an amplification of
the greenhouse effect due to increased concentrations of CO2 and other green-
house gases in the atmosphere. The outcome of this is highly uncertain. The
Intergovernmental Panel on Climate Change, IPCC, predicts that the rise in
global mean temperature over the 21st century will be below 1 ◦C from that
of the period 1980-1999 if the CO2 concentrations remain at the year 2000
levels, but possibly as high as above 6 ◦C with the worst scenario [32]. The
predicted implications for the climate, ecosystems and society are profound,
including sea level rise, freshwater scarcity, erosion, extreme weather events
and resulting strains on world economy [32].

2.1.2 The need for a transition
It is generally agreed that a transition to a sustainable energy system is nec-
essary for mitigating greenhouse gas emissions and decreasing the depen-
dence on finite resources. According to the IEA, an "energy revolution" is
needed [28]. IPCC concludes that a portfolio of technologies, including differ-
ent energy conversion technologies and energy efficiency, has a high potential
for mitigation and stabilisation of greenhouse gas emissions, but that "appro-
priate and effective" incentives have to be present for technology develop-
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Figure 2.2: Contribution of different resources to the total primary energy demand in
the world during 2007 [29].

ment, diffusion and deployment [32]. The Stern report, which has been given
much attention since its publication in late 2006, concludes that increased en-
ergy efficiency and a switch to carbon-neutral energy sources are necessary
changes, but that forcefully counteracting climate change would be economi-
cally favourable for society compared to the negative economical impacts of
an uncontrolled temperature rise [33].

Different emerging or mature technologies for energy conversion that are
often mentioned for climate change mitigation include nuclear power, carbon
capture and storage (CCS) and renewable energy technologies such as solar,
wind, wave power or biomass. Sustainability and low-carbon technology are
however two different matters. CCS utilises a finite coal resource and would
emit small amounts of CO2. Nuclear power is dependent on a supply of nu-
clear fuel and raises safety and waste issues. Biomass has the disadvantage
of being a finite resource. Although there is a consensus on the necessity of
change, there is no ’perfect fix’ that a transition should optimally include.
However, a general conclusion is that ultimately a radical shift to a diversity
of renewables in combination with energy efficiency is needed [28, 32, 33].

2.2 Closer to the Sun
According to one definition, renewable energy is "energy obtained from the
repetitive currents of energy recurring in the natural environment" [34]. Solar
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energy is not only such a resource—it is the ultimate source of most renewable
energy forms available on the earth (exceptions include geothermal heat and
tidal energy resulting from the moon’s gravitational pull). A natural way of
reaching sustainability is to utilise the sun as directly as possible.

2.2.1 Solar energy and conversion technologies
The theoretical potential for direct utilisation of solar energy on the earth is
high in comparison to the current global energy use. The amount of solar
energy reaching the earth’s surface per year is around 10 000 times larger than
the roughly 105 TWh of primary energy used per year [29]. The availability
of solar energy at a specific location on the earth depends on the movement of
the earth around the sun and will thus exhibit annual and diurnal variations.
Climate, weather conditions and shading also affect the availability of solar
irradiation. In general, though, the availability of irradiation is not primarily
a limiting factor for future use of solar energy. Instead, effective and cost-
efficient solutions for conversion and storage are the decisive factors [35].

Solar energy can be utilised directly in a number of ways. Solar collectors
absorb heat for hot water or space heating. Passive use of solar energy in
buildings provide to space heating and natural lighting. Solar-thermal power
plants use concentrated solar energy in steam-driven generators to produce
electricity. Finally, solar irradiance can be converted directly into electricity
in solar cells.

2.2.2 Photovoltaic technology and systems
The main component in a PV system is the photovoltaic array, made up of sin-
gle solar cell modules (see Figure 2.3). When a solar cell is exposed to light,
photons in the sunlight excite electrons in the semiconductor material (typi-
cally silicon) that makes up the cell. Due to material properties of the semicon-
ductor the negatively charged electrons and the positively charged ’holes’ that
they leave behind are separated. This yields a voltage across the photovoltaic
module, which makes it possible to get a current flowing through a connected
load. As the voltage is low and the maximum current from a single cell is
weak (around 600 mV and 30 mA/cm2, respectively) the cells must be con-
nected in series and in parallel to yield a sufficient power output. Figure 2.4
shows schematically the function of a solar cell.

Solar cells can be used for various applications, from powering small pocket
calculators to massive electricity production in large PV fields. The IEA’s re-
search programme for photovoltaic technology, IEA-PVPS, defines four dif-
ferent types of systems: (a) off-grid domestic, (b) off-grid non-domestic, (c)
grid-connected centralised and (d) grid-connected distributed [1]. The main
increase in total cumulative installed PV power in the IEA-PVPS countries

22



Figure 2.3: An example of a building-integrated photovoltaic array in Freiburg, Ger-
many. Photo: Joakim Widén.

(see Figure 2.5) has been for grid-connected systems. Although there is a lack
of detailed statistics, most of these systems probably belong to category (d).

2.2.3 Subsidy schemes for increasing application of
photovoltaics
A major obstacle to a widespread application of PV is high module prices. It
becomes obvious that PV power generation needs financial support and not
only general market-based support such as CO2 taxes and emissions trading
if one considers the tax rates for fossil-based electricity that would be needed
to make PV competitive. On most markets, the CO2 tax rates would have to
be more than 60 times higher than what is needed to meet the requirements
of the Kyoto protocol [36]. Many countries have therefore introduced specific
support for PV and other renewable power sources during the last decades.

The two countries with the largest PV markets—Germany and Japan—are
the ones with the most extensive subsidy schemes. In Germany the main sup-
port has been generous feed-in tariffs, resulting in a large increase in installed
power and expanded markets during the last decade. In Japan there has been
mostly investment support, resulting in a close-to-autonomous market for so-
lar cell applications. In contrast to these countries the United States, which
is the third largest PV market, has mainly employed general support scemes
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Figure 2.4: Schematic picture of the function of a silicon solar cell. The cell consists of
so-called n- and p-doped silicon with different charges. This makes excited electrons
and ’left-over’ holes move in different directions, giving rise to an electric current
through the connected load.

such as renewable portfolio standards (RPS) and the support has also been
more fragmented, causing uncertainty among customers [37].

2.2.4 Solar energy and PV in Sweden
A common misconception is that total solar irradiation in Sweden is much
lower than in countries that already have large amounts of PV installed (e.g.
Germany) and that this would be the main obstacle to a widespread use of
PV in Sweden. In fact, insolation in Sweden is only marginally lower than
in Central Europe. Instead, the main challenge at high latitudes is the more
pronounced annual variations with long days during summer and short days
with a low solar altidude during winter [38].

Swedish market-deployment support for PV has thus far been limited to
investment support for installations on public buildings [3]. Although small
compared to subsidies in other countries, the support has led to a series of
projects that have gained attention and increased the amount of grid-connected
PV power in Sweden.

Following an inquiry on ways to facilitate grid-connection of distributed
generation in Sweden [4], a legislative proposal is expected in the near future.
The main improvement is that small-scale electricity producers will be granted
net metering to a limited cost, which will make it possible for customers to
discount generated electricity at utility price, most likely with a billing period
of one month. A new investment support that is not limited to public buildings
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Figure 2.5: Total cumulative PV peak power installed in the IEA-PVPS countries be-
tween 1992 and 2007. Both grid-connected and off-grid applications are included [1].

is also under development [5]. This form of support is compatible with the
Swedish electricity certificates and raises the competitiveness of PV, which
otherwise would be disadvantaged in contrast to more competitive renewables
such as wind power.

In parallel, private initiatives offering small-scale wind-power and PV sys-
tems for mounting on roof-tops of detached houses or apartment balconies
have emerged. The EgenEl initiative has gained much attention in the press,
although it has provided to few installed systems at present [39, 40].

2.3 Distributed Generation—a Power System Paradigm
Shift?
Small PV systems installed at residential customers are a special case of the
more general concept of distributed generation (DG), which will undoubt-
edly play an important part in the transformation towards a sustainable energy
system. Just like the more common centralised generation of today, DG has

25



benefits and drawbacks, and the impacts and limitations of an extensive shift
towards larger shares of DG are yet uncertain.

2.3.1 What is distributed generation?
Many terms are used to describe application of small power generators scat-
tered in the power system. For example, ’dispersed generation’, ’embedded
generation’ and ’distributed generation’ are all used in parallel with roughly
the same meaning [6, 23]. There is yet no commonly agreed definition. Typi-
cal attempts at definitions require for example that the power generation is not
centrally planned or centrally dispatched, normally smaller than 50–100 MW
and usually connected to the distribution system [embed]. A more concise
definition is:

Distributed generation is an electric power source connected directly to the
distribution network or on the customer site of the meter [41].

The definition does not explicitly rule out any technology, and indeed there
is a great variety of technologies suitable for DG. Combined heat and power
(CHP) is often counted as a form of distributed generation and is one of the
most widely applied, especially in the Nordic countries [6]. Other examples
include small-scale hydro plants, wind power plants and photovoltaics. Tech-
nologies that could become more widely applied in the future are fuel cells,
flywheel storage units, micro-CHP and Stirling engines.

Of the available technologies, PV is perhaps the one that is most suited
for DG operation on a smaller scale. It is modular with no significant
economy of scale, which makes centralised power plants insignificantly more
cost-effective. Even more importantly, it is naturally suited for mounting on
rooftops or walls of buildings or even integrated into building materials (cf.
Figure 2.3).

2.3.2 Benefits and drawbacks with distributed generation
The main reasons for installing distributed generation, as reported by policy-
makers, are reduction of CO2 emissions through switching to renewable en-
ergy sources and obtaining diversity among energy sources [6]. As renewables
typically vary in availability, power plants tend to be small and widely spread.
Energy system transformation towards a larger share of renewables will there-
fore inevitably involve more distributed generation.

A major benefit of DG in general is that it is located closer to the cus-
tomers. This avoids transmission and distribution costs for utilities. Although
generation costs may be higher with DG as compared to centralised genera-
tion, transmission and distribution costs may decrease so much that DG is on
the whole cost-effective for a utility [23]. Technological benefits with gener-
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ation located in close proximity to the load are mainly reduced losses in the
distribution grid and the possibility of mitigated voltage drops to customers.

One disadvantage of DG is dispersed ownership and operation. For a util-
ity, geographical dispersion increases service costs. For private owners, the
responsibility for operation is transferred from the utility and increases per-
sonal commitment. However, it is sometimes proposed as an advantage that
DG installations at end-users could increase energy awareness [40]. With large
amounts of DG, voltage rise becomes a limiting factor. Other challenges in-
clude power quality issues such as transients and harmonic distortions. Pro-
tection also becomes an issue, mainly to avoid unintentional islanding [42].

2.3.3 Rethinking supply, demand and efficiency
Distributed generation, and domestic PV in particular, is a departure from the
traditional functioning of the power system with generation at one end, de-
mand at the other and a one-way bulk supply of power from producer to cus-
tomer via a hierarchy of high through low voltage levels. Novel concepts such
as microgrids and smartgrids (with even less consensus around definitions
than DG) go one step further and include a diversity of generation, storage
and control units in distribution grids, combined with information technology,
to move control down in the system hierarchy.

DG and further developed concepts are thus part of, and dependent on, a
shift away from a ’supply doctrine’, characterised by a clear distinction be-
tween suppliers and users of power. For Sweden, with a large share of nuclear
power and a history of low electricity prices, this doctrine has been particu-
larly strong. Following the referendum about Sweden’s nuclear power future
in 1979, a shift towards efficiency thinking and end-user focus away from the
supply doctrine was deemed necessary for transformation of the energy sys-
tem to phase out nuclear power by 2010 [43]. As no substantial transformation
or nuclear phasing-out has yet occurred in Sweden, this challenge for DG still
remains.
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3. Models for Solar Radiation,
Daylight and Solar Cells

This chapter describes the models implemented for calculating the daylight
level and the power output from a photovoltaic system, to be used in further
simulations of domestic electricity demand, load matching and distribution
grid voltage levels. Section 3.1 gives a brief overview of the models. Sec-
tion 3.2 describes how to determine incident radiation on a tilted plane from
radiation components measured on a horizontal plane. Section 3.3 describes
the daylight model and Section 3.4 the photovoltaic system model.

3.1 Overview of Solar Energy Modelling
The aim with the implemented models has been to create detailed descriptions
of daylight and PV system output from the same insolation data. This makes
sure that the daylight data used for modelling domestic lighting are correlated
to the output of the photovoltaic system. The interrelationships between the
models and the input data that are needed are outlined in Figure 3.1.

To compute photovoltaic system output, beam and diffuse radiation are fed
into a transposition model that calculates radiation components on the tilted
plane of a photovoltaic array. These components are fed into a conversion
model that generates the photovoltaic system output. Additional data for this
procedure are albedo values that influence ground-reflected radiation on the
tilted surface and ambient temperature that affects the solar cells’ conversion
efficiency.

Computation of illuminance components on the tilted plane of a window
involves calculation of horizontal illuminance components from beam and
diffuse radiation components and in a second step transposition of these to
a tilted plane. Additional data for the daylight model are surface dewpoint
temperatures.

3.2 Solar Radiation on Arbitrarily Tilted Planes
The following description covers transposition of radiation components. Con-
version of illuminance components and transposition of these are described in
Section 3.3. Since their origin in the sky differs, beam and diffuse radiation Ib
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Figure 3.1: Interrelationships between the implemented models for radiation transpo-
sition, daylight and photovoltaic system output.

and Id are treated separately. A third component describing radiation reflected
from the surroundings must also be added. The global radiation on the tilted
plane can thus be expressed as

IT = IbT + IdT + IgT (3.1)

where IbT and IdT are the beam and diffuse radiation on the tilted plane, re-
spectively, and IgT is the ground-reflected radiation. In the following subsec-
tions, the computation of these three components from Ib and Id is described
in detail.

3.2.1 Conversion to solar time
Conversion of beam and diffuse radiation from the horizontal plane to a tilted
plane requires time to be recorded in solar time. In most available series of
weather data, time is recorded as the legal time for the standard meridian of
the time zone in question.
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Solar time is derived from standard time, in minutes, as

ts = tst +4(Lst −Lloc)+E(n) (3.2)

where tst is the standard time, Lst is the standard meridian and Lloc is the lon-
gitude of the location. The second term is a correction for the time difference
between local and standard meridian and makes use of the fact that the sun
transverses 1◦ of longitude in four minutes. E(n) is the equation of time for
the n:th day of the year and is a correction for the variation in the length of
the solar day. The two main factors affecting the length of the solar day is the
eccentricity of the earth’s orbit around the sun and the tilt of the earth’s axis
with respect to the ecliptic plane. These effects are described in the empirical
relationship (from [44]):

E(n) = 229.18(0.000075+0.001868cosB−0.032077sinB
−0.014615cos2B−0.04089sin2B) (3.3)

where
B = (n−1)

360
365

(3.4)

3.2.2 Direction of beam radiation
In order to calculate the beam radiation incident on a tilted plane, given the
beam radiation on a horizontal plane, it is necessary to know the geometric
relationships between the tilted and horizontal planes, and between the tilted
plane and the sun, at any instant of time. A number of angles are used to define
these relationships:

• φ , latitude of the location, north positive, −90◦ ≤ φ ≤ 90◦

• δ , declination of the sun, north positive −23.45◦ ≤ δ ≤ 23.45◦

• β , tilt of the plane with respect to the horizontal, 0◦ ≤ β ≤ 180◦

• γ , azimuth angle of the tilted plane, zero due south, west positive,
−180◦ ≤ γ ≤ 180◦

• ω , hour angle, the angular displacement of the sun relative to the local
meridian, zero at noon, afternoon positive, −180◦ ≤ ω ≤ 180◦

• θ , angle of incidence, the angle between the normal to the tilted plane and
the radiation on that surface, −180◦ ≤ θ ≤ 180◦
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The declination is a function of the day of the year n:

δ = 23.45sin
(

360
284+n

365

)
(3.5)

The hour angle is determined from the time of the day. Since the sun is dis-
placed 15◦ westward each hour due to rotation of the earth around its own
axis, the hour angle is

ω = 15(
ts
60
−12) (3.6)

where ts is the solar time of the day in minutes.
The angle of incidence θ is related to all the other angles according to the

following equation:

cosθ =sinδ sinφ cosβ

− sinδ cosφ sinβ cosγ

+ cosδ cosφ cosβ cosω

+ cosδ sinφ sinβ cosγ cosω

+ cosδ sinβ sinγ sinω

(3.7)

For a horizontal plane, the plane tilt β = 0, and the above relationship is sim-
plified accordingly. The resulting angle of incidence θz, called the zenith an-
gle, satisfies

cosθz = cosφ cosδ cosω + sinφ sinδ (3.8)

Zenith angle, surface tilt and surface azimuth angle are shown together with
latitude and local meridian in Figure 3.2.

3.2.3 Sunrise and sunset hour angle
Calculation of radiation on tilted surfaces needs to be considered only for
hours when the sun is visible on the tilted plane. To determine this time span,
the exact times for sunrise and sunset can be computed. These times are also
needed for calculation of extraterrestrial radiation, described later. Assuming
a free horizon, the sunset hour angle ωs is easily determined for the horizontal
plane by setting θz = 90◦ in Equation 3.8, yielding:

cosωs =− tanφ tanδ (3.9)

The corresponding sunrise hour angle is

ωr =−ωs (3.10)

Sunset and sunrise hour angles ωsT and ωrT for an arbitrarily oriented plane
can be determined from Equation 3.7. Care must be taken to account for the
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Figure 3.2: Zenith angle, surface tilt, surface azimuth angle, latitude and local merid-
ian for a tilted surface.

fact that the sun must be visible to the horizontal plane in order to be seen
by the tilted plane. Denoting the hour angles derived by setting the incidence
angle to 90◦ in Equation 3.7 by ω ′s and ω ′r, the sunset and sunrise hour angles
are

ωsT = min
[
ωs,ω

′
s
]

(3.11)

ωrT = max
[
ωr,ω

′
r
]

(3.12)

Obviously, the above expressions do not hold on days when the sun is not
rising or not setting at all, both of which may occur at high latitudes during
winter and summer, respectively. On these days, no sunset or sunrise hour
angles can be evaluated.

Explicit but lengthy derivations of ωsT and ωrT are made by Iqbal [44].
Another alternative is to solve the equation iteratively. A third alternative,
probably involving more computations if the time step of the radiation data
is small, is to evaluate Equations 3.7 and 3.8 in every time step and check
whether cosθz and cosθ are positive (as negative values correspond to inci-
dence angles greater than 90◦).
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3.2.4 Skyline elevation effects
In many practical situations a free horizon cannot be assumed. A correction
for shading from an elevated skyline, resulting in a cut-off of beam radiation at
high incidence angles can be used, e.g. in urban settings. In this model, a hori-
zon incidence angle θh defines the portion of the sky visible to the horizontal
surface. Setting θz = θh in Equation 3.8 yields a more general expression for
the sunset hour angle:

cosωsS =
cosθh− sinφ sinδ

cosφ cosδ
(3.13)

ωrS =−ωsS (3.14)

Naturally, if θh < 90◦, ωsS < ωs and ωrS > ωr (if the sun rises or sets at all).
The most straightforward way to account for this is to calculate a new series
of beam radiation by weighting the original beam radiation data series by a
correction factor for the new fraction of daylight time in each interval:

Îb = λ Ib (3.15)

A number of special cases arise for each day of the year:

• If ωs and ωsS occur in the same interval [ωa,ωb], Ib on this interval is
weighted by a factor λ = (ωsS−ωa)/(ωs−ωa).

• If ωs and ωsS occur in separate intervals, Ib on the interval [ωa,ωb] where
ωsS occurs is weighted by a factor λ = (ωsS−ωa)/(ωb−ωa).

• Intervals where ωrS occurs are treated similarly. For all intervals which are
completely outside [ωrS,ωsS], λ = 0. In the rest of the intervals, λ = 1.

Special care must be taken to days when the sun is completely above or be-
low the horizon. On such days, no sunset or sunrise hour angles can be eval-
uated. If the sun is completely above the horizon, no adjustments are needed
and λ = 1. If the sun is completely below the horizon, λ = 0. These situations
can be tested by considering the minimum and maximum incidence angles fo
the horizontal plane, given by setting ω = 0 and ω = 180◦ in Equation 3.8:

cosθz,min = cosφ cosδ + sinφ sinδ (3.16)

cosθz,max =−cosφ cosδ + sinφ sinδ (3.17)

The sun is completely above the horizon if θz,max < θh and the sun is com-
pletely below the horizon if θz,min > θh.
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3.2.5 Conversion of beam radiation on the horizontal plane to
beam radiation on the tilted plane
The geometric factor Rb is defined as the ratio of beam radiation on the tilted
plane to beam radiation on the horizontal plane:

Rb =
IbT

Ib
(3.18)

If Ibn denotes the beam radiation on a plane perpendicular to the incident ra-
diation, then IbT = Ibn cosθ and Ib = Ibn cosθz and, consequently,

Rb =
Ibn cosθ

Ibn cosθz
=

cosθ

cosθz
(3.19)

Using beam radiation values on the horizontal plane corrected for horizon
shading, the beam radiation on the tilted plane is expressed as

IbT = RbÎb (3.20)

An Rb value evaluated at the midpoint of each interval is used as representative
of the whole interval. As mentioned by Duffie and Beckman [45], this is often
a good-enough procedure even for hourly values. The conversion is of course
only performed when the sun is above the horizon. Thus, Rb is defined as
above on intervals where both cosθ > 0 and cosθz > 0, and is zero otherwise.
Note that since horizon shading is taken into account in the radiation values
used in Equation 3.20, Rb can be evaluated using incidence angles for a free
horizon.

There is a risk of getting unrepresentative values of Rb on intervals involv-
ing sunrise and sunset, when cosθz is close to zero. This may cause highly
unrealistic radiation peaks at mornings and evenings. Assuming a horizon in-
cidence angle θh > 0 may cut away critical values.

3.2.6 Diffuse radiation
The diffuse radiation component is normally considered to consist of three
parts—isotropic diffuse, circumsolar diffuse and horizon brightening—that
differ in their origin in the sky. The isotropic diffuse part is uniform from
every direction, the circumsolar diffuse part is concentrated around the sun’s
position in the sky and horizon brightening is concentrated near the horizon.
Thus, the diffuse component of radiation on the tilted plane can be expressed
as:

IdT = IdT,iso + IdT,cs + IdT,hz (3.21)

Different models have been formulated to describe diffuse radiation on the
tilted plane. In the isotropic model, all diffuse radiation is considered isotropic.
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For the model described here, the so-called Hay and Davies model was cho-
sen. Besides treating part of the diffuse radiation as isotropic, it also models
circumsolar radiation. More advanced models are available, like the Perez-
Ineichen model [46], which in addition takes horizon brightening into account.
As Reindl et al. [47] have shown, however, the Hay and Davies model per-
forms similarly to other, more complex models, including the Perez-Ineichen
model.

In the Hay and Davies model, diffuse radiation on the tilted surface is ex-
pressed as

IdT = Id

[
(1−Ai)

(
1+ cosβ

2

)
+AiRb

]
(3.22)

where the anisotropy index Ai is defined as the ratio between the incident beam
radiation Ib and the extraterrestrial radiation I0 on the horizontal plane:

Ai =
Ib

I0
(3.23)

Thus, since I0 is the incident radiation that would be theoretically possible
if there was no atmosphere, Ai is the fraction of radiation that is preserved
as beam radiation after it has passed through the atmosphere. Under clear
conditions Ib approaches I0, causing Ai to be close to 1, and the diffuse is
treated in the same way as beam radiation:

IdT ≈ IdRb (3.24)

When there is no beam radiation, Ai is zero, and the diffuse radiation is con-
sidered purely isotropic:

IdT = Id

(
1+ cosβ

2

)
(3.25)

Here, Id is modified only by the view factor, which is the fraction of the sky
visible to the tilted surface.

If a non-free horizon is taken into account also for the diffuse component,
Îb is used instead of Ib in the calculation of Ai.

3.2.7 Calculation of extraterrestrial radiation on the horizontal
plane
Since a value of Ai has to be evaluated for every value of Id , the extraterrestrial
radiation on a horizontal surface must be calculated in each time step. The
time dependence of the flux of extraterrestrial radiation G0n on a unit area
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perpendicular to the received radiation is described by the following equation:

G0n = Gsc

(
1+0.033cos

360n
365

)
(3.26)

where n is the day of the year and Gsc, the solar constant, is the radiation
flux at the mean sun-earth distance. Different values of the solar constant are
reported in different sources. Duffie and Beckman [45] use a value of 1367
W/m2.

From the point of view of the horizontal plane, G0n reaches a tilted plane.
Thus, using Equation 3.19, the relation between G0n and the flux of extrater-
restrial radiation on the horizontal plane, G0, is

G0n = G0
cosθ

cosθz
(3.27)

Using the fact that θ = 0 for G0n and that θz is described by Equation 3.8,

G0 = Gsc

(
1+0.033cos

360n
365

)
(cosφ cosδ cosω + sinφ sinδ ) (3.28)

Now, on each time interval [ωa,ωb], the mean extraterrestrial radiation reach-
ing the horizontal plane is

I0 =
1

ωb−ωa

∫
ωb

ωa

G0dω =

= Gsc

(
1+0.033cos

360n
365

)(
180
π

cosφ cosδ
sinωb− sinωa

ωb−ωa
+ sinφ sinδ

)
(3.29)

The integral is only evaluated for time intervals between sunset and sunrise. If
ωr and ωs appear on the time interval, the integral limits are changed accord-
ingly.

3.2.8 Ground-reflected radiation on the tilted plane
The third and last component of the total radiation on the tilted plane in Equa-
tion 3.1 is radiation reflected from the ground. In reality, numerous objects
such as buildings, different ground materials, trees, etc., reflect incident radi-
ation onto the tilted surface. A simplified but standard approach is to assume
reflected radiation from one composite source, a horizontal, diffusely reflect-
ing ground. The ground-reflected radiation on the tilted plane is then depen-
dent only on the reflectance of the ground and the view factor to the ground
of the tilted surface:

IgT = Iρg

(
1− cosβ

2

)
(3.30)
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where ρg is the ground reflectance and I = Ib + Id is the global radiation on
the horizontal plane.

The ground reflectance ρg depends on the surroundings. At high latitudes,
a seasonal variation in ground reflectance is likely because of snow coverage
in the winter.

3.3 Daylight
Conversion to daylight illuminance is based on the Perez model [48]
that converts diffuse and beam radiation into their respective illuminance
components using a semi-analytical model formulation. Four basic
parameters are derived to parameterise the insolation conditions:

• The solar zenith angle, θz, as derived in Section 3.2.

• The sky clearness:

ε =
Id+In

Id
+κθ 3

z

1+κθ 3
z

(3.31)

where In is the normal incidence beam radiation, derived e.g. by Iqbal [44],
and κ is a constant equal to 1.041 if θz is given in radians.

• The sky brightness:

∆ =
Idm
I0

(3.32)

where m is the relative optical airmass, derived in [49].

• The atmospheric precipitable water content:

W = e0.07Td−0.075 (3.33)

where Td is the surface dew-point temperature.

These parameters are used in a general model formulation

F(ε,∆,θz,W ) = ai(ε)+bi(ε) f (W )+ ci(ε)g(θz)+di(ε)h(∆) (3.34)

where F is a function describing the illuminance component in question, f , g
and h are analytical functions and the coefficients ai bi ci and di are discrete
functions assuming different values for eight separate ε bins. The exact ana-
lytical functions, bin ranges and look-up tables for the discrete functions are
given for the different illuminance components in [48].
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Transposition models for conversion to illuminance components on a tilted
plane are also given by Perez et al. [48]. However, transposition with the
HDKR model [47], similar to the transposition model used for radiation com-
ponents, gave reasonable results.

3.4 Photovoltaic System Output
From the expressions derived in Section 3.2 it is possible to determine the
radiation components on an arbitrarily oriented photovoltaic array. The radia-
tion that reaches the surface of a solar cell is subject to a number of losses and
the amount of radiation providing to the electric power output of the system is
much lower than the incident radiation. Depending on the angle of incidence
of the different radiation components, a portion of the incident radiation is
reflected from the cover material. Out of the light that reaches the solar cell,
only that within a certain wavelength limit contributes to the light-generated
current. Additional losses, relating e.g. to recombination in the semiconduc-
tor, decrease the conversion efficiency further. The conversion efficiency also
decreases with increasing temperature. In this section, the dependence of ab-
sorption on the incidence angle is described, and an expression for the temper-
ature dependence of the conversion efficiency is derived, that can be evaluated
from standard solar cell parameters.

3.4.1 Angular dependence of absorptance
Photovoltaic conversion of incident light depends on the fraction of radiation
absorbed by the solar cell. This fraction is in turn dependent on the incidence
angle of the incoming radiation. As the incidence angle increases, less radi-
ation is absorbed and at incidence angles higher than 60◦ a substantial part
of the radiation is reflected. At normal incidence, the fraction of radiation ab-
sorbed by the cell is equal to the transmission-absorption product (τα)n. The
angular dependence of this factor is described by the incidence angle modifier
Kτα , which is defined as the ratio of absorbed radiation at a certain incidence
angle to the absorbed radiation at normal incidence:

Kτα =
(τα)
(τα)n

(3.35)

While (τα)n and (τα) are seldom known separately, Kτα is easily determined
from measurements. King et al. [50] use a 5-degree polynomial function to
describe Kτα :

Kτα(θ) =
5

∑
i=0

biθ
i (3.36)
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where the parameters {bi} are fitted to measurement data. Sets of fitted pa-
rameters are available for different solar cell types from Sandia Laboratories,
e.g. in [51]. Another expression, analytically derived and based on a simple
glass cover model, is given by De Soto et al. [52]. Different incidence angle
modifiers must be evaluated for beam, diffuse and ground-reflected radiation,
since these components reach the tilted surface from different angles. Starting
from Equation 3.1 the absorbed beam radiation can be written:

Sb = (τα)nKτα(θ)RbIb (3.37)

For the diffuse component, described by the Hay and Davies model, the beam
modifier above is used for the circumsolar part and a constant modifier is used
for the isotropic part. This constant modifier is Kτα is Equation 3.36 evaluated
for an effective angle of incidence for isotropic radiation that depends on the
tilt angle of the panel, θd(β ). The expression for the diffuse component is:

Sd = (τα)nId

[
Kτα(θd)(1−Ai)

(
1+ cosβ

2

)
+Kτα(θ)AiRb

]
(3.38)

The ground-reflected component is likewise modified by Kτα evaluated for
the effective angle of incidence θg(β ):

Sg = (τα)nKτα(θg)Iρg

(
1− cosβ

2

)
(3.39)

The effective angles of incidence for isotropic and ground-reflected radiation
are empirically related to the tilt angle in the following expressions [45]:

θg(β ) = 90−0.5788β +0.002693β
2 (3.40)

θd(β ) = 59.7−0.1388β +0.001497β
2 (3.41)

These relationships give the average effective angles for thermal collectors but
hold for solar cells as well [52]. Absorbed global radiation is thus described
by

S = (τα)nI′T = (τα)n(I′bT + I′dT + I′gT ) (3.42)

where I′T , I′bT , I′dT and I′gT are the radiation components modified by Kτα as
above.

3.4.2 Power conversion in the solar cell
A solar cell that is connected to a load operates at a certain current I and
voltage V and thus has a power output P = IV . The operating current and
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voltage can be derived from its IV characteristics, given by [53]:

I = I0

(
eqV/nkT −1

)
− IL (3.43)

where I0 is the diode reverse saturation current, q is the electronic charge, k
is Boltzmann’s constant, T is the cell temperature, IL is the light-generated
current and n is called the ideality factor. To this are added a series resistance
Rs and a shunt resistance Rsh, both needed to determine the final output char-
acteristics. All in all, five parameters must be known to describe the complete
IV curve. Models for this have been developed by King et al. [50] and De Soto
et al. [52].

Ideally, the cell should operate at a point (Imp,Vmp), called the maximum
power point, where the output is maximized. This can be obtained in practice
by using a maximum power point tracker (MPPT). A complete description
of the IV characteristics is needed when a MPPT is not available and the
operating point coincides with the IV curve of the load. In the following, it
is assumed that a MPPT is used, so that the operating point is (Imp,Vmp) and
the power output Pmp = ImpVmp.

Under this assumption, the output at the maximum power point can be de-
scribed as

Pmp = ηmpAcI′T (3.44)

where ηmp is the maximum power point efficiency, Ac is the area of the so-
lar cell module and I′T is the incident global radiation on the tilted surface,
modified by the incidence angle modifier. The efficiency depends on the cell
temperature, which in turn can be determined by the ambient temperature.
An explicit expression for the temperature dependency can be derived that
is dependent only on parameters available from module manufacturers. The
analysis follows Duffie and Beckman [45].

The temperature dependence of the efficiency can be described as a devia-
tion from a reference value:

ηmp = ηmp,re f + µmp(Tc−Tc,re f ) (3.45)

where µmp is the temperature coefficient at the maximum power point and
Tc,re f is the reference cell temperature. To relate this to the ambient temper-
ature, the energy balance of the cell must be considered. This can be written
as

S = (τα)nI′T = ηmpI′T +UL(Tc−Ta) (3.46)

where UL is a loss coefficient that describes losses by convection and radiation
from the top and bottom of the cell and conduction through mounting frames.
Thus, the left hand side describes the power that reaches the cell through the
cover material. This power is either converted to electricity or lost to the sur-
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roundings, as described by the two terms on the right hand side. Equation 3.46
can be solved for the cell temperature:

Tc = Ta + I′T
(τα)n

UL

(
1−

ηmp

(τα)n

)
(3.47)

Substituting this expression for the cell temperature into Equation 3.45 yields

ηmp = ηmp,re f + µmp

[
Ta−Tc,re f + I′T

(τα)n

UL

(
1−

ηmp

(τα)n

)]
(3.48)

Duffie and Beckman make use of two approximations. The first one is based
on the fact that it is the voltage that is affected most by temperature. Since
the temperature coefficient is the derivative of the conversion efficiency with
respect to temperature, it can be obtained through differentiation of Equation
3.44, yielding

µmp =
1

AcGT

(
Imp

dVmp

dT
+Vmp

dImp

dT

)
(3.49)

Now, assuming dImp/dT ≈ 0 and dVmp/dT ≈ dVoc/dT ,

µmp ≈
Imp

AcGT

dVoc

dT
= ηmp,re f

µVoc

Vmp
(3.50)

The other approximation is that the term ηmp/(τα)n ≈ ηmp,re f . With these
two approximations, Equation 3.48 transforms to:

ηmp = ηmp,re f

[
1+

µVoc

Vmp
(Ta−Tc,re f )+

µVoc

Vmp
I′T

(τα)n

UL
(1−ηmp,re f )

]
(3.51)

All of the parameters in this equation can be determined from standard solar
cell parameters provided by module manufacturers. The nominal operating
cell temperature Tc,re f is normally measured at the so-called NOCT conditions
(irradiance Gre f = 800 W/m2, ambient temperature Ta,re f = 20◦C and AM
1.5) together with corresponding values of Vmp, Imp, Voc and µVoc . Given the
measured module size Are f , the reference conversion efficiency is

ηmp,re f =
ImpVmp

Gre f Are f
(3.52)

The factor (τα)n/UL can also be determined from NOCT measurements by
substituting the NOCT parameters into Equation 3.46 (with ηmp = 0 since no
load is operating), yielding

(τα)n

UL
=

Tc,re f −Ta,re f

Gre f
(3.53)
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The power output of the photovoltaic system can now be written as

P = AcI′T ηmpηe (3.54)

where the final term is the efficiency of additional equipment such as inverters
and cables.

3.5 Example simulations
Figure 3.3 shows example simulations with the models described above. Ir-
radiance data with a one-minute resolution were obtained with the meteoro-
logical database and simulation software Meteonorm 6.0 [54] for Stockholm,
Sweden. The applied model parameters are listed in Table 3.1.

Table 3.1: Model parameters applied when generating the example output in Fig-
ure 3.3.

Parameter Value

b0 1
b1 -2.4E-03
b2 3.10E-04
b3 -1.25E-05
b4 2.11E-07
b5 -1.36E-09
ρg 0.5 (winter), 0.2 (summer)
µVoc -0.064 [V/◦C]
Vmp 15.2 [V]
Imp 3.51 [A]
Tc,re f 46 [◦C]
Ta,re f 20 [◦C]
Gre f 800 [W/m2]
Are f 0.56 [m2]
TSTC 25 [◦C]
GSTC 1000 [W/m2]
ηe 0.8
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Figure 3.3: Example output from the models for irradiance on tilted planes, daylight
and PV system output on a clear day in the early summer (daylight saving time is
not taken into account here). Beam and diffuse irradiance data were obtained from
Meteonorm 6.0 for Stockholm, Sweden (59◦ N, 18◦ E).
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4. Electricity Demand and Activities
in Households

With PV system output determined with the models described in the previous
chapter, realistic demand data remain before analyses of load matching and
distribution grid simulations can be done. This chapter presents the interdisci-
plinary studies of households’ activities and energy-use patterns that were per-
formed to give insight into how demand modelling can be improved, and out-
lines the demand models that were developed. In Section 4.1 a brief overview
of previous research on domestic energy use is made, focused on interdis-
ciplinary studies, measurement surveys and demand modelling. Section 4.2
describes briefly the general interdisciplinary activity approach underlying all
studies. Section 4.3 summarises results from an interdisciplinary study of ev-
eryday activities and energy use conducted in connection to the Swedish En-
ergy Agency’s recent measurement survey. Section 4.4 summarises the model
for conversion of time-use data to demand profiles presented in Paper I and
Sections 4.5 and 4.6 outline the stochastic models for synthetic activity pattern
generation and domestic electricity demand presented in Papers III and IV.

4.1 Previous Research on Domestic Energy Use and
Everyday Life
Domestic energy use is a well-researched area. Many detailed research
overviews of social aspects on domestic energy use have been presented
before, including [55, 56, 57]. Early on in this project, a literature survey
of more recent research, including both quantitative and qualitative studies,
was made [24]. Most of the following discussion builds on observations and
conclusions from that report.

4.1.1 The need for interdisciplinarity
The main conclusion from the research overview in [24] is that technical re-
search and sociologically oriented research have traditionally been separated,
both internationally and in Sweden. There is a need for more studies in the
"borderland" between technical and social-scientific approaches. In the litera-
ture review by Lutzenhiser [56], it was concluded that there is a lack of efforts
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that tie people’s activities and actions closer to the actual technical artifacts.
The main reason for this has been difficulties to perform sociological studies
in the technologically dominated energy research field [58]. Similar conclu-
sions are drawn in other reviews. Ketola [55] concludes that Swedish research
has suffered from sporadic studies and bad coordination.

One problem has been that technical researchers on energy savings and en-
ergy use lack interest in, or are unaware of, the importance of the user and
the reasons behind his or her energy use. As Elisabeth Shove puts it: "They
are generally concerned with the end result, not the process" [59]. One exam-
ple from Sweden that illustrates the problems with excluding the user is the
Nutek survey of electricity end-uses in 66 detached houses from 1994, which
investigated the potential energy savings from switching to energy-efficient
appliances [60]. The suggested savings now appear to have been counteracted
by increased overall use of appliances [61], something that was not and could
not be foreseen in the technical survey.

Another problem is that there is a lack of quantification in sociologically
oriented research about energy use and energy efficiency and, where there
is quantification, a lack of generalisation. One reason could be, as Carlsson-
Kanyama et al. [62] suggest for Sweden, that it is hard to do studies with
statistical certainty because of a lack of general quantitative data and statis-
tics, but also because of the complexity of the problem, which makes factors
vary between studies. To improve quantification and generalisation, there is
a need for studies and approaches that combine quantitative and qualitative
methods [24].

4.1.2 Quantitative research and measurement surveys
Intuitively, measurements seem to be the obvious way to collect quantitative
information about domestic energy use. Indeed, measurements of total do-
mestic electricity use in individual households can be obtained rather easily,
but to determine the proportions of different end-uses, specific measurement
devices have to be installed. Consequently, most quantitative studies of do-
mestic electricity study total electricity demand (see for example [63, 64]).
Lately, however, there has been an increased interest for more detailed data
about what people actually use electricity for. A number of large-scale sur-
veys with end-use-specific measurements are performed in Europe [65] and
there are examples from other parts of the world as well [66].

In Sweden, the Nutek study from 1994 [60] mentioned above was for many
years the only larger end-use-specific survey. To improve the situation, the
Swedish Energy Agency initiated an extensive survey of energy use in the
built environment in 2003 that is still ongoing [67, 68]. The aim is to increase
knowledge and statistics about energy use in households and premises, includ-
ing electricity as well as cold and hot water. In a domestic electricity survey,
power demand was recorded with 10-minute averages at appliance level in 400
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households, both detached houses and apartments. The measurements started
in 2005 and finished in 2008. So far, preliminary results have been communi-
cated [61].

4.1.3 Overview of demand modelling
When there is a lack of empirical data, modelling is an alternative. As dis-
cussed in [69], electricity demand models can be classified based on their
resolution in space and time. Most available models are either based on a high
time resolution or on a high spatial resolution, while resolution in the other
dimension is low. Examples of models with low time resolution and high spa-
tial resolution include econometric models, e.g. where annual demand is split
up on different end-use categories. Examples of the converse are load forecast
models where time-resolved power demand is modelled for an aggregate load
at utility level.

An approach that goes beyond this classification is bottom-up modelling,
where time-resolved power demand is built up successively from basic com-
ponents and can be aggregated for an arbitrary number of households. An of-
ten cited bottom-up model is the one by Capasso et al. [70], where load curves
are constructed from power demand profiles of single appliances. Detailed
data on demography, socio-economical status and lifestyle from a variety of
sources are used. Another bottom-up model by Paatero and Lund [71] uses
statistical mean values and general statistical distributions, which decreases
the amount of data needed. Still, the problem with models having both high
temporal and spatial resolution is the amount of input data needed and the of-
ten complicated model structure. This is also the case with the very detailed
high-resolution demand model presented by Stokes [72, 73].

The Stokes model, which is probably the most detailed domestic demand
model up to date, is mainly derived from measured demand data series. Such
approaches exclude the end-users as variable components in the model. There
is a need of more general and more realistic model structures in which the
demand is based on activities in households rather than the resulting power
demand. A major challenge for such further demand modelling must be not
only to make detailed models but to do it with the lowest possible complexity
and need of input data.

4.2 The Activity Approach
To get a more realistic basis for the load modelling in the thesis, household
activities were studied in detail. The activity approach on which the studies
reported in this thesis are based builds on concepts and approaches developed
in time geography and studies of everyday life. Data and methods used in
these disciplines, that traditionally have attracted researchers in social science,
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have a largely unrealised potential for contributing to energy-use studies and
modelling.

4.2.1 Time use and time geography
Time geography was developed by Torsten Hägerstrand at Lund University,
Sweden, and was presented by the end of the 1960’s. It aims at providing a ba-
sis for analyses of phenomena where the basic dimensions time and space are
central [25]. It also aims at bridging the gap between material processes and
peoples’ subjective experiences of these processes. In time geography, a nota-
tion system has been developed for describing processes in space-time [26].

In the time-geographical approach, individuals perform activities to satisfy
their everyday needs through use of available resources. The possibility for
this is delimited by restrictions created by social practice, organisational struc-
tures, distance between geographical locations and abundance and availability
of resources [74]. In time geography, the view of individuals’ everyday life as
a sequence of activities with an inherent logic is fundamental. Time-resolved
activity sequences can be visualised graphically as in Figure 4.1, which shows
an example of an activity sequence for one person during one day. Time use
in this example is split up on four basic activity categories: care for oneself,
recreation, transport and work/school.

To define activities and to make it possible to study everyday life as activity
sequences, an empirically based categorisation scheme has been developed
from an extensive time-use diary material. The result is a hierarchic scheme
where activities are defined on different levels of abstraction [74].

4.2.2 Time use in energy research
As indicated in the outline above, time geography and time-use data can be
used to describe the structure of everyday life and are therefore excellent
tools for describing and explaining energy demand patterns in households.
They also have great potential to meet the need for interdisciplinary energy-
use studies, as they can bridge the gap between quantitative and qualitative
studies. The basic starting-point is that people are involved in a web of activi-
ties that often are characterised by lack of time and tightly packed schedules,
where thought-through decisions about energy use or energy efficiency can-
not fit in. To understand the role of energy use in everyday life, there is thus a
need for improved knowledge about the function of energy in the performance
of activities and how energy-related habits both control and enable the perfor-
mance of activities. A first step is to visualise the complexity of everyday life
and the embedded energy use.

Visualisation of activity patterns can be done, as in Figure 4.1, with the
Visual-TimePAcTS software [76], which among other things permits pattern
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Figure 4.1: Example of a time-resolved activity pattern for one person, divided on
four basic activity patterns [75]. The activity pattern is visualised with the Visual-
TimePAcTS software [76].

search [77]. Ongoing work will incorporate an energy visualisation module
into the software.

4.2.3 Time-use data
Time-use surveys have been conducted by Statistics Sweden at regular in-
tervals, typically every tenth year. In these studies, time use is recorded by
each household member in hand-written time diaries. Results from time-use
surveys in 1990/1991 and 2000/2001 have been summarised previously [78].
However, the most well-researched time-use data set in the studies mentioned
above originates from a pilot survey of time use in Swedish households from
1996. The data, which have been presented e.g. in [27], contain time-use data
for complete households on one weekday and one weekend day, down to a
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one-minute resolution. These data permit statistical studies on domestic ac-
tivities and provide a basis for load modelling. The material is utilised in Pa-
pers I, III and IV.

4.3 Case Studies of 14 Swedish Households
Insight into the complexity of everyday life can be obtained through detailed
case studies of individual households. In a study connected to the Swedish En-
ergy Agency’s measurement survey, 14 households were studied at close-up,
using a wide range of methods, including appliance-specific high-resolution
measurements of domestic electricity, interviews with household members
and time-use diaries. The results have been extensively reported in [79]. The
empirical material collected in the study is used in different ways in the ap-
pended Papers I, III, IV, V and VII.

The main aim of the study was to find out how households reason about
domestic electricity use, identify electricity-use patterns and activity patterns
related to different functional areas—in particular those that indicate an in-
reased appliance and electricity use—and determine how electricity-use pat-
terns relate to energy efficiency. This approach is a continuation of research
conducted at Linköping University and has been developed further to a frame-
work for analysing different activity patterns that involve energy use [80].

The main result of the study is identification of a number of basic activity
patterns that involve direct use of energy. For example, one important result
is the difference between collective and individual use, where appliances are
used by one or by many persons simultaneously. These patterns can be further
divided into serial use, where the same appliance is used at different occasions,
and parallel use, where two or more appliances are used at the same time.
These, and other concepts, such as the notion of ’process time’ during which
energy is used but no active person is involved, are important for revealing the
logic in everyday activities, and are also useful when modelling energy use
in households. The study also involved feedback of measurement results to
the participating households. The main information provided to the subset of
households that wrote time diaries was activity profiles with associated power
demand, which were effective in revealing which activities provide to energy
use and to demand peaks.

Another important result from the study, and also a general conclusion
in the whole measurement survey of the Swedish Energy Agency [61], is
that electricity use varies considerably between households. Figure 4.2 shows
measured annual electricity use for different end-use categories. Total elec-
tricity demand varies, as well as proportions of different end-uses. These vari-
ations, as well as differences in daily power demand profiles and the impact
on PV load matching, are studied further in Paper VII, which is also sum-
marised in Section 5.3.1. These differences are correlated to household sizes
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Figure 4.2: Annual demand for household electricity in three end-use categories in
the 14 studied households [79].

and different appliance sets in the households, but also to the use patterns of
household members.

4.4 Construction of Load Profiles from Time-Use Data
In the case studies a clear relation between power demand and activity patterns
was found. This suggests that power demand could be modelled from time-use
data rather easily. In Paper I a conversion model for constructing load profiles
for household electricity and domestic hot water (DHW) from time-use data is
presented and validated against measurements on aggregate population level
and for individual households. The model is applied to the Swedish time-
use data set from 1996 described above. In addition, the combined survey of
electricity use and time use in the 14 case-study households allows a direct
comparison between power demand modelled from time-use data and actual
measurements. Preliminary results from the whole measurement survey by
the Swedish Energy Agency were also used for comparison with aggregate
modelled demand.

51



Construction of load profiles from time-use data is done by connection of
appliance loads to specific activities that correspond to different end uses. In
general a constant power demand is either demanded during the activity or af-
ter the activity (’process time’), with different time constraints. Modelling of
lighting involves a varying power demand that is dependent on hourly daylight
data. The method is described in detail in Paper I and for household electric-
ity also in a separate report [75]. An example of model output is shown in
Figure 4.3. It is clearly seen how the distribution of activities over time gives
rise to a characteristic daily demand pattern and that TU data show how these
activities are distributed in the studied population.

 

Activity: ’watching TV’, weekday 

Time 

Aggregate modelled 
power demand for TV 

Individual 

Figure 4.3: Example of activity-to-power conversion in the model presented in Pa-
per I. The activity graph to the left shows activity patterns for the activity ’watching
TV’, obtained from Visual-TimePAcTS [76] with individuals ordered by increasing
age from left to right. The graph to the right shows the aggregate power demand for
TV modelled from the activity patterns. In this case, no standby power demand is
included.

Comparisons with measurements show that the modelled load profiles are
realistic both on aggregate level and for individual households. The important
result is that time-use data yield a realistic spread of end uses over time and,
consequently, that they can provide to energy-use studies and modelling of
energy demand. Time-use data can act as a complement to measurements,
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giving additional information on individuals’ energy-demanding activities that
measurements on household level could never provide. Modelling from time-
use data could even be an alternative to end-use-specific measurements.
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Figure 4.4: Examples of synthetic activity patterns (for the overall activity ’being at
home’) on five consecutive weekdays generated with the model in Paper V, compared
to examples of empirical activity patterns. The empirical data consist of samples of
individuals’ daily activity patterns from the TU data set for weekday, ordered in se-
quence.

4.5 Markov-Chain Modelling of Activity Patterns
Realistic simulations of distributed photovoltaics require time-resolved power
demand data for an arbitrary number of households over long time periods,
typically one year. The ability of time-use data to reproduce electricity de-
mand is apparent from the previous section. However, applying power de-
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mand data modelled directly from empirical TU data in simulations has one
major drawback, namely that the simulated time span and number of house-
holds are restricted to those in the TU data, typically two days per household.
To overcome this, a stochastic Markov-chain approach for generating longer
time series of activity patterns and power demand in an arbitrary number of
households was developed.

4.5.1 Theory for Markov chains
A Markov chain is a stochastic process in discrete time [81]. In a
non-homogeneous Markov chain X(t), one of a number of states E1, ...,EN is
occupied in every time step t = k. The probability that the process occupies a
state Ei at t = k is

pi(k) = P(X(k) = Ei) (4.1)

As the process must occupy one of the states in each time step, ∑ pi(k) = 1.
When going from time step t = k to t = k + 1, the state of the process at
t = k +1 is determined by transition probabilities, defined as

pi j(k +1) = P(X(k +1) = E j|X(k) = Ei) (4.2)

As this shows, the probability for occupation of a state is dependent only on
the state in the previous time step, often referred to as the so-called Markov
property.

Simulation of a Markov chain can be done by randomly generating a uni-
form number between 0 and 1 and compare this to the set of transition prob-
abilities from the current state to determine which transition is going to take
place. For simulation of a non-homogeneous Markov chain, where the transi-
tion probabilities vary with time, this means that N×N transition probabilities
must be defined for every time step.

4.5.2 Model formulation
Activity patterns in the form of time-use data apparently have properties that
make them similar to realisations of Markov chain processes. Activities are
recorded for every person in discrete time steps and the finite number of ac-
tivities corresponds to the state space in the Markov chain. Performance of
different activities varies over the course of the day and this behaviour should
be possible to capture with the time-variability of transition probabilities.

Constructing a Markov chain model from empirical TU data for synthetic
generation of activity sequences for individual persons is straightforward.
Two steps are involved:
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• Definition of Markov chain states. A set of activity categories have to be
defined to correspond to the states in the Markov chain. Relevant activities
should be carefully chosen. The more states, the more computations are
needed.

• Estimation of transition probabilities. In an empirical TU material the tran-
sitions between each pair of time steps k and k + 1 are examined for ev-
ery individual and the total number ni j(k) of transitions between states i
and j is determined. The total number of transitions from state i is then
ni(k) = ∑

N
j=1 ni j(k), and the transition probability estimate is:

pi j(k) =
ni j(k)
ni(k)

(4.3)

It is common that some states lack transitions in every interval. To over-
come this, average transition probabilities involving multiple intervals can
be calculated.

This procedure and a few other general properties of the Markov chain
model are described in detail in Papers III and IV. In the latter paper,
a nine-state model is developed for coverage of the most important
electricity-demanding activities in a household, including the separate
states ’away’ and ’inactive’. Thus, the model describes both occupancy and
activities. An example of empirical and synthetically generated patterns
is given in Figure 4.4, showing the number of people at home over a few
simulated days. The model yields realistic patterns both for small and large
numbers of households. Most importantly, this synthetic generation of
activity patterns provides a highly realistic basis for load modelling.

4.6 A Stochastic Demand Model Valid on Many
System Levels
Power demand can be calculated from the stochastically generated activity
patterns with basically the same model as in Paper I. In Paper III this is
done for lighting and in Paper IV a total end-use-specific demand model is
presented. The actual conversion from activity patterns to power demand is
somewhat more sophisticated in these papers, making use of empirical ap-
pliance loads from the appliance-specific measurements in the 14 case-study
households. It also makes use of daylight data from the model described in
Chapter 3 to make sure that there is a negative correlation between insolation
and lighting demand.

In the papers a detailed validation is done against measured data for the 14
case-study households and against measured aggregate demand. It is found
that all important features of measured demand are realistically reproduced
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by the model. These are:

• End-use composition. This depends on the overall ocurrence of end-use
activities in the synthetic activity patterns.

• Diurnal and annual variations. Diurnal variations are caused by the
spread of activities in the synthetic activity patterns. Annual variations are
mainly due to variations in daylight availability.

• Short time-scale fluctuations. These are caused by activity changes in the
Markov-chain model. Estimates of transition probabilities from empirical
time-use data make these highly realistic.

• Diversity between households. These are introduced mainly through
different household sizes and variation in some parameters. The model
captures important variation even in the small measured household set.

• Load coincidence. This depends on the spread of activities in the synthetic
activity patterns and is highly realistic.

Since it works well for both individual households and lots of households
the model can be used for studies on household system level as well as higher
system levels. Examples of generated activity patterns and power demand are
shown in Figure 4.5. Smoothing from random coincidence of increasingly
larger aggregates of households is shown in Figure 4.6.

An important consideration is model complexity. In comparison to other
load models, the model structure is uncomplicated and has a realistic basis in
down-to-earth components—household activities and appliance load profiles.
To conclude, the stochastic load model provides a realistic basis for the sub-
sequent studies of distributed photovoltaics. The model is however possible to
apply for numerous other purposes, e.g. building simulations.
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(a) Model flowchart 
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Figure 4.5: Examples of generated activity patterns from the nine-state model in Pa-
per IV and end-use-specific demand generated with the same model for a three-person
household on a weekday.
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Figure 4.6: Example of output data from the stochastic load model in Paper IV for
a winter day, showing coincident behaviour of the load with increasing numbers of
households. 10-minute resolution.
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5. Simulation of Distributed
Photovoltaics at High Latitudes

This chapter presents main results and conclusions from the appended pa-
pers on distributed PV generation (PV-DG), based on the models presented
in the previous chapters. Section 5.1 reviews previous research that is rele-
vant for the performed studies. Section 5.2 discusses the main methodological
considerations—degree of temporal and physical detail—taken into account
when load matching analysis and simulations are performed. The discussion
on time resolution in that chapter builds on an analysis of the impacts of time
averaging on demand and generation data and on simulated distribution grid
voltages in Paper V. Section 5.3 presents results from load-matching analy-
ses made in Paper II for aggregate production and demand and in Paper VII
for individual households. Finally, Section 5.4 summarises the main results
from power-flow simulations of LV grids with large amounts of PV-DG in Pa-
per VI, incorporating the developed models for PV generation and demand,
and compares these results to simulations from previous Swedish research.

5.1 Previous Research on Impacts of Distributed
Photovoltaics
The available literature on distributed generation is extensive and includes
research on many different aspects of PV-DG. The most important aspects
for this thesis are impacts of PV-DG on steady-state operation of distribu-
tion grids in terms of network voltages and losses and how to model these.
However, there are few available realistic simulations of large-scale integra-
tion of PV-DG, especially at high latitudes. Two ongoing European projects,
IEA-PVPS Task 10 [82] and PV-UPSCALE [83], that aim to determine and
enhance the potential for PV-DG in the built environment have summarised
knowledge from experience and previous research. In the following, results
from these projects and various other relevant modelling and simulation stud-
ies are summarised.
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5.1.1 Distribution-grid operation and control
In distribution grids, power is supplied from the high-voltage (HV) grid (typi-
cally above 50 kV) via the middle-voltage (MV) grid (typically 11 kV) to the
low-voltage (LV) grid (typically 0.4 kV). Voltage is successively transformed
to lower levels in HV/MV and MV/LV transformers. Standards for delivered
voltage at connection points state that voltage variations must be within cer-
tain limits, normally ±10 % from nominal voltage, although exact prescrip-
tions may vary between countries in Europe and the rest of the world [84].
Design limits for distribution grids are typically stricter, normally ±5 % [85].

To keep voltages within prescribed limits, transformers are equipped with
different types of regulators. While HV/MV tranformers normally have auto-
matic tap changers that boost the voltage on the secondary side of the trans-
former as close to nominal as possible, MV/LV transformers usually have no
automatic control. Instead, manual tap changers increase the secondary-side
voltage with a constant voltage. Voltages along MV and LV feeders vary with
the magnitude of connected loads. The tap-changer position must therefore
be chosen such that the voltage is below maximum voltage at minimum load
and above minimum voltage at maximum load [6, 86]. This is illustrated in
Figure 5.1.

HV/MV 
transformer 

MV/LV 
transformer 

Feeder voltage 
at low load 

Feeder voltage 
at high load 

Load 

Nominal 
voltage 

Upper 
limit 

Lower
limit 

 

Figure 5.1: Schematic outline of voltage control with manual tap changers in an
MV/LV transformer.

With the tap changer position set at an optimal value, this regulation works
well as long as load variations within the LV grid are not changed. Integra-
tion of PV-DG, especially if it is negatively correlated with the demand as is
the case in residential areas, potentially changes the situation. As described
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by Povlsen [86], manual tap-changers may severely restrict the permissible
integration of PV-DG at low load.

5.1.2 Results from monitoring studies
Results from monitoring of a few residential areas with high penetration levels
of PV-DG are available from the PV-UPSCALE project [87]. The study cov-
ers four sites in Germany, The Netherlands and France. All sites have large
amounts of PV-DG installed compared to what is normally the case in Eu-
rope. The per-household installed peak power varies between 1.5 and 3.2 kWp
calculated over all households in the respective area and between 2.9 and 6.3
kWp calculated over PV residences only. It was found that all power quality
requirements in the European standard were satisfied and that the permissible
PV capacity connected to a single LV feeder was relatively high, up to about
7 kWp per household. Limits to the penetration level were not set by voltage
rise along LV feeders due to excess generation, but rather by the rating of the
distribution transformers, which limits the possible amount of reverse power
flow through the transformer.

Experiences from high-density PV areas are also reported from the IEA-
PVPS Task 10 [88]. The survey covers a large number of areas around the
world. At most locations, no negative impacts of PV-DG were reported. How-
ever, the studied communities had involved grid operators early on in the de-
velopment and planning process, which made sure that many of the grids were
designed to take large amounts of excess generation.

Although no problems have been reported with these densities of PV-DG,
there is still a need for studies of more types of areas at other locations and
for even larger PV densities to confirm these particular findings. In particular,
this is important when retrofitting PV-DG into existing grids rather than plan-
ning completely new PV-DG areas. For such studies, simulations have to be
performed.

5.1.3 Worst-case simulations
Simulations of distribution grids with DG are often performed with static
worst cases. In the worst-case approach, low-load and high-load events are
treated separately to find extreme impacts on the distribution grid. It is often a
simple but revealing method if limits to the delivered voltage are the primary
interest, for example in planning of distribution grids. It does not require de-
tailed data series of demand and generation, only that estimates of extreme
values can be done.

One example of a static worst-case study of PV-DG is Povlsen’s study of
limits to PV penetration in LV and MV grids [86]. The main conclusions are
that the severe limits are posed at low-load situations, but also that these limits
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depend heavily on the actual magnitude of the load and on how close to the
voltage limits the grid is operated.

5.1.4 Probabilistic simulations
A drawback with worst-case studies is that they do not show the diversity of
impacts between the studied extreme values. For example, they do not tell
how often overvoltages occur in different network nodes or how voltages or
losses vary with fluctuations in demand and on-site generation. To capture
these effects a stochastic approach is required, that takes regular and random
variations into account.

Conti and Raiti [89] address this problem and present a Monte Carlo
method for probabilistic power flow in LV grids. It is concluded that a
stochastic approach gives a better estimate of the impact of PV-DG on the
network voltages and that many other aspects than extreme values can be
determined, for example hours with over- and undervoltages. A variant of the
stochastic approach is to create realistic series of demand and generation
data for power-flow calculations. This is done by Paatero and Lund [90]
for MV grids with LV grids reduced to single nodes and by Thomson and
Infield [91] for one MV feeder with entire LV grids in the UK. Limits to the
PV-DG penetration levels in both of the latter studies were around 1 kWp per
household.

5.1.5 Studies in Sweden
PV-DG has thus far been studied relatively little in Sweden, reflecting the sit-
uation for subsidies and application of PV. The only more substantial system
study is the report by Carlstedt et al. [8] that investigates the benefits with
PV-DG for different actors, including utilities, grid operators and residential
customers. The overall conclusion is that PV will be of most interest to resi-
dential customers, who will experience the highest value for on-site generated
PV electricity, as it assumes the same price as bought electricity.

Grid issues are discussed in the report, based on simulations in Viawan [9].
Apart from the worst-case analysis mentioned above, the simulations also in-
clude Monte-Carlo simulations based on Swedish data. With this analysis, 5
kWp systems installed at every household were deemed most beneficial from
the grid point-of-view, although the maximum load of the customers was only
half of that. The interpretation in the report is that PV system sizes twice as
high as the maximum load per household could be allowed and be beneficial
for grid operation. This is a highly questionable conclusion, partly because
the analysis is based on the national Swedish demand, which is vastly more
evenly distributed over the day than the residential demand is, partly because
negative annual and diurnal correlations between demand and generation do
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not seem to have been taken properly into account. This is discussed in more
detail in a comparison to the results of the thesis in Section 5.4.

The above discussion suggests that there is room for more detailed simu-
lations of PV-DG in Sweden. Carlstedt et al. mention further stochastic mod-
elling as a means to determine annual fluctuations in grid impacts. This is
particularly interesting for high-latitude locations like Sweden, where the vari-
ations in solar irradiance are more pronounced than at lower latitudes.

5.2 Methodological Considerations
The models described in Chapters 3 and 4 are versatile tools for making load
matching studies and realistic simulations of PV-DG. This section highlights
the main considerations taken into account when setting up the analyses pre-
sented in the appended papers. Both the problem of determining load match-
ing and of simulating a residential area with PV-DG are discussed.

5.2.1 Spatial and functional detail
Making studies of load matching and power flows in distribution grids re-
quires a choice of degree of detail for the studied load data in terms of end-use
composition and diversity among individual households. This depends on the
questions asked. On the household level, the interesting question is how the
demand varies between households and how it can be explained from end-use
composition and daily activities. This can answer questions about the rea-
sons for differences in load matching and requires detailed data for individual
households. On the distribution grid level, diversity among households is also
important for determining end-user voltages, especially in LV grids. Aggre-
gate profiles for groups of households could be used in larger grids where
parts of the grid might have to be reduced to single nodes (cf. Paatero and
Lund [90]). For studies of general load matching and improvement of load
matching, aggregate profiles can give a more revealing picture of the total
load and simplify computations considerably. For large aggregates of house-
holds, random coincidence of loads makes aggregate demand smooth, so that
randomness in the load profiles can be neglected.

For PV generation, some coincident smoothing of aggregate profiles also
takes place, due to differences in orientation, shading and cloud movements.
Nonetheless, the coincident behaviour of PV generation profiles is in general
much less pronounced than that of demand profiles. PV systems within a con-
fined area will experience similar or identical meteorological conditions and
identical outputs can thus be assumed. The annual and diurnal shape of the
generation profile can be altered by PV panel orientation and thus an aggregate
profile for differently oriented systems will have a different appearance than
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a curve for identically oriented systems (cf. Paatero and Lund [90]); however,
this cannot be expected to have an impact on shorter time-scale variations.

Based on these considerations, the data used in the appended papers differ,
depending on the specific aims. The general load-matching analysis in Pa-
per II uses aggregate profiles determined from the model in Paper I, while the
detailed power-flow simulations in Paper VI use randomly generated profiles
with the models in Papers III and IV for every end-user in the studied grids. Pa-
per VII, which aims at explaining load matching differences from end-use pat-
terns and everyday activities, uses detailed appliance-specific measurements
in a small number of households. Output from all PV systems within each
study, simulated with the models presented in Chapter 3, are based on the
same irradiation data and coincidence effects are neglected.

5.2.2 Time resolution
The choice of time resolution in the demand and generation data used for the
analyses is an important consideration, since power-flow simulations in partic-
ular require a substantial amount of data processing. Although the stochastic
load models that were presented in the previous chapter can operate on an arbi-
trary time resolution, at least down to one minute, it is important to determine
the loss of precision from time averaging to avoid unnecessary complexity.

There seems to be a trend in international research towards more high-
resolved modelling. As already mentioned, Thomson and Infield [91] per-
formed high-resolution simulations on a 1-minute time scale. Detailed sta-
tistical studies of solar irradiation [92] and PV generation and demand [93]
also suggest that important short time-scale fluctuations (on 1-minute or 10-
minute time scales) may be overlooked if data are averaged over longer time
intervals (typically hourly intervals).

An analysis of time averaging was performed in Paper V to check if these
suggestions motivate a high time resolution. The paper utilises measured de-
mand and PV generation modelled from measured irradiance to study the im-
pact of time averaging on data statistics, load matching and simulated voltage
levels along an LV feeder. Differences between 10-minutely and hourly aver-
ages were determined over a period of four consecutive summer weeks.

It was found that although the impact on individual PV and demand data, in
particular the latter, may appear considerable, as shown in Figures 5.2 and 5.3,
the resulting duration curves for simulated grid voltages proved robust towards
time averaging, as shown in Figure 5.4. This suggests that to determine prob-
ability distributions for different voltage levels, a higher time resolution than
hourly is not needed. It is important to note that time averaging in general has
less impact on PV system output than on demand. The maximum PV genera-
tion in every time step is also possible to predict very accurately, in contrast to
the demand, defined as it is by the sun’s position in the sky and the orientation
of the PV panels, and because the output is constrained by the peak power of
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the system. Any fluctuation in PV output is a decrease in generation from this
clearly defined generation profile.
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Figure 5.2: Example of impacts of hourly time averaging on 10-minutely measured
demand in individual households and aggregate demand for all households in Paper V.
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Figure 5.3: Example of impacts of time averaging on PV generation data from Pa-
per V.

Both the load matching analysis in Paper II and the power-flow simulations
in Paper VI are consequently based on hourly data. The load matching analysis
in Paper VII, however, uses data on a 10-minute basis to keep a high resolution
in the demand of different end-uses.
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Figure 5.4: Impacts of time averaging on duration curves for the voltage at an end-
user connection with different PV penetration levels, from Paper V. Computed over
the whole studied four-week period.

5.3 Load Matching at High Latitudes
A good match of PV generation to the domestic demand is important, as it
decreases the exchange with the distribution grid and maximises the utilisa-
tion of on-site generation. In general, the ability of PV to match peak demand
increases its value. Two studies of load matching were performed, reported in
Papers II and VII. In Paper VII, matching in some of the case-study house-
holds with detailed household electricity measurements described previously
in Section 4.3 is determined and reasons for variations in the daily profiles
are discussed based on interviews with the household members. In Paper II,
matching of PV to general domestic load profiles for Sweden is determined
and the impact of different options for improvement are estimated. The two
studies are summarised below.

5.3.1 Detailed studies of load matching in individual households
In the load-matching study on individual household level in Paper VII, inter-
nal utilisation of simulated PV systems was determined from matching with
10-minutely, end-use-specific, demand data. The investigated time period cov-
ered the months May through July, the period that is most critical for load
matching, as the domestic demand is at its lowest and the PV generation at
its highest. Demand patterns were analysed and conclusions about the apper-
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Table 5.1: PV system sizes for 90 % internal utilisation of system output determined
in Paper VII. a)

Household b) Peak power [W] Total generation [kWh] Total load [kWh]

Apartments:
Larsson 450 126 1046
Fransson 340 95 441
Davidsson 200 56 326
Kristersson 200 56 454

Detached houses:
Ingesson 1450 660 2105
Carlsson 850 387 2396
Gustavsson 430 196 1183

a) Calculations are based on the period May through July.
b) All households are given assumed names.

ance of daily demand patterns were drawn from interviews with household
members.

The main conclusion in the study is that daily profiles and the degree of
matching with PV generation differ considerably between households, just
like diversity was found in the aggregate demand of the households in Sec-
tion 4.3. Table 5.3.1 shows the highest peak power that is allowed if 90 % of
the production is to be internally used within the household. This results in
limited system sizes for most households. In practice, systems are larger and
interact with the distribution grid much more. It is worth noting that produc-
tion of "your own electricity" requires very small systems if the electricity is
really going to be exclusively your own.

Many households, but not all, have clear fluctuations in the average daily
power demand profile, with a demand that follows the average domestic de-
mand curve. Typically the demand increases during the afternoon and peaks in
the evening. Not surprisingly, these profiles and the differences in load match-
ing in the studied households were found to depend strongly on the occupancy
patterns. Working from home, teenagers coming home early from school to
play with computers, as well as daytime washing, drying and cooking were all
associated with a higher degree of PV utilisation. For example, in the house-
hold with the largest system size for 90 % utilisation in Table 5.3.1, a man
was working from home with a lot of computer servers that were running
constantly.

An interesting observation is that in many cases washing and drying
were occurring during daytime. As these activities are sometimes thought
of as shiftable through demand side management [94], this high degree of
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by-default matching seems to put restrictions to such actions. To study this
in general, and to practically study potential impacts of different options to
increase load matching, studies on aggregate demand profiles have to be
performed.

5.3.2 General load matching and options for improvement
In Paper II, matching of simulated PV system output to aggregate domestic
demand obtained from the load model in Paper I was determined and
the impacts of different options to increase matching were estimated.
The main measure of load matching is the solar fraction, which is the
proportion of total demand covered by PV. No absolute system sizes are
studied. Instead, relative system size is defined by the array-to-load ratio
(ALR), which is the ratio of nominal PV peak power to mean demand.
Two ALRs of 2 and 8 were studied. Systems with the latter ALR yield
an annual output roughly equal to the annual demand. The studied options are:

• Photovoltaic array orientation. This involves an optimisation of the
proportions of systems with different orientations to get an aggregate
generation curve that maximises the solar fraction.

• Demand side management. Shiftable amounts of energy are identified
from the end-use composition of the load profiles. The impact on the solar
fraction of optimal shifting of these loads to match the PV generation
profile is determined.

• Energy storage. A simple storage model is implemented to shift
overproduced electricity to times with net demand. The impact of different
storage sizes on the solar fraction is investigated.

The optimisation procedure in the orientation option has a clear impact on
the orientation of systems, as shown in Figure 5.5. An east-west oriented setup
of systems is optimal for increasing the solar fraction at high overproduction
levels. Still, the resulting impact on the solar fraction is small, as shown in
Figure 5.6. Storage is in general the most effective option, but DSM appears
to be a realistic alternative to storage at moderate overproduction levels.

The most easily achievable improvement should be PV array orientation,
although it is highly dependent on the mounting possibilities on the actual
building. DSM, in terms of voluntary load shifting by residents, is also an
achievable option although highly impacting load shifting depends on viola-
tion of normal everyday activity patterns. It should also be noted that lighting
makes up a major proportion of the demand and is not shiftable. Storage is still
an expensive option that is dependent on further technological developments
to be a realistic complement to PV systems.
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Figure 5.5: Optimal relative distributions of PV systems on different array orientations
for maximization of annual (�) and summer (�) solar fraction at ALR 8 in detached
houses, from Paper II. Numbers indicate the proportion of systems with the orientation
in question. The contour curves indicate annual production relative to the production
at optimal orientation with 5 % steps, starting from 95 %.

5.4 Simulation of PV Integration in Three Swedish
Low-Voltage Grids
As the previous section pointed out, default matching of domestic electric-
ity demand to the generation profile of PV is low at penetration levels that
contribute to more than a minor fraction of total annual domestic demand.
In addition, the possibilities for increasing on-site and general matching are
small at high penetration levels, as long as storage is not a realistic option.
Furthermore, with extensive integration of PV-DG into existing distribution
grids the possibilities of further voltage control are limited. This motivates a
detailed study of the impact of high-density integration of PV-DG in existing
distribution grids.

5.4.1 Simulation prerequisites and setup
The simulations in Paper VI are based on grid topology data for three LV grids
in the Uppsala region, obtained from Vattenfall Eldistribution AB, Sweden.
The grids were chosen to reflect designs representative for different types of
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residential demands. One grid supplies 181 households in a district-heated
area, one supplies 107 households in a direct electric-heated area and a small
grid supplies 23 households in a rural area with mixed heating systems.

Simulations of every household’s active and reactive power demand over
a whole year were run with the stochastic load model described in Paper IV.
Diversity between households is introduced mainly through the distribution
of different household sizes. Identical PV systems were simulated for each
household with the radiation and PV models described in Chapter 3, based on
Meteonorm data [54] for Stockholm, Sweden. All systems are optimally tilted
45◦ and oriented due south.

Three-phase balanced power flow in the grids was solved using Newton’s
method [95], implemented in a Matlab script [96]. Besides the base case of no
PV generation, three per-household system sizes were studied for all grids (1
kWp, 2 kWp and 3 kWp). In addition, a case with zero-energy houses equipped
with 5 kWp systems was simulated for the district-heated area.

System limits are drawn at the secondary side of the MV/LV transformer.
Voltage variation in the MV grid, resulting in a variable voltage at the pri-
mary side of the substation transformer, is not taken into account. This corre-
sponds either to a situation where the MV variations are small at the substation
transformer, e.g. due to a short distance to a usually automatically controlled
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HV/MV transformer, or to a situation with automatic voltage control at the
MV/LV transformer.

5.4.2 Simulation results
All studied LV grids can handle PV-DG up to the highest studied penetration
level of 5 kWp per household. With the reported capacities of the network
cables and assuming 800 kVA distribution transformers, the power flows in
the grid are always below capacity. All voltage variations stay within ±10 %
of nominal voltage in all studied grids and with all system sizes. With the
zero-energy house scenario, voltages above the stricter ±5 % limit appear in
the grid in the district-heated area, however with a low overall probability.

Naturally, the LV grid in the district-heated area showed the largest voltage
variations. No substantial variations were found in the rural LV grid, which is
rather small with few connected customers. In this case, the voltage variations
would probably be higher if an overlying MV grid had been included. The
impacts of the three main penetration level scenarios on the cumulative prob-
ability for end-user voltages are shown in Figure 5.7. There is a small overall
shift to the right in the 1 kWp PV case. This indicates that there is a general
mitigation of voltage drop along feeders due to PV-DG. At higher penetration
levels, there is no further improvement of below-nominal voltages, but mainly
an increased probability for voltage levels above nominal voltage.
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Figure 5.7: Cumulative probability distribution for end-user voltages in the LV grid
in the district-heated area, calculated over the whole year and all end-users. From
Paper VI.

The 1 kWp level is most beneficial from the grid point-of-view. In this case
the on-site generation decreases local demand, counteracts voltage drops and
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decreases losses. Only a small unmatched fraction of the total generation is
exported from the LV grid with reverse power flow through the substation
transformer. With increasing penetration levels, additional demand coverage
is small and there is mainly an increase of reverse power flow. This is shown
in Figure 5.8.
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Figure 5.8: Annual aggregate energy injected into and extracted from the LV grid in
the district-heated area at different PV-DG penetration levels, from Paper VI.
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5.4.3 Comparison to previous studies
The obtained results differ somewhat from the already mentioned conclusions
of Carlstedt et al. [8]. Since that report is the only other publication on general
systems questions for PV-DG in Sweden, a comparison with its conclusions
is motivated.

In the analysis that the latter report is based on, a minimum of power flow
from and into individual end-user nodes with connected PV-DG units was
found for 5 kWp systems with a stochastic analysis. With the analysis in Pa-
per VI, this minimum occurs for 1 kWp systems. This is more in line with
results in international research and is highly dependent on the applied load
model. The optimal PV-DG rating reported in Carlstedt et al. is two times
higher than the maximum demand of individual end-users, while in Paper VI
the optimal rating is much smaller than the maximum demand in individual
households and about equal to the maximum demand in the average profile
calculated over all households.

The results in Carlstedt et al. are based on the national Swedish demand
and not, as in Paper VI, the specific domestic demand, which is much less
correlated to the PV production profile. Furthermore, the stochastic approach
underlying the results in Carlstedt et al. does not appear to take into account
the negative seasonal and diurnal fluctuations that still do exist. Instead, ran-
domly generated production and load data seem to be sampled independently
from distributions determined from whole-year data series.

With the relevant correlations taken into account, as is done in the models
described in previous chapters and the analysis in Paper VI, a clear asymmetry
results in the effects of PV-DG on the cumulative probability distribution for
the end-user voltages (cf. Figure 5.7). In the corresponding figure in Carlstedt
et al. there seems to be a uniform increase of the probability for all voltage lev-
els. This overestimates the benefits of PV and is a typical effect of independent
sampling of production and demand, as the impact on PV-DG on each voltage
level will be equal.

Finally, as discussed in Paper VI, it is important to point out that the limit
to the penetration level of PV-DG is not equal to the penetration level that
minimises the exchange with the LV grid for individual households. The de-
cisive limiting factors are a combination of grid topology, transformer ratings
and voltage control. As shown in Paper VI the studied LV grids in themselves
can manage large amounts of PV, above the optimal ratings for minimum grid
interaction in individual households. Overall feasibility for PV-DG as com-
pared to centralised generation must take into account the whole transmission
and distribution chain. Wider system delimitations than in both Carlstedt et al.
and Paper VI must then be applied to determine this. In any case, statements
about general limits for PV-DG in LV grids should be avoided, in particular in
relation to peak demand.
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6. Summary of Conclusions

This chapter gives a summary of the main conclusions, in relation to the aims
of the thesis listed in Section 1.1.

6.1 Domestic electricity demand studies and modelling
• Interdisciplinary studies of domestic electricity demand in individual

households show that there is considerable variation between households
both in terms of total annual demand and daily load profiles and that
complex activity patterns underlie this variation.

• Time-use (TU) data can describe this complexity and can be used to
reproduce power demand in households with a proposed conversion
model. TU data can thus be a complement to domestic demand
measurements, giving additional information on which activity patterns
underlie different end-uses and which persons in the households perform
which energy-dependent activities. Modelling of power demand from
TU data could even be an alternative to domestic end-use-specific
measurements.

• Stochastic generation of synthetic activity patterns with non-homogeneous
Markov chains provides a basis for improved descriptions of human
activities in electricity demand models. Patterns generated with a proposed
Markov-chain model are highly realistic for individual as well as larger
numbers of households and cause a realistic spread of activities over time.

• Electric power demand can be modelled through conversion from synthetic
activity patterns to create arbitrarily long data series of stochastic demand
data for a desired number of households. A complete end-use-specific
stochastic load model was developed for generation of both activity
patterns and power demand. Comparisons to measurements show that
the generated data are realistic in terms of end-use composition, annual
and diurnal variations, diversity between households, short time-scale
fluctuations and load coincidence.
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• In particular, realistic lighting demand data can be constructed from
stochastic occupancy patterns and solar irradiation data. This makes
sure that there is a negative correlation between lighting demand and
PV generation when the models are used for load matching studies and
power-flow simulations.

6.2 Photovoltaic load matching and options for
improvement
• Load matching in individual households is highly variable. A high degree

of internal utilisation of PV generation in households in general require
very small PV systems. The degree of matching in individual households
depends on activity patterns that influence the appearance of the daily load
curve.

• Analysis of matching between PV generation and aggregate load curves
shows that load matching can be improved somewhat by re-orientation of
PV systems from the setup that maximises annual production. At high
overproduction levels, an east-west orientation of systems maximises the
annual solar fraction, but with little overall improvement.

• The potential for increased load matching through demand side
management with shifting of washing, drying and dishwashing is
estimated higher than the orientation option, but for extensive load shifting
at higher overproduction levels more end-uses would have to be involved.
It should be noted that lighting makes up a substantial part of the domestic
demand and cannot be shifted.

• Compared to the other options, electricity storage is the most impacting op-
tion for increased load matching at high PV overproduction. At lower over-
production levels, however, the storage efficiency makes it slightly worse
than load shifting.

6.3 Impacts of distributed photovoltaics on low-voltage
distribution grids
• Probabilistic power flow simulated with the stochastic demand model and

the detailed PV system model developed in the project gives a versatile
picture of the impacts of impacts on the distribution grid in terms of
voltage levels and losses and how these vary between households and over
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time.

• An analysis of the optimal time resolution in load and PV generation data
shows that determining probability distributions for network voltages does
not require a higher time resolution than hourly. Although the stochastic
demand model can generate realistic output with an arbitrarily high time
resolution, an hourly time resolution decreases computation time and
makes simulations in general easier to perform, since hourly resolution is
standard in meteorological data.

• Power-flow simulations of three Swedish low-voltage grids show that a
penetration level of 1 kWp per household is most beneficial from grid
point-of-view. At this penetration level, the average power-flow exchange
with the distribution grid per household is at a minimum, as power demand
is covered locally, voltage drops are mitigated and network losses are
decreased. At penetration levels higher than 1 kWp per household there is
mainly an increase in reverse power flow through the MV/LV tranformer
and an increased probability for above-nominal voltages.

• For all studied low-voltage grids, the voltage variations stay within ±5 %
of nominal voltage except for the highest studied penetration level of 5 kWp
per household, however with a low overall probability. Prescribed voltage
limits, typically ±10 % from nominal voltage, were not exceeded, sug-
gesting that limits to integration of distributed photovoltaics are not set by
internal voltage rise in low-voltage grids.
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